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A study on the reinforcincapabilitie: of Forepoling Umbrella Syste
in urban tunnelling

B.T. Le and R.N. Taylor
City University London, London, United Kingdom

ABSTRACT: Adequate heading stability is crucial to the safiestruction of antunnel. Insufficient suppo
will lead to ground movements which have the padéimd cause damage to existing infrastructure ngest-
ed urban environments have led to a requirementitimise these tunnelling-induced deformations.reFo
poling Umbrella Systems (FUS) have proved to besaebcial soil reinforcement measure for contrglin
ground movements due to NATM tunnelling in urbaeaa: However, there is limited understanding ef th
influence of tunnel geometry and FUS parametergsoreinforcing efficiencies. A series of centgkitests
has been conducted to investigate the benefitdJ& #sing different arrangements of steel pipeseulan a
model tunnel heading at various depths. The reshibsv the importance of the steel pipes near thediu
spring-line and the embedded lengths on the raiifgreffects of forepoles. In addition, relativenbéts of
forepole location and embedded length are showaryp as the soil cover above the tunnel changes.

1 INTRODUCTION the tunnel heading. One of the noticeable advastage
of FUS is the immediate support after installatién
the steel pipes. This allows the excavation todre c
Tunnel construction inevitably induces ground de+ied out with minimal waiting time.

formations and potentially causes damage to sur-
rounding structures. In congested urban areas with
soft soil conditions, this becomes a critical issee
lating to the safety of people, buildings and smsi
Therefore, reducing ground movements due to tun-
nelling and their effects is a requirement forrediv
construction and can be addressed by in-tunnel rein
forcement measures.

For tunnel construction involving short lengths of
excavation (e.g. connecting existing tunnels), non-
circular sections (e.g. an enlargement at a sgation
open face tunnelling is normally chosen over a tun-
nel boring machine. In open face tunnelling, the
main source of ground movements is the tunnetigure - Forepoling Umbrella System (er Carrieri et al
heading deformation due to the stress relief (Mair 2002).

Taylor 1997). Easy access in open face tunnelling

enables soil reinforcement measure such as fore- Figure 2 presents a schematic diagram of a FUS
poles to be added in the tunnel heading to controvhere D is the tunnel diameter, C is the cover abov
ground deformations. the tunnel crown, P is the unlined portion of the-t

nel heading and S is the centre to centre spa@ng b

. tween the steel pipes used as forepoles. L is the
1.2 Forepoling Umbrella System length of forepoles which are installed from tha-tu
The Forepoling Umbrella System (FUS) comprisesel face at an insertion angle @fEL is the embed-
steel pipes installed from the tunnel face to fam ded length of the forepoles into the soil in frarft
roof above the tunnel heading (Figure 1). Thereforghe tunnel face. The soil beneath the embedded
the FUS contributes to decreasing the deformationength of the forepoles acts like a foundationup-s
caused by excavation and increasing the stabifity goort the steel pipes as they bridge over the strakt

1.1 Urban tunnelling in soft soil conditions
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ly unsupported tunnel heading and this is known aw/here:

the foundation effect. A minimum EL is required to

maintain an adequate foundation effect to the steel

pipes to support the tunnel heading. Typical dimen
sions of various parameters used in a FUS are pr
sented in Table 1.
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Figure 2.FUS schematic diagram.

Table 1. Typical parameters of a FUS.

Paramete Unit Value

Steel pipe diameter at mm 70-80
wall thickness mm 4-8
Steel pipe length, m 12-18
Embedded length, E m 3-6
Insertion anglep ° 5-7
Filling angle,a ° 60-75

The actual values chosen for the parameters in

oob = Y(C + D/2),
y: unit weight of soil,
ot: tunnel support pressure.

92 Mode of transverse ground movements due to

tunnelling

Understanding the soil deformation mechanism is
important since the forepoles can then be positione
appropriately to reduce the soil deformations amd i
crease the tunnel stability.

Davis et al. (1980) proposed upper bound col-
lapse mechanisms for the transverse plane strain se
tion of a tunnel. These mechanisms indicate that fo
a shallow tunnel, soil movements tend to be concen-
trated at the crown of the tunnel. For deeper tlsmne
the soil mobilisation involves not only the crowatb
also the sides and bottom of the tunnel. Figuree3 p
sents the two mechanisms that will be used to-inter
pret the model test results.
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Table 1 depend on the tunnel geometry, ground c:Orlf_igure 3. Upper bounds mechanis (after Davis et «. 1980
ditions and support required. However, understand-
ing the effects of the parameters to achieve an opt2.3 Previous studies on the Forepoling Umbrella

mal design of FUS is still limited. The following
section reviews the current understanding on the e
fect of Forepoling Umbrella System.

2 BACKGROUND
2.1 Assessment aspects on the efficiency of FUS
In order to understand the reinforcing efficiendy o

the FUS in different tunnel geometries and forepolé
arrangements, it is necessary to have an assessmgf

scale. Calvello & Taylor (1999) quantified the effi

ciency of soil reinforcement measures using the vel®

tical ground surface settlement and the tunnelilstab
ity ratio.

Measuring vertical ground surface settlement du
to tunnelling in centrifuge model tests is straight

ward by the means of instrumentation such af!

LVDTs and image analysis technique.

The stability ratio, N, was defined by Broms &
Bennermark (1967) as the difference between th
overburden stress at the tunnel axig, and the

undrained shear strength &:

N = [oop —o7]/Sy 1)

System

f
Calvello & Taylor (1999) found that the presence of

spile reinforcement placed in the tunnel face deliv
ered significant reduction in ground movement and
the affected area at the ground surface. The gjabil
of the tunnel was also increased.

Juneja et al. (2010) reported that the use of fore-
oles reduced the length of the settlement trough
head of the tunnel face while the width remained
ffected.
esults from centrifuge tests and an upper bound
lasticity analysis conducted by Yeo (2011) sug-
gested a significant improvement of the tunnel head
ing stability can be achieved by using very lond an

p

stiff forepoles.

Volkmann & Schubert (2007) reported the site
easurement data of a tunnel construction using a
steel pipe roof. The results suggested that the soi
underneath the steel pipes provides a foundation ef
ct for the whole FUS system. As a consequence,
the reinforcing effects of a Forepoling Umbrella

[Rystem depends on not only the stiffness of thel ste

pipes stiffness but also the strength of the sundeu
ing soil. A similar suggestion on the foundation ef
fect was also made by Carrieri et al. (2002).



Le et al. (2015) investigated the effect of usingbrane lining the tunnel. The air pressure is cdiettio
FUS in different arrangements with EL amds the to balance the total overburden stress at the tunne
variables while the length of steel pipes and the ¢ axis level. A pressure transducer was installethet
er depth C were unchanged. It was found that and of the latex membrane to monitor the support
longer EL provided an improved reinforcing effect. pressure.

More forepoles near the tunnel spring line reduced A guide, precisely produced by 3D printing, was
the lateral ground displacements and hence reduceded to insert the brass rods (model forepolesg) int
the overall settlement at the ground surface and irthe clay sample when the model was constructed at
creased the tunnel stability. 1g (Figure 5). According to the centrifuge scaling

Tunnel depth is one of the essential features thdaw, the brass rods have the bending stiffnessvequi
govern tunnelling-induced ground deformations andilent to the steel tubes of 114mm diameter with
is therefore likely to have a major impact on tee r 8mm wall thickness at prototype.
inforcing efficiency of the FUS. The next section

discusses the experimental parameters and the met*- LVDTs
odology used to investigate the relative effectthef P anae —
cover depth C, the embedded length EL and the fill ~~ ;| j_ | T "‘ ﬂ B
ing anglea. ; ““*——‘—f_‘T/
i D=50mm
PID=0.5 c
3 CENTRIFUGE MODELLING TEST SERIES p=9 EL

3.1 Centrifuge modelling principle

The ground surface settlement and the tunnel stabi \F’n/
. ] . TR ‘\ 200mm

ti
ity explicitly relate to the behaviour of soil iniffer- 550mm
ent tunnel geometries and the corresponding influ-
ence caused by the steel pipes. Figure - Model test apparat.

In situ ground deformation behaviour is governed
by the stress generated by the self-weight of tle s
Centrifuge modelling techniques can produce a large
inertial radial acceleration to generate a propgd s
weight effect in a small-scale model to be equivale
to a full scale prototype. The well-establishedtgen
fuge scaling laws are useful when choosing suitable
dimensions and materials to replicate the behaviour
of, for example soil and steel pipe forepoles. Give
these advantageous capabilities, the centrifuge- mod
elling technique was chosen as the research methogiyyre 5. Insertion guide, high precision produbgd3D print-

ology. ing.

3.2 Centrif del test
entriiuge modet tests The variables C, EL and used in the tests are

Eight centrifuge tests have been conducted to inveSummarised in Table 2 and illustrated in Figure 6.
tigate the FUS effect at two different tunnel cover

depths C/D=1 and C/D=3. Table 2. Test variables
The model clay (Speswhite kaolin) was one di- Test referenc
mensionally consolidated to a vertical effectiveC/D—g C/D=1 L(mm) EL(mm) S(mm) o)

stressc’vo, Of 175kPa. The tests were conducted afg- 8BL 10 5 17-34 7%

1259 _ (see texi
Figure 4 illustrates the model test apparatus. BgsL 11BL 10C 5C 3 ac

modelling half of the tunnel, the surface and subsu 4BL 10BL 10¢ 25 3 aC

face ground deformation could be observed anéBL 9BL

measured during the test with minimal boundary ef-

fects. The stiff tunnel lining was modelled by dfha  There were no forepoles in the reference tests
section of a stainless steel tube. The model tunngBL and 9BL. In tests incorporating a FUS, the
diameter, D, was 50mm. The unlined portion P andame quantity of fourteen 1mm brass rods were used
the insertion angl@ in all the tests were 25mm and to model the forepoles. In tests 2BL and 8BL, the
50 respectwely The tunnel cavity is supported by alistributions of the brass rods were concentrated
compressed air pressure contained in a latex memround the tunnel crown (i.e. the spacing between




the eight upper rods was 1.7mm but the six lower

rods had a spacing of 3.4mm). In tests 3BL, 4BL Tunnel support pressure (kPa)

10BL and 11BL all the rods were evenly spaced a 20 40 60 80 100 120 140 160 180 200
3mm. L 1 L 1 L L - 1 L L I}

o

=

2BL&BBL

3
£
5 i =————— 22
.rh'};;-% ‘ é
A3 L_lf=s 33
L-""d =4
Q
3%1:.8,118L . E 5
i‘iz‘\"‘"*- EL=50 f
I A gy o 6 i
W,
il Figure " Vertical surface settlement abothe tunnel face irseries
4BL&10BL —3
fees e C/D=2.
i—i&"&;,_ EL=25
— L Tunnel support pressure (kPa)
! / 0 20 40 60 80 100 120 140
L_,.--" 00 1 1 1 1 L 1 J
p=2
SEE&9BL 202
jfﬁ; A o §o.4
. 3 --8BL
- - 50
= 10BL
. _ _ 308 —9BL
Figure ¢. Forepoltarrangemeis in the two eries. g 10 A -~ 11BL
(]

Vi
(N}

3.3 Test procedure el , o
. ] Figure 8 Vertical surface settlement abothe tunnel face irseries
The models were accelerated to 125¢g while simultac/D=1.

neously increasing the tunnel support pressueo
balance the overburden stress at the tunnelagis
It was left running until the excess pore presslise . .
sipated and the clay had reached effective stres‘ls2 Tunnel stability ratio
equilibrium. The overburden stresg, for C/D=3 Two parameters are needed for the tunnel stability
and C/D=1 are 360kPa and 155kPa respectively. ratio calculation (Equation 1): the tunnel support
After the clay model reached equilibrium, thepressure at collapse and the undrained shear gireng
tests were started by gradually reducing the tunnelf clay.
support pressure to zero. This technique has been The stage at which there is a significant increase
shown to be successful in simulating tunnelling indin the rate of settlement with reduction in tunnel
duced ground movements (e.g. Mair 1979). support pressure is used to define failure and thus
During the tests, the surface settlements (meashe tunnel support pressure at collapse (Mair 1979)
ured using linear variable differential transforser Mair (1979) suggested that most of the elements
LVDTs) and tunnel support pressure were recordedf clay around and above the tunnel in three-
at one-second intervals for later analysis. dimensional heading tests experience extension
stress paths during the reduction of tunnel support
pressure. Therefore, the undrained shear strerigth o
4 RESULTS one-dimensionally consolidated kaolin in triaxiat e
tension is deemed the relevant strength for these
three-dimensional tunnel heading tests. The relatio
ship between the undrained shear strength and OCR
Figures 7 and 8 show the vertical surface settlémeiiMair 1979) was used to calculate the undrained
directly above the tunnel face obtained by an LVDTshear strength of clay,Sand %, in C/D=3 and
(marked as x in Figure 4) during the reductionhaf t C/D=1 as below;
tunnel support pressure. It is evident that FUS pro. _ 0.18" @)
vide noticeable reduction on the ground surface se§"l v
tlement. The following sections discuss the results S, = 0.165" o (3)
more detail.

4.1 Surface settlement



Table 3 presents the stability ratios at collapse, 9

with Nrc, calculated using Equation 1 and fSfom =
. X
the Equations 2 and 3. <
o
‘g
Table 3 Tunnel stability ratio at collapse é
[}
Serie! Test SykPa orc(kPa  Nic =
C/D=3 2BL 32 10E 8.€ 3
3BL 32 el 8.¢ B
4BL 32 10z 8.7 =
5BL 32 11¢ 8.2 €
C/D=1 8BL 28 14 5.2 g
9BL 28 3€ 4.t e
10BL 28 27 4.6 —
11BL 28 1 5. 20 5/o,x100 1° >
C/D=1 [/ 8BL (7] 208t £ 118L
4.3 EffeCt Of FUS presence C/D=3 2BL [l]] 4BL 3BL

Table 4 presents the increase in the tunnel stabil-
ity delivered by the FUS {—Nrcg)/Ntcox100  Figure ¢ Settlement reduction delivered by F.
(Ntcr and Nrcp are respectively the tunnel stability
ratios at collapse in (glnforqed_ and unrelnforced4.4 The effects of the embedded length EL
tests). The tunnel stability ratio increases fropa a
proximately 5-30% moving from deep tunnels toFUS with a longer embedded length EL (Figure 6)

shallow tunnels. have a much better foundation support effect as
there is a larger soil area to support the forepdis
Table 4.Increase in tunnel stability at collapse a consequence, the longer EL delivered improved
Serie: Test Increase ir EL/L o soil reinforcement reflected by the reduction im-su
N+c (%) ) face settlement (Figures 7 & 8) and the increase in
C/D=3 2BL  4.¢ 0.2t 75 tunnel stability ratio (Table 4) in both test serie
igt g-i 8-2: gg This validates the foundation effect proposed by
: = Volkmann & Schubert (2007) and Carrieri et al.
C/D=1 8BL 17 0.2t 75 (2002)
10BL 8.¢ 0.2t 90 :
11BL  28.¢ 0.5 90

. 4.5 The effects of the tunnel cover depth C and the
Figure 9 presents the amount of ground settle-  fjjling angle «

ment reduction delivered by the FUS, (S ) _
S)/Sex100 (S and S are respectively the surface set-Figure 10 shows typical images of the models for
tlements in the reinforced and unreinforced tests dlifferent C/D ratios at the end of the test whee th
the corresponding tunnel support pressure). Fdr botunnel support pressure was reduced to zero. For
cover depths, the presence of the FUS reduces tdgep tunnels (C/D=3, e.g. test 3BL), the clay dille
surface settlement by approximately 13%-82% whe#h€ tunnel lining at the end of all the tests. $ami
the tunnel support pressuse is equivalent to 40%- mechanisms were observed in shallow tunne_ls in
5% of the overburden pressutg, Initially, the tests 9BL (no reinforcement) and 10BL (even distri-
overburden pressure was supported by the tunngption of FUS). However, in test 11BL (longer EL)
support pressure. When the tunnel support pressu@®@d 8BL (forepoles distributed more at the crown,
reduced, the induced stress differeneg € or) was @=75°), the clay did not intrude into the tunnel lin-
supported by the surrounding soil and the FUS. As #9. It is evident that the large overburden stries
result, the effects of FUS become more significanthe deep tunnels exceeded the structural support
when the tunnel support pressufereduces. provided by the FUS. Whereas, in the shallow tunnel
The same consolidation pressure was used for dfsts, the overburden stress is smaller and can be
the tests hence the difference in the reinforcemerfiiPPorted by the forepoles. This is also reflected
efficiency of the FUS results from the arrangementhe increase in tunnel stability ratio delivered by
of the forepoles and the tunnel depth. The two folFUS in shallow tunnels (8.9-28.9%) which is more
lowing sections discuss further details of the @ffe Significant than the increase for the deeper tisinel

of EL, a and C. (4.9-8.5%). o
In the deep tunnel series, it can be seen that the

amount of surface settlement reduction (Figure 9)
and increase in tunnel stability (Table 4) duehe t
FUS in test 4BL ¢=90°) was larger when compared
with test 2BL (=75"). It denotes the importance of



having sufficient forepoles near the tunnel springooles above the tunnel crown is more effective. For
line to reduce the lateral soil movement. Howeverdeep tunnels, the plastic collapse mechanism extend
in shallow tunnel tests, the forepoles arrangenrent to the sides of the tunnel and thus forepoles trear
test 8BL ¢=75") generally has a better reinforcing tunnel spring line proved to be important in redgci
effect when compared with test 10B&=00°). It in-  the settlement.

dicates that for shallow tunnels the presence i&-fo

poles at the crown have a more significant reinforc

ing effect. 6 ACKNOWLEDGEMENT
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the soil mobilisation mechanism is concentrated at
the tunnel crown. Therefore, the presence of fore-



