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Abstract

Several analytical models have been proposed to estimate the maximum support
pressure exerting on the tunnel face during the tunnelling corresponding to the
blow-out failure analysis. However, most of those models deal with homogeneous
soil. Numerical solution, laboratory tests, and data from real works were used to
verify those analytical models, in which the real works’ data are the most relevant.
However, it has rarely reported on the blow-out failure of real tunnel construction
projects yet. The purpose of this paper is twofold: firstly, to report on the blow-out
occurrence in the underground segment of the Ho Chi Minh Metro Line 1 project (in
Vietnam), and secondly, to propose an analytical model to predict the blow-out of
the tunnelling face of the tunnel in multi-layered soils. The proposed model interest-
ingly gives the maximum support pressure very close to the site pressure recorded
in Ho Chi Minh Metro Line 1 project at the position where the blow-out occurred.
Moreover, a comparison between support pressures resulted from the current model
for multi-layered soil, equivalent homogeneous soil and monitoring data at the pro-
ject site highlights the role of multi-layer model when considering the tunnelling
within a multi-layer soil.

Keywords Blow-out - Tunnelling - Shallow tunnel - Analytical model - Multi-
layered soil - Ho Chi Minh Metro Line 1

1 Introduction

Underground transportation systems have been increasingly considering and build-
ing in cities to solve issues of traffic congestion, air pollution, noise, and lack of
surface space. In the urban condition, the shield tunnelling method, or tunnel boring
machine (TBM) is the most adaptive method for the construction of the underground
transportation tunnel. Indeed, with the advance of state-of-the-art technology, using
TBM when tunnelling can limit surrounding soil movements and create a precise
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tunnel lining. Moreover, TBM has become a popular in tunnel construction in urban
areas due to the safety and the short construction time. Almost metro projects in the
world have adopted TBM to excavate the tunnel, for examples, the Elizabeth metro
line (London, England), the Grand Paris project (Paris, France), the Riyadh Metro
(Saudi Arabia), the Sydney Metro (New South Wales, Australia), the Jakarta Mass
Rapid Rail Transport (Java, Indonesia), and the Ho Chi Minh Metro (Hochiminh
city, Vietnam).

Building underground subways is much more expensive (~ 10 times more) than
a streetcar/tramway with the same distance. Therefore, optimizing the design to
reduce the cost in line with satisfying all the technical criteria is essential when con-
sidering a metro project. The cover-to-diameter ratio (C/D) is an important param-
eter for the optimization of economic-technical solutions. Reducing the overburden
depth (C) could decrease the construction and maintaining costs, ensure the safety,
and lessen the travel time from the surface to the platform.

TBM provides a support pressure at the tunnel face and the support lining
sequencing. The support pressure helps against the initial effective horizontal stress
at the tunnel face position, which controls the tunnel face stability during the exca-
vation. The support pressure is determined to avoid the tunnel face failure. There
are two failure modes of the tunnelling faces including the collapse (active failure)
and the blow-out (passive failure). The collapse or active failure takes place when
the support pressure is underestimated to balance the soil self-weight, whereas the
blow-out or passive failure occurs when the support pressure is overestimated and
push the soil towards the ground surface. It is significant to consider carefully pas-
sive failure for shallow tunnels.

Analytical models have been proposed to determine the support pressure corre-
sponding a given ratio C/D and satisfying the blow-out criterion. They are based
on both the limit equilibrium method (Anagnostou and Kovéri 1994; Broere 2001;
Jancsecz and Steiner 1994; Vu 2016; Vu et al. 2015) and the limit analysis method
(Atkinson and Potts 1977; Leca and Dormieux 1990; Subrin and Wong 2002; Sou-
bra et al. 2008; Tang et al. 2014; Mollon et al. 2011; Han et al. 2016; Li et al. 2019).
In the case of limit equilibrium method, Horn (Horn 1961) presented firstly a 3D
wedge model for analysing the active failure. Anagnous and Kovari (Anagnostou
and Kovari 1994), Broere (Broere 2001), Jancsecz and Steiner (Jancsecz and Steiner
1994), and Anagnous (Anagnostou 2012) then developed the Horn’s model to obtain
more precise analysis when taking into account the arching effect. For the passive
failure, few models have been proposed including a simple assumption of a pushed
upward 3D obelisk soil mass model introduced by Balthaus (Balthaus 1991), and
simple 2D model proposed by Broere (Broere 2001) including the shear forces along
the pushed upward soil body. Other authors applied limited analysis methods to
determine the upper and lower boundaries of support pressure including Leca and
Dormieux (Leca and Dormieux 1990), Mollon et al. (Mollon et al. 2011), Soubra
et al. (Soubra et al. 2008), and Quarmout et al. (Qarmout et al. 2019).

Sloan (Sloan 2013) and Han et al. (Han et al. 2016) compared these two
approaches and stated that the limit analysis methods exhibit more strictly in the-
oretical basic than the equilibrium analysis. In the methods based on limit analy-
sis, the soil behaviour (i.e., stress—strain relation) is considered and equilibrium is
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verified everywhere. This is not the case in the limit equilibrium methods. How-
ever, the limit equilibrium methods are still widely used in practical engineering due
to its clear physic meaning and its simplicity (Zizka and Thewes 2016). Moreover,
the stress—strain relationship introduced into the limit analysis methods is normally
obtained from the laboratory tests on the sample, which may not cover the ground of
the work scale due to its important length compared to the sample size. A confident
model should be validated against numerical and/or experimental results, as well
as the real case studies. Berthoz et al. (Berthoz et al. 2012) showed a large differ-
ence between experimental data and analysis results obtained from limited analysis.
Moreover, most of previous studies have dealt with the case of homogeneous soil.
The multi-layered soils have been rarely considered.

Different numerical methods, such as finite different method (FDM) (Chen et al.
2013; Senent et al. 2013; Senent and Jimenez 2015), finite element method (FEM)
(Lu et al. 2014; Ibrahim et al. 2015), and discrete element method (DEM) (Funatsu
et al. 2018; Zhang et al. 2011; Chen et al. 2011), have been used to analyse the tun-
nel face stability. However, many assumptions should be also made in the numerical
modelling (e.g., soil behaviour or stress—strain relation, small strain). It exists also a
few laboratory tests based on centrifuge testing method (Han et al. 2016; Al-Hallak
1999; Chambon and Corté 1994) to study the failure mechanism of the tunnel face,
as well as provide data for the validation of analytical models and numerical model-
ling. Laboratory test is performed in an ideal condition and still in a small scale. The
best way to validate and evaluate both analytical and numerical models is to confront
their results to the real cases. However, real blow-out case in the construction of sub-
way tunnel has been rarely mentioned or documented. To the best of the authors’
knowledge, blow-out cases occurred during the construction in the world are rarely
recorded. Among them, the blow-out case when building the Second Heinenoord
Tunnel project in Netherlands is reported by Bezuijen and Brassinga (Bezuijen and
Brassinga 2006).

This paper aims to report a study case of the Ho Chi Minh Metro Line 1 project
where a blow-out occurred. All the data for 300 m of an underground segment in
which there were the blow-out occurrence, including the tunnel geometry and depth,
soil layers’ thickness and properties, as well as the water table, are carefully docu-
mented. These data should be valuable for the validation of analytical and empirical
models proposed to predict the maximum support pressure exerting on the tunnel-
ling face of a tunnel.

The minimum and maximum support pressures are estimated and compared to
the site pressure. The underground subway tunnel is under three soil layers in the
considered project. Therefore, appropriated multi-layer models should be used to
study the collapse and the blow-out. The well-known Jancsecz and Steiner’s (Janc-
secz and Steiner 1994) 3D wedge stability model is used to estimate the minimum
support pressure corresponding to the active failure criterion. An extension of
Broere (Broere 2001) and Vu et al. (Vu et al. 2015) to the case of multi-layer soil is
performed to determine the maximum support pressure corresponding to the blow-
out criterion. Applying the proposed muliti-layer model to the Ho Chi Minh Metro
Line 1 project data, a maximum support pressure is obtained, which is very close to
the site pressure. This shows the validation of the proposed model.
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A comparison between one layer models of Broere (Broere 2001) and Vu et al.
(Vu et al. 2015) and the current multi-layer model, as well as the site observation,
is also made. This comparison clarifies how important it is to give consideration of
the real multi-layer soil in the passive failure analysis in compared to the equivalent
homogeneous soil.

2 Ho Chi Minh Metro Line 1
2.1 Project Overview

The metro line 1 in Ho Chi Minh city is the first metro project in Vietnam. The
project started construction in 2012 and is scheduled for completion in late 2023,
with operations starting in 2024. The length of this line is 19.7 km including 2.6 km
of subway tunnel under densely populated areas and important historical patrimo-
nies, such as Ba Son shipyard, the Saigon Municipal Opera House and the Saigon
river. The tunnel section is designed with an inner diameter of 6.05 m and an outer
diameter of 6.65 m (i.e., 0.3 m thickness of the concrete lining). There are two tun-
nels (West and East tunnels) severing the transport in two directions. This metro
line including 14 stations relates Ben Thanh to Suoi Tien Terminal. The plan of the
Metro Line 1 in Ho Chi Minh city is shown in Fig. 1.

The underground part of the metroline was excavated by an earth pressure bal-
ance (EPB) TBM that its face is shown in Fig. 2. The TBM is charaterized by 6.82 m
of the cutter head diameter and 6.79 m of the shield diameter. There are eight injec-
tion pipes on the cutter head to apply the support pressures on the tunnelling face,
which is controlled by the operator in the control room.

THANH XUANJOI
/

LEGEND:
UNDERGROUND
ELEVATED

Fig. 1 Plan of Ho Chi Minh Metro Line 1 (Ho Chi Minh City, Vietnam)
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Fig.2 Excavation face of the EPB TBM in Ho Chi Minh Metro Line 1

From the ground surface to 50 m of depth, there are three soil layers:~2 m in
thickness of fill layer; ~30 m in thickness of alluvium soils, and diluvium soils. The
alluvium layer is split into (from the top to the bottom of this layer) soft clayey silt
(Ac2 and Ac3), silty fine sand layer 1 (Asl), and sand layer 2 (As2). Diluvium layer
includes diluvium clayey silt (Dc) just below alluvium layer and then silty sand layer
(Ds). Median main geotechnical properties of these soil layers are recapitulated
in Table 1. Figure 3 shows the longitudinal geological profile of 300 m from km
0+940 to km 1+ 240, which also includes West and East tunnels (top, bottom, and
track lines). As a reminder, the length of underground segment is 2.6 km. We cannot
show all this 2.6 km of longitudinal profile for 50 m of depth. Therefore, only 300 m
representative segment is shown. The cover depth (C) of the upper tunnel varies
from 8.3 to 9.5 m for this 300 m of underground segments, as shown in Fig. 3 (or
see Table 2). For all 2.6 km of underground segment in the Ho Chi Minh Metro line
1 project, C varies from 8.2 to 10.4 m with the West tunnel.

Table 1 Main geotechnical parameters of soil layers surrounding the underground subways

Layer  Description Unit weight y Cohesion ¢ Friction Coefficient
(kKN/m%) (kPa) angle w (°)  of lateral K

1 Fill layer F 19 10 28 0.6-0.5

2 Alluvium clay layer 2 Ac2 16.5 10 24 0.6-0.5

3 Alluvium silty fine sand layer 1 Asl 20.5 0 31 0.6-0.5

4 Alluvium sand layer 2 As2 20.5 0 31 0.5

5 Hard clay silt Dc 20.5 22 0 0.5

@ Springer



Transportation Infrastructure Geotechnology

- 0
500 U/\(?r(‘ Blowout location
769
L *20 40 60 B0 ——
(AL [] ]
| ALLOVOM SOFT FLAYEY JILT /
Aluviow [ VST TONNELR /
-500 SIJTY FINE SAND LAYER 1 /N
~10.00— e N E— | 1|
15,00 ALLUVIUM g \
1500 SAND LAYER 2 L
[-20.00— \ %
EAST TUNNEL - B N ||
-25.00— ] — il .
ALLUVIUM |
SAND LAYER
~30.00 — [ L
o e ¢ |
-35.00—
DILLUVIUM
-40.00—] HARD CLAYEY SILT
-45.00—
DILLUVIUM
.66 DENSE SILTY FAND .
RLWBT? g g 5 B T g s 7 T g 7 T T T 7
3 ] 8 = R z 2 % 2 3 2 R” 2 £ 3 *
EBT|% 3 3 g g g g g g g d q g b i 8
3 ) ) ) ) 1 ) ) ! ) ) 1 [ 1 !
- = s = = = = 5 = = =
oL |8 | S S S & ?. bl 2 2 - 8 L] S S S
8 2 & 2 g
CH |g g g g g
5 g = B S

Fig.3 Longitudinal geological profile of the underground segment in the Ho Chi Minh metro line 1 pro-
ject from chainage km 0+ 940 to km 14240

2.2 Blow-out Occurrence

During the construction of the underground segment in Ho Chi Minh metro line 1, a
blow-out (passive failure) occurrence was recorded on 23th April 2018 at the chainage
km 14 154.4 of the West tunnel. The location of the blow-out event is shown in Fig. 4.
The blow-out was recognized by the fact that the injected fluid spouted on the street
above. However, there is no significant damage for the tunnel under construction and its
environment.

The support pressure at the tunnelling face was observed at 335 kPa when the blow-
out took place. This is the maximum value of the polymer injection pressure of line 1
and line 2 in the excavation chamber of the TBM (there were five lines in the TBM but
only two lines were used at that moment).
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Table 2 Cover depth of 300 m

Chainage Depth of the  Depth of soil layers (m)

und.erground tunnel from cover (m)

chainage km 0+ 940 to km Fill Acl Asl As2

14240
km 1+238.4 8.31 1.93 2.63 6.84 3.55
km 1+220.4 8.28 1.79 2.68 7.08 3.36
km 1+202.4 8.29 1.73 2.69 7.62 2.88
km 1+ 180.8 8.21 1.59 2.68 8.14 2.43
km 1+220.4 8.27 1.61 2.66 8.07 2.56
kml +164 8.30 1.60 2.65 8.09 2.59
km 1+154.4 8.33 1.58 2.63 8.10 2.65
km 1+119.6 8.50 1.66 2.60 8.09 2.78
km 14+99.2 8.50 1.56 2.56 8.06 2.94
km 1+080 8.61 1.56 2.53 8.01 3.13
km 14059.6 8.80 1.64 2.49 7.95 3.35
km 1+040.4 8.80 1.51 245 7.93 3.54
km 14039.2 8.80 1.51 2.45 7.92 3.56
km 14020 8.89 1.46 241 7.92 3.73
km 14000.8 9.03 1.46 2.37 7.94 3.89
km 0+4980.4 9.04 1.31 2.33 8.03 3.99
km 0+ 960 9.30 1.42 2.28 8.20 4.03
km 04940.8 9.49 1.47 224 8.42 3.99

c'h,é'ng‘léo héa &
éﬁ?_) (dalage Spot

Khach‘s’n W™
Meridien SaifGon

Fig. 4 Blow-out at the chainage km 1+ 154.4 of the West tunnel when tunnelling of Ho Chi Minh metro

line 1

3 Estimation of Maximum and Minimum Support Pressure

In this section, an analytical blow-out model is proposed to estimate maximum sup-
port pressure based on the limit equilibrium method. This model takes into account
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the nappe (i.e. hydrostatic pore pressure) and geological multi-layered soils sur-
rounding the tunnel, whereas Jancsecz and Steiner (Jancsecz and Steiner 1994)
model is used to determine the minimum support pressure. The estimation of maxi-
mum and minimum support pressure will be compared to the recorded site support
pressure in Section 4.

3.1 Multi-layered Soil Blow-out Model — Maximum Support Pressure

The derivation method consists in considering the equilibrium of the soil column
above the tunnel in 2D section passing the tunnelling face. This derivation method is
firstly proposed by Broere (Broere 2001). To sake of clarity, the novelty of the pro-
posed model compared to Broere’s (Broere 2001) model consists of giving consid-
eration the multi-layered soils, the support pressure gradient at the tunnel face, and
the lower part equilibrium. The comparison between the current model and Broere’s
(Broere 2001) model will be made in Section 4 when considering the Ho Chi Minh
Metro Line 1 project to highlight the impact of multi-layered soils.
The main assumption is that an exceeded support pressure applies both

(1) on the top of the tunnel, which may push upwards the soil column above the
tunnel (Fig. 5a)

(2) on the lower part of the tunnel, which shoves the soil column above the tunnel
and the tunnel itself (Fig. 5b).

The pressure exerting on both upper and lower parts of the tunnel is a function of
the depth (z coordinate). Indeed, the EPB TBM can apply a non-uniform pressure
on the tunnel face to account the initial stress gradient in z coordinate. This gradient
is significant and should be taken into account for a very shallow tunnel. By noting
§,=dp/dz the support pressure gradient, the support pressure on the upper part is

1 layer H. 1 layer o R
| | .
2" layer H. 2" layer | Ha
e T G
T
oo R/
th
L A layey S — il k" layer Hi
b -
n" layer C —o ) Ho n" layer i Gy L Ho
S(z:)=So: 2' )
tunnel tunnel \ ]
n A
s(z)=Sop /TN
-~ D~ -~ b+
(a) upper part (b) lower part

Fig.5 Blow-out analysis for a shallow tunnel within multilayer soils
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s =50, + 6,Rcosa )

and on the lower part,

§ = So, — 6,Reosa )

where s, and s, are the support pressure values at the top and the bottom of the
tunnel; R is the radius of the tunnel, and « is the angle as shown in Fig. 6. A discus-
sion about the support pressure gradient in the reality of the tunnel construction can
be referred to Bezuijen and Talmon (Bezuijen and Talmon 2008).

The determination of the maximum support pressure at the upper and lower parts
is based on the equilibrium condition of the soil column upstairs of the tunnel and the
assembly of the soil column and the tunnel. According to the scheme in Fig. 5 for mul-
tilayer soil overhead the tunnel, the mass of the soil column G is:

c c 7 i Hiti
G, = ; G, = ;DyiHi - gDZ—Z?:k 7 3)

where G| ; is the body weight of the layer ith; H; is the ith layer thickness; y; is the
density of the soil layer ith; and D is the tunnel diameter.

When the soil column above the tunnel starts moving upwards, the shear force
between this soil column and its surrounding soil can be estimated as:

2T =2 T,=2) Hyc,+0jtan @) =2 Y H{c, +0; tan @,) )
i=1 =1 i=1

600 T T T T T T
maximum support pressure - current model - multi-layered soils
= = = ‘maximum support pressure - current model - equivalent homogeneous soil
sy maximum support pressure - homogenuous model (Broere, 2001)
500 - minimum support pressure 1
+ site support pressure - erecting stage
*  site support pressure - boring stage
i [CJ blowout occurence
& 400 T
x
w
= % *
- *
ﬁsoo;---;---_-_!___*___i _____ * " ¥ 8
& - Tt
£ + 3 + 5 e + 4 ¥
=3 - -~ * +
Sa00f T
e i
¢ - » s +
+
100 . N = = = |
0 i 1 1 1 1 1
950 1000 1050 1100 1150 1200

chainage (m)

Fig.6 Support pressure at the tunnelling face from km0+ 940.8 to km 1 +238.40
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where T is the shear force on the one side of the layer ith; c; is the cohesion of the soil
layer ith; ¢ ; is the friction angle of the soil layer ith; o , = K0, ; = Ko (v; = 7,,)%;
is the effective horizontal stress with z; as the depth of the soil layer ith.

The mass of the tunnel liner is approximated by:

G, = ny;Dd 3)

where d is the tunnel lining thickness; y; is the density of the tunnel lining.
The total support pressure applying on the upper part is estimated as follows:
3 D2
S, = /da/ (S0, + 8,Rcosa)sinadr = Ds, + S (6)
0 0

Considering the upper part, the equilibrium condition of the soil column above
the tunnel is verified the following equation:

G +2T =S, @)
Substituting Eqs. (3), (4), and (6) into Eq. (7) yields:

ik
zH

Rearrangement this equation gives the maximum support pressure at the top of
the tunnel, beyond this value the blowout occurs:

nZ, , D
z H, — k +2 Z (c,- + o-h,itan(pi) - 6”Z 9)

Considering the lower part, the equilibrium equation of the assembly of the tun-
nel and the column soil upstairs of the tunnel reads:

D2

ZD]fnﬁz 22H@+qﬁmﬁ=D%+@T ®)

G, +G,+2T =5, (10)

Introducing Egs. (3), (4), (5), and (6) into Eq. (10) and rearrangement yield the
maximum support pressure at the bottom of the tunnel, beyond this value the pas-
sive failure takes place.

Y Hivi ,
Sop = 2 vH; - —D E,kkHl +2 Z (ci + 0, tan (pi>

+rdy; —

(1)

D
P4

In the case of a homogeneous cover soil with homogeneous properties: density y;
cohesion c, friction angle @, coefficient of lateral K,, the maximum support pressure
at the top and the bottom of the tunnel becomes

So, =v(H — %D) + Zg(c + %HKOy’tan Q) — (12)

D
57
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7 H 1 / D
s00 =7 (H - gD) +25 (c+ SHKqy tang ) + 6,7 +xdyy (13)

Introducing the cover notion C=H + D/2 into these two equations, the maximum
support pressure can be expressed as a function of cover-to-diameter (C/D) ratio
such as:

1 C\? 1 n D
50, = 2DKyy'tan (p(§+5> +(yD+2c)<§+ )—gyD—épZ (14)

' 1, C\? 1, C
S0 = 2DKy tan (p<§+l—)) +(yD+2c)<§+l—))

- %yD + 51,% + ndy;
(15)

In summary, a simple equilibrium analysis is developed in this section for esti-
mating the maximum support pressure applying on the top and the bottom of the
tunnel to avoid the blowout failure when excavating the tunnel by using the TBM.
The support pressure should be lower than the value resulted from Eqgs. (9) and (11)
for a multi-layered soil, and from Eqgs. (12) and (13) (or (14) and (15)) for particular
case of a homogeneous cover soil).

In the literature, an equivalent homogeneous soil is usually proposed to consider
implicitly multi-layered soil, in which a geotechnical property of the equivalent soil
is estimated as the average of this property of multi-layered soils. The presence of
the multi-layered model in this study (i.e. Equations (9) and (11)) allows to evaluate
the role of multi-layered aspect (see in Section 4 below).

3.2 Minimum Support Pressure

As a reminder, the minimum support pressure exercising on the face is required to
avoid the collapse. Several models have been proposed to estimate the minimum
support pressure (Anagnostou and Kovari 1994; Broere 2001; Jancsecz and Steiner
1994; Subrin and Wong 2002; Broms and Bennermark 1967; Dias et al. 2008;
Murayama Endo Hashiba Yamamoto Sasaki 1966; Fang et al. 2012, 2015); among
them, the 3D wedge stability model proposed by Jancsecz and Steiner (Jancsecz and
Steiner 1994) has been widely used for this purpose. The principle of that model
is based on the limit equilibrium analysis of a 3D wedge-silo failure mechanism,
which considers the effect of soil arching above the tunnel face. According to Janc-
secz and Steiner (Jancsecz and Steiner 1994) model, the minimum support pressure
is estimated as follows:

Smin = NK43,0,;/ +p (16)

where n=1.5 is the safety factor; p the pore pressure, o, ;/ is the effective soil pres-
sure, and K3 ; is the three-dimensional earth pressure coefficient of the soil layer ith
depth.

K3 ; is determined by the following formulation:
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. K,
sinf; cosp; — cos?f; tang, — %cosﬂi tang;

Kp3i = ; — a7
sinf; cospf; + sin”f; tang;,
with
1- sin(pi+tan2<£ - ﬂ)
K, = M (18)
2
c
1+35
a= C 19)
1+2-

The value of f; indicated in Jancsecz and Steiner (Jancsecz and Steiner 1994)
depends on the ratio of C/D and soil friction angle ;.
The effective vertical stress for the soil layer ith is resulted from the Terzaghi
theory as indicated in Broere (Broere 2001) as:
’ ayi/ —C

7 T K
jlang;

(1= efm2s) ol (peimers 20)

where a = R

1+t1an 5 is a relaxation length with three-dimensional arching.

We only summarize the main formulations of the wedge stability model from
Egs. (16) to (20). The detail about the derivation of these formulations can be
referred to Jancsecz and Steiner (Jancsecz and Steiner 1994).

The recommended operation support pressure is calculated by adding 50 kPa of
safety margin into the minimum support pressure such as (Kanayasu et al. 1995):

s, + 50 kPa (21)

op = Smin

The maximum support pressure is then estimated from Broere (Broere 2001)
model, and the current model presented in the previous section for both real data
from multi-layered soil (see Egs. (9)) and equivalent homogeneous soil (see Egs.
(12) or (14)). The support pressure gradient J, is equal to 7 kP/m as recommended
by Bezuijen and Talmon (Bezuijen and Talmon 2008) behind the TBM at the end of
the monitoring.

4 Stability Analysis in Ho Chi Minh Metro Line 1 Project

4.1 Support Pressure from km 0+ 940 to km 1+ 240

This section is devoted to considering the face tunnel stability of the West tunnel
from chainage km 04940 to km 1+240 within the underground segment of the
Ho Chi Minh Metro Line 1 project. To do so, the support pressure observed at the

site is shown and compared to the minimum support pressure resulted from wedge
stability model (Jancsecz and Steiner 1994), the maximum support pressure, and
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the recommended operation pressure. The maximum support pressure is resulted
from the proposed model for both multi-layered soils and equivalent homogeneous
soil, and from Broere’s (Broere 2001) model. A particular attention is made for the
section km 1+ 154.4 where the blow-out occurred to verify the current model and
assess the role of multi-layered soils compared to equivalent homogeneous soil.

As a reminder, the thicknesses of soil layers of the cover from km 0+ 940 to km
1+2 40 and their geotechnical properties are shown in Table 1 and 2. The lateral
earth pressure coefficient of three upper layers (F, Ac2, and Asl) is assumed to be
0.55. Observed support pressure during the construction is obtained from the moni-
toring of TBM, which is the average of two injection pressures at two active pipes
on TBM excavation face.

Figure 6 presents the variation of maximum, minimum, recommended operation,
and site support pressures along the underground segment within two chainages
km 04940 and km 1+ 240. The result shows that the maximum support pressure
resulted from the current model with multi-layered soils is about 7-17% higher than
that with equivalent homogeneous soil for the data of Ho Chi Minh Metro Line 1
project. Moreover, the current model with equivalent homogeneous soil gives the
maximum support pressure about 25-30% higher than that obtained by Broere
(Broere 2001) model for equivalent homogeneous soil. Among these three maxi-
mum support pressures, the support pressure applying on the tunnelling face at the
boring stage is close to the predicted model with multi-layered soils at the blowout
location. The observed support pressure is slightly higher than the predicted pres-
sure. This means that the proposed multi-layered model could derive a precise sup-
port pressure in this case.

4.2 Blow-out Section (km 1+ 154.4)

This section considers the data, including the soil condition and the site support
pressure at the chainage km 1+ 154.4 within the underground segment of the Ho
Chi Minh Metro Line 1, where the blow-out occurs. As a reminder, the site support
pressure is recorded to be 335 kPa when the blow out took place. The comparison
between site support pressure and maximum support pressure determined by Egs.
(9) and (11) to verify the accuracy of the proposed model. The comparison between
the current models with multi-layered soils and equivalent homogeneous soil, as
well as Broere (Broere 2001) model, is also made for the blow-out section to under-
score the role of multi-layered model.

The soil condition at the chainage km 1+ 154.4 is zoomed in Fig. 7. The thick-
ness of soil layers at this chainage is recalled in Table 3 and Fig. 8. Overall, the
parameters of the multilayer model developed in Section 2 are recapitulated below:

e the nappe— 1.875 m from the ground surface;

e the tunnel diameter D =6.65 m; the cover C=8.302 m and the cover-to-diameter
ratio C/D=1.25;

o the liner thickness d=30 cm and density y,=24 kN/m?;

e the soil multilayer geometry in Table 3 and Fig. §;
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Table 3 Thickness of the soil

Jayers at the chainage km Layer Description Level Thickness
14+154.4 From To

1 Fill layer 1.875 0275 1.6

2 Alluvium clay layer 2 0275  -2375 2.65

3 Alluvium sand layer I  —-2.375 —10.385 8.01

4 Alluvium sand layer 2 —10.385 —17.895 7.51

16 Fill layer 0.00 VI 87
! g |

2.65 Alluvium Clay Layer 2

H=11.627

Alluvium Sand Layer 1

601 Tunnel

7.51 Alluvium Sand Layer 2

Fig. 8 Geometry model at the chainage Km1 + 154.4

e the support pressure gradient §,="7 kN/m?.
e main geotechnical properties of soil layers in Table 1 (with K=0.55 for three
upper layers F, Ac2, Asl).

From these input data, Fig. 9 shows the evolution of maximum support pres-
sures at upper parts of tunnel resulted from the current model with both multi-
layered soils and equivalent homogeneous soil, as well as Broere (Broere 2001)
model versus the cover-to-diameter ratio (C/D). The maximum support pressure
at the centre of the tunnel obtained by the multi-layered model and site support
pressure at the chainage km1 4 154.4 (C/D =1.25), where the blow-out occurred,
are also added for the comparison. Obviously, the maximum support pressure
increases when C/D increases due to the increase in the weight of the soil column
above the tunnel. The weight of this soil column is equal to the maximum support
pressure at the tunnel. However, the support pressure at the upper part is used as
the criterion to evaluate passive failure. Correspondingly, the site support pres-
sure 335 kPa is about 7.5% higher than the maximum support pressure (313 kPa)
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600 T T T T T T T T
—mRTIe predicted blowout pressure - Vu et al. (2015) (homogenuous model)
— — — -predicted blowout pressure - Broere (2001) (homogenuous model)
predicted blowout pressure at the upper part - multilayred model
500 predicted blowout pressure at the center part - multilayred model ~1
%  recorded blow-out pressure in Hochiminh MRTL No.1 e

400

200

100

C/ID

Fig.9 Comparison between site support pressure and current blow-out model at the blow-out section
(Km1+154.4)

at the tunnel top. Indeed, the site limit value should lower than 335 kPa and closer
to the maximum support pressure at the upper part of the tunnel predicted by the
proposed model (Eq. (9)). The comparison between the predicted value and data
from the case study of Ho Chi Minh Metro Line 1 show a high accuracy of the
proposed multi-layered model.

Anew, when plotting the maximum support pressure versus C/D, the current
muti-layered model result is always higher than the current model with equivalent
homogeneous soil (for Ho Chi Minh Metro Line 1 data). The difference between
them is more pronounced when C/D small and decreases when C/D increases. Two
curves meet when C/D>2. Moreover, the maximum support pressure obtained by
the current model with equivalent homogeneous soil is also higher than that resulted
from Broere (Broere 2001) model. The difference between two later ones increases
when C/D increases.

The comparison between maximum support pressures obtained by three blow-out
models brings out the significant role of multi-layered soils, which has been rarely
considered in previous studies.

5 Conclusion
Tunnelling in urban area must face challenges of face stability and risks of damages
on surrounding infrastructure utilities and buildings. Instability issues including

active failure (collapse) and passive failure (blowout) are the main consideration in
estimating the support pressures applied in TBM excavation. Analytical, empirical,
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and numerical models have been proposed to assess the minimum and maximum
support pressures corresponding to the active and passive failure occurrences. Data
from laboratory tests or/and from real case study are valuable to check those models.
In particular, the real case study observation is the most relevant data for the valida-
tion of the models.

This paper reported valuable data of the blow-out occurrence in the Ho Chi Minh
Metro Line 1 project. The geological medium surrounding the tunnel is multi-layer
soil. Thus, a muti-layered blow-out model is proposed to predict the maximum sup-
port pressure corresponding to the blow-out (passive failure) of the tunnelling face.
This model is an extension of the previous work, which is derived by considering
the equilibrium of the soil column above the tunnel in the plan passing through the
tunnel face in the case of tunnelling in a multi-layered soil condition.

Applying the proposed multi-layered blow-out model to data of Ho Chi Minh
Metro Line 1 project and comparing the predicted maximum support pressure to
the site support pressure at the chainage of blow-out occurrence shows the accuracy
of the proposed model. Moreover, the case of equivalent homogeneous soil is con-
sidered for the data multi-layered soils of Ho Chi Minh Metro Line 1 project. The
comparison between support pressures resulted from the current models with multi-
layered soil and equivalent homogeneous soil shows the multi-layered model gives
results much closer to the blow-out site support pressure than equivalent homogene-
ous soil. Therefore, this is essential to consider the real multi-layered soil to assess
the maximum support pressure when tunnelling the subway.
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