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Abstract: The development of urban areas has led to an increase in the use of subsoil for
installing transportation networks. These systems usually comprise the construction of
side-by-side twin running tunnels built sequentially and in close proximity. Different
studies have demonstrated that under such conditions, there is an interaction between
tunnels, leading to greater settlements compared with those obtained if the tunnels were
excavated separately. Supported by those findings, several analytical methods have been
proposed to predict the settlements induced by the excavation of the second tunnel. This
paper examines the applicability of these proposals across multiple case studies published
in the literature by comparing the analytical predictions with the reported monitoring
data of 57 sections. The results indicate that, regardless of the different soil conditions and
geometrical characteristics of the tunnels, a Gaussian curve accurately describes the set-
tlements in greenfield conditions and those induced by the second tunnel excavation, alt-
hough with the curve becoming eccentric in this case. Despite some significant scatter ob-
served, most methods predict the settlements induced by the second tunnel with reason-
able accuracy, with Hunt’s method presenting the best fit metrics. The obtained findings
confirm that existent methods can be a valid tool to predict the settlements induced by
twin tunnelling during the early stages of design, although do also contain limitations and
pitfalls that are identified and discussed throughout the paper.

Keywords: twin tunnelling; analytical methods; monitoring data

1. Introduction

In densely populated urban centres, efficient and sustainable transportation net-
works are vital for economic development [1]. Factors such as the limited space at the
ground surface, traffic congestion, and growing demands for sustainability and cleaner
environments have driven the construction and relocation of transportation networks into
the subsoil [2]. Despite the complexity associated with the construction, these under-
ground networks provide higher mobility and are more reliable and efficient than surface
solutions, making them a cost-effective asset for any city [3]. Solutions such as side-by-
side twin tunnels, in opposition to the construction of a single larger tunnel, are often
preferred for these infrastructures since traffic can flow separately in opposite directions,
thus minimizing the congestion and number of collisions while maximizing the speed and
safety of travelling. The excavation process itself is often simpler in this case, as the
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construction of smaller tunnels is quicker, requires less support, and can be performed at
shallower depths, reducing the costs without compromising the stability and safety of the
excavations.

However, regardless of the construction method employed, the excavation of tunnels
will inevitably induce movements in the surrounding soil, which, in shallower tunnels,
extend to the ground surface and affect the structures located in the vicinity of the exca-
vation [4]. Naturally, the magnitude and extent of these ground movements are influ-
enced by several factors, such as the tunnel geometry, the soil and groundwater condi-
tions, and the excavation method employed [5]. In order to perform an adequate risk as-
sessment of the structures during the preliminary design stage, a quick yet reliable esti-
mation of the magnitude and extent of the ground movements induced by the tunnel ex-
cavations is required [6,7]. For a single tunnel excavation, the typical settlement profile is
well documented in the literature and, amid other proposals [8], can be reasonably ap-
proximated as an inverted Gaussian distribution curve, as suggested by Peck [9]. How-
ever, the case of side-by-side twin tunnels is more complex, with several studies (see Table
1) showing that the excavation of the second tunnel (2T) induces higher settlements when
compared with those caused by the construction of the first tunnel (1T). Moreover, it has
been observed that the final settlement trough shows some asymmetry, with the maxi-
mum settlement occurring closer to the 1T, rather than being centred between the tunnels
[10-12]. According to Mair and Taylor [7], this interaction effect occurs as the 2T is exca-
vated in disturbed ground conditions and is fundamentally dependent on the distance
between tunnels, usually referred to as pillar width (P). However, recent advances in EPB
(earth pressure-balanced shield) technology have made it possible to adjust shield opera-
tional parameters, such as the face or grouting pressure, so that the settlements induced
by the 2T excavation can be compensated and reduced significantly, as the results of
Suwansawat and Einstein [13] have demonstrated.

The interaction between side-by-side twin tunnels has been widely documented in
various case studies (see Table 1), but has also been investigated through numerical [14—
24], centrifuge [4], and small-scale models [25-28]. An extensive compilation and review
of those studies has already been presented and summarized by Vlachopoulos et al. [29]
and, more recently, by Islam and Iskander [5]. These studies assess aspects such as the
lining forces interaction [30,31], the overall tunnel stability [32,33], and the stress redistri-
bution along the pilar width [34,35], but are primarily focused on evaluating the ground
movements and volume loss induced by the excavation of the 2T and on assessing the
distance between tunnels at which interaction effects can be considered negligible. Based
on the results provided by these studies, several analytical methods have been proposed
to quantify the settlements and sub-surface vertical displacements caused by side-by-side
twin tunnel excavation [4,16,22,36—40]. Despite the differences among them, all proposals
assume that the settlement profile induced by the excavation of the 1T is described by an
inverted Gauss distribution curve and then use those Gaussian fitting parameters, along
with the distance between the tunnels, to predict the additional volume loss induced by
the 2T excavation. Although these analytical methods are of simple application and can
provide valuable insights during the preliminary design stage, they were developed for
specific cases, and their applicability to real case studies has yet to be fully validated. This
paper discusses the applicability of those analytical methods by comparing their predic-
tion against the monitoring data reported for a vast number of case studies published in
the literature. The aim of this paper is to highlight the strengths and limitations of each of
these analytical methods, enabling more informed decision-making when predicting set-
tlements induced by twin tunnelling.
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Table 1. List of the case studies analyzed.

Source Project Ei::;:gn C(?lfg?t?ois Section Code D(m) Zo(m) d(m) P (m)
Cording and Washington D. C. Shield Granular soil C A 640 1460 11.00 4.60
Hansmire [10] Metro machine
Perez Saiz et al. [11]  Caracas Metro EPB Soft rock SV B 5.60 11.20 12.00 6.40
Ou et al. [41] Taipei RTR EPB Fine soil CH218 A-A C 6.04 16.00 18.00 11.96

. London Metro, Jubi- Old JamaicaR. D1 490 19,50 26.00 21.10
Withers [42] lee Line ] EPB Soft rock Sou{hwark P. D2 490 2080 2750 22.60
Wu and Lee [43] Taipei RTR EPB Fine soil CN254 52 El 6.04 1430 1320 7.16

Japan Subway Open shield Fine soil B-1 E2 7.06 2750 10.00 294

Clayton et al. [44] Heathrow E. T4 Sequential Stiff clay MMS II F 9.00 1790 27.00 18.00
S-A 23-AR-001 G1 6,50 22.00 10.50 4.00

Suwansawat and S-B26-AR-001 G2 650 1850 20.00 13.50
Einstein [13] Bangkok MRTA EPB Stiff clay S-C CS-8B G3 650 19.00 18.00 11.50
S-C CS-8D G4 650 20.10 14.50 8.00

S-D SS-5T-52¢ G5 6.50 2220 20.00 13.50

o . S-3a H1 650 17.00 15.00 8.50
Mahmutoglu [45] Istanbul Subway EPB Granular soil S3b H2 650 1700 15.00 850
S-1 I1 674 1700 13.80 7.06

Bilotta and Russo [46] Naples Metro EPB Granular soil S-2 12 6.74 17.00 15.00 8.26
S-3 I3 674 1700 1540 8.66

He et al. [27] Chengdu Metro EPB Granular soil - ] 6.00 11.00 8.00 2.00
g:;giﬁi:g;] fi}r‘imel Tunnel Rail — ppp Stiff clay €250 K 816 1950 1600 7.84
S-4 L1 650 3585 14.00 7.50

Ocak [37] Istanbul Subway EPB Fine soil S-5 L2 650 1732 14.80 8.30
S-8 L3 650 2093 14.80 8.30

S-2 M1l 670 15.00 15.00 8.30

S-5 M2 6.70 15.00 15.00 8.30

. . . 5-13 M3 6.70 15.00 15.00 8.30

Fargnoli et al. [12]1 Milan Metro EPB Granular soil S-16 M4 670 1500 15.00 830
5-19 M5 6.70 15.00 15.00 8.30
S-35 M6 6.70 15.00 16.70 10.00
Elwood and Martin ~ Edmonton Light Sequential Soft rock S-C N1 650 1325 11.50 5.00
[48] Rail S-E N2 650 1375 8.00 1.50
x-line Ol 710 3450 1630 9.20
Wan et al. [49] Crossrail EPB Stiff clay y-line 02 710 3450 16.30 9.20
Extensometer O3 7.10 34.50 16.30 9.20
Zhong et al. [50] Chongqing Metro EPB Soft rock Fengzhong R. P 625 873 11.00 4.75
Zhou et al. [38] Changsha Metro EPB Soft rock - Q 6.00 2330 13.50 7.50
DBC7 R1 620 1060 1560 9.40
DBC9 R2 620 1090 1560 9.40
DBC11 R3 620 1260 17.00 10.80
Kannangara et al. [51] Hangzhou Metro EPB Fine soil DBC13 R4 620 1390 24.10 17.90
DBC15 R5 620 1438 36.00 29.80
DBC35 R6 620 1536 1560 9.40
DBC36 R7 620 14.63 1560 9.40
Changsha Metro EPB Soft rock Case 1 S1 6.00 18.00 13.00 7.00

Dong et al. [40] . .
Shenyang Utility EPB Granular soil Case 2 52  6.00 18.00 12.00 6.00
Hu et al. [52] Tianjin Metro EPB Fine soil S-A-A T 8.80 20.60 15.80 7.00

2. Materials and Methods
2.1. Analytical Methods for Predicting Ground Movements Induced by Twin Tunnelling

The first attempt to predict the settlements induced by side-by-side twin tunnelling

was proposed by O'Reilly and New [36], consisting of the superposition of two identical
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Gauss curves, each one aligned with the centerline of each tunnel, with the final settlement
given as expressed by Equation (1):

%2 _(x-a)?
8, (%) = Gymax - e(‘ﬁ)+e( e >l M

where d represents the distance between the centrelines of the tunnels, x is the horizon-
tal distance measured from the centerline of 1T (note that 1T is assumed as being located
on the left hand side), and 8,4, and i are the Gauss parameters, with &, 4, corre-
sponding to the maximum settlement estimated at the tunnel centerline and i to the
trough width parameter, which represents the distance from the centerline to the inflexion
point of the Gauss curve. In the absence of field data, the estimation of the Gauss param-
eters is usually performed using correlations established in the literature. The trough
width parameter is usually correlated with the depth of the axis of the tunnel (Z,) by
Equation (2):

i=K-Z, )

where K is the dimensionless trough width factor, whose value is associated with the soil
characteristics [7,36]. According to Mair and Taylor [7], K typically ranges between 0.4
and 0.6 in clays and 0.25 and 0.45 for granular materials, with the average values of these
intervals often being taken as representative values. In stratified soils, as is often the case,
the diverse nature of the materials causes the K value to vary more broadly, making it
more difficult to establish a representative value or interval. The value of 6,4, is typi-
cally determined using Equation (3), using the estimated volume loss, V; (expressed as a
percentage of tunnel face volume per unit length of tunnel), as reference.

T V,-D?
5v,max = ﬁ

: ©
where D is the tunnel diameter. V; depends on the tunnel characteristics, soil conditions,
and excavation method, with reported values varying between 0.1 and 3.3% [5]. Naturally,
with the recent advances in technology, it is possible to reduce V; to almost zero if ade-
quate shield operational parameters are employed when excavating with a EPB machine
[53].

The equation proposed by O’Reilly and New [36] assumes that both tunnels induce
the same V,, implicitly disregarding any interaction between them. As a result, this pro-
posal is only acceptable when the tunnels are reasonably spaced apart (a pillar to diameter
(P/D) ratio greater than 4) or when the tunnels are driven almost simultaneously [54].
While still used as reference, several studies have shown that the O’Reilly and New [36]
proposal is not adequate for estimating settlements induced by side-by-side twin tunnels,
as interaction effects between the tunnels are not considered.

To assess the interaction between side-by-side tunnels, Addenbrooke and Potts [16]
conducted a series of coupled consolidation 2D numerical analyses, where the distance
between tunnel centerlines (d) varied from 8 to 32 m (P/D between 1.0 and 7.0). Based on
the results obtained, the authors proposed the design chart presented in Figure 1 to adjust
the volume loss associated with the 2T (V; ), using the value obtained in greenfield con-
ditions for the 1T excavated (Vs ;1) as reference. The correction factor reached a maximum
of about 25% for the lowest P/D analyzed and then gradually decreased as the distance
between tunnels increased, becoming negligible for P/D ratios greater than 7.
Addenbrooke and Potts [16] also observed that the 2T settlement trough presented an ec-
centricity towards the 1T and proposed a correction (Figure 1) to determine the offset of
the maximum settlement of the 2T Gauss curve (e,r) as a function of the tunnel spacing

(d).
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Also based on a numerical study and supported by a series of 1g 1/50 small-scale
models, Chapman et al. [22] and Hunt [39] proposed the introduction of a modification
factor, F, on the 2T Gauss curve in order to include the interaction effects (Equation (4)).

x—d)?
8p2r(X) = F " 6ymax * e(_(ZTZ)) @

The modification factor is defined by Equation (5) and decreases linearly between a
maximum value (1.6 to 1.8), directly above the centerline of the 1T, and 1.0 as the distance
from the 1T centerline increases. In Equation (5), the parameter A corresponds to a mul-
tiple of the trough width parameter in a half settlement trough and is commonly set as 2.5
or 3 (with 3.0 adopted in this paper), while M is the maximum modification factor, vary-
ing between 0.6 and 1.5, with the value of 0.6 having been recommended by Hunt [39].

1+(M-(1 i -)
A-i
However, according to Hunt [39], the modification factor should only be applied in
the “overlapping zone” of the two settlement troughs, where the soil is assumed to have
been disturbed by the excavation of the 1T (Figure 2). This correction results in an asym-

metric settlement trough, with the maximum settlement of the 2T presenting some eccen-
tricity towards the 1T, as suggested by Addenbrooke and Potts [16].

F =

®)

1.30 0.6
125w T VeV Lo
N -4 ey/d '
\ SA -
. 1.20 . Bl 0.4
> ] S RN i
< 115 R N —03 3T
5 - < i =
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Figure 1. Design chart proposed by Addenbrooke and Potts [16] (replotted using the original data).
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Figure 2. Overlapping zone according to Hunt [39] (modified from Hunt [39]).
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Divall [55] investigated the interaction of side-by-side twin tunnels through a series
of centrifuge tests. Based on their findings, the authors proposed a method similar to that
presented by Addenbrooke and Potts [16], where the volume loss of the 2T (V;,r) was
determined using the greenfield results (volume loss of the 1T) and the distance between
the tunnels (d) as reference. The additional volume loss (AVs ,7) induced by the 2T exca-
vation can be calculated using Equation (6), while the volume loss of the 2T can be ob-
tained by adding the additional volume loss to the volume loss induced by the 1T, as
expressed in Equation (7). Also, in this case, when the distance between the centerlines of
the tunnels increases, the interaction effect reduces and becomes negligible for d/D > 5.0.

—1.062

AV ,p = 0441 - (B) Vorr (6)

VS,ZT = Vs,1T + AVs,ZT ()

Although the maximum settlement was aligned with the centerline of the 2T, Divall
and Goodey [4] observed an asymmetry in the shape of the 2T settlement trough, with the
side towards the 1T being wider when the tunnels were closely spaced, likely due to the
soil disturbance in that zone, as noted by Mair and Taylor [7]. To account for this effect,
Divall [55] proposed a correction to the dimensionless trough width factor (K), suggesting
that in the side towards the 1T (inside zone), a value of 0.7 should be adopted for distances
between the centerlines of the tunnels smaller than 3D. In contrast, for the outside zone,
the value obtained for greenfield conditions should be applied, regardless of the distance
between tunnels. However, it should be noted that applying the correction proposed by
Divall [55] results in a 2T volume loss greater than that calculated using Equations (6) and
(7) since the settlement trough becomes wider in the inside zone, leading to an apparent
inconsistency in the method.

Using the construction data of the excavation of the Otogar-Kirazli line of the Istan-
bul Metro as reference, Ocak [37] proposed a new analytical method for predicting settle-
ments induced by twin tunnelling. Similarly to the modification factor proposed by
Chapman et al. [22] and Hunt [39], Ocak [37] introduced a disturbance factor (k) to adjust
the settlement trough induced by the 2T excavation. The disturbance factor, defined in
Equation (8), is a function of the ratio between the distance between the tunnel centerlines
and the tunnel diameter (d/D).

D
— _ 8
k 1+d )

According to Ocak [37], both the trough width parameter and the maximum settle-
ment associated with the 2T excavation should be multiplied by the disturbance factor, as
expressed in Equations (9) and (10). In this method, similarly to previous methods, the
final settlement trough can be obtained by adding the adjusted 2T curve to the settlement
curve predicted for greenfield conditions (1T).

_(x—d)2> (10)

5,,_27(36) =k- 51;,max ’ €< 2i3r

Using the field data of a twin tunnel excavation in Wuhan as reference, Zhou et al.
[38] proposed a method very similar to that proposed by Chapman et al. [22] and Hunt
[39], with the main difference being that instead of a linear decrease in the modification
factor, Zhou et al. [38] adopted the exponential function expressed in Equation (11).
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In this expression, the parameters A and M are analogous to those defined by
Chapman et al. [22], and Zhou et al. [38] recommends the adoption of similar values. Also,
in this method, the modification factor should only be applied in the “overlapping” zone,
as defined in Figure 2. The settlements induced by the 2T can then be calculated using
Equation (4), with the final settlements being obtained as in the previous methods, i.e., by
summing the adjusted 2T curve with the settlement curve predicted for greenfield condi-
tions (1T).

More recently, Dong et al. [40] proposed a method where the settlements induced by
the 2T were calculated by adding an additional curve that accounts for the soil disturbance
caused by the 1T construction to the Gauss curve obtained in greenfield conditions. The
authors proposed that this additional curve is located in the “overlapping” zone, centred
above the midpoint between tunnels, and also follows a Gaussian shape. However, in this
approach, the “overlapping” zone is established considering both the soil layering and
the plastic zone that develops around the tunnel during excavation. This implies that ap-
plying the method requires prior knowledge of not just the soil stratification but also of
the initial stress state and the strength parameters of all layers, making it cumbersome and
impractical for early design assessments. Moreover, for the determination of the fitting
parameters of the additional Gaussian curve, Dong et al. [40] assumed a linear relation-
ship between the additional volume loss and the volume loss induced by the 1T. This
assumption is inadequate, as it neglects the influence of tunnel spacing. It also implies that
tunnels placed very close together or far apart would induce the same additional volume
loss, which contradicts the findings from various case studies. For these reasons, it was
decided not to consider this method in this study.

To compare the settlements predicted by the different analytical methods, a paramet-
ric study was conducted. For this purpose, twin tunnels with diameters (D) of 5 m, with
their axis located at a depth (Z,) of 20 m and spaced at distances (d) of 10, 20, and 30 m
(corresponding to P/D ratios of 1.0, 3.0, and 5.0, respectively), were considered. It was
assumed that the Gaussian curve in greenfield conditions (1T) had an i of 10m and a
Oy max—1r Of 10mm (equivalent to V; = 1.28%). The settlements normalized by the maxi-
mum settlement (6,,/8,,max—17) are plotted against the distance from the centre line of the
1T normalized by tunnel diameter (x/D) in Figure 3 for the three P/D ratios considered
(check Table S1 for the dataset). The upper plots correspond to the predictions of the set-
tlement induced by the 2T, while the lower plots represent the final settlements obtained
after combining the settlements induced by both tunnels. The greenfield settlement (1T) is
also superimposed in the plots for reference.

The results show that all methods predict that the settlement induced by the 2T in-
creases as the P/D ratio decreases, except for the method proposed by O’Reilly and New
[36], which assumes no interaction between tunnels. Consequently, in this method, the
predicted settlements are in all cases equal to the greenfield ones. For a P/D = 1.0, the Ocak
[37] method estimates an increase in the maximum settlement of about 50% compared to
the reference value, whereas the other methods predict smaller increases ranging between
20 and 40%. As the P/D ratio increases, the predictions from all methods tend to become
similar, with minimal interaction effects predicted for the P/D = 5.0 ratio, except for the
methods of Addenbrooke and Potts [16] and Ocak [37]. Notably, Ocak’s [37] method also
estimates wider settlement curves, leading to significantly higher volume loss estimates.
As for the eccentricity of the maximum settlement towards the 1T, the method proposed
by Addenbrooke and Potts [16] clearly predicts the highest values. In contrast, the other
methods generally predict minimal eccentricities, apart from Ocak [37] and Divall [55],
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who do not consider any eccentricities. Naturally, as the P/D ratio increases, the predicted
eccentricities decrease, and, by a ratio of 5.0, they become negligible in most methods,
with the exception of the eccentricity predicted by the Addenbrooke and Potts [16]
method.

The final settlements displayed in the lower plots of Figure 3 are a consequence of
the predictions made for the 2T. As a result of the large eccentricities predicted by the
Addenbrooke and Potts [16] method, very large settlement troughs for the higher P/D ra-
tios considered (3.0 and 5.0) are predicted, with settlements being particularly higher
across the entire pillar width between tunnels. For P/D = 1.0, the Ocak [37] method pre-
dicts the largest settlement trough, both in terms of maximum displacement and width.
All other methods result in similar final settlement troughs, with the interaction effect be-
tween tunnels reducing as the P/D ratio increases. These results highlight the importance
of the spacing between the tunnels in the prediction of the settlements induced by side-
by-side twin tunnels.

—— 1T (Gauss) ——— O'Reilly and New (1991) ——— Addenbrooke and Potts (2001) —— Hunt (2005)
—— Divall (2013) ——— Ocak (2014) Zhou et al. (2021)
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Figure 3. Comparison of the analytical methods proposed for the prediction of settlements induced
by the 2T excavation for different pillar widths: (a) P/D =1.0; (b) P/D = 3.0; (c) P/D = 5.0 [16,36-39,55].

2.2. Case Studies and Physical Model Tests

The analytical methods proposed in the literature were derived based on limited
data, which were mainly obtained through numerical modelling and physical modelling
or by analyzing the monitoring data of a small number of case studies. As a result, the
reliability of the proposals is confined to specific scenarios, and their broader applicability
has not yet been fully validated. However, with the increasing construction of under-
ground transportation networks and the extensive dissemination tools available, there is
now a vast number of cases studies in the literature, which reported quality monitoring
data of settlements caused by side-by-side twin tunnelling excavations. A list of the col-
lected case studies is presented in Table 1 and includes data from 19 projects, which en-
compass 46 sections where settlements were measured. Only cases where the tunnels and
the monitoring alignments were perpendicular were considered in order to avoid any
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effects related to the skew angle of the excavation, which are known to distort the typical
Gaussian shape of the transverse settlement trough, making it asymmetrical [49]. Follow-
ing the advances made in technology, it is not surprising that almost all tunnels were ex-
cavated using EPB shields, with only two projects identified as using sequential excava-
tion. The ground conditions observed at the tunnel face varied significantly, ranging from
medium stiff to stiff clays, silty soils (fine soil), granular materials, and soft rocks. The
geometrical characteristics of the tunnels analyzed in the case studies are presented in
Figure 4. The tunnel diameters ranged from 4.9 to 9.0 m, with the vast majority falling
between 6.0 and 6.5 m. The depth to diameter ratio (Z,/D) varied from 1.3 to 5.5, while the
pillar width to diameter ratio (P/D) varies between 0.2 and 4.8, with most of the tunnels
spaced 0.5 to 1.5 times their diameter apart. Overall, the geometrical space covered by the
analyzed case studies is extensive, encompassing a wide range of P/D ratios.

Physical models of side-by-side twin tunnel excavations have also been reported in
the literature. A total of four studies were identified, with their details summarized in
Table 2. Of these, three studies involved small-scale models and one centrifuge test, total-
izing eleven tests with available data. The geometrical space covered by these tests spans
from Z,/D values of 1.0 to 4.3, with P/D varying between 0.5 and 3.5. These tests have the
advantage of being performed in a controlled environment, without the challenges asso-
ciated with variable geological conditions and excavation operation factors. However,
they present some limitations, such as the reduced stress state in the case of the small-
scale models and the complexity of operating the centrifuge apparatus, in addition to the
challenges associated with simulating the tunnel excavation mechanism, which differs in
all studies.

Table 2. List of the physical models analyzed.

Source

Physical Model Excavation Method Soil Test Code D (m) Zo(m) d(m) P (m)

Divall et al. [56]

Centrifuge (100 g)  Support fluid

1 Ul 4.00 10.00 6.00 2.00
2 U2 4.00 10.00 12.00 8.00
3 U3 400 10.00 18.00 14.00

Speswhite
kaolin clay

Chapman et al. [25] Small-scale (1/50) Auger type cutter

Speswhite A V1 008 034 013 0.05
kaolin clay B V2 008 034 013 0.05

He et al. [27]

Small-scale (1/12)  EPB prototype Synthetic ~ S-2 W 052 054 104 052

Zheng et al. [28]

T1 X1 010 025 015 0.05
T2 X2 010 025 015 0.05

Small-scale (1/60)  Shrinking tunnel Sand T3 X3 0.10 025 0.15 0.05

T4 X4 0.10 025 030 0.20
T5 X5 0.10 025 045 0.35
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Figure 4. Geometrical characteristics of the twin tunnels analyzed in the case studies.

3. Results and Discussion
3.1. Adjustment of the Gaussian Curves to the Settlement Data

The initial step in predicting twin tunnel settlement using any analytical method in-
volves adjusting a Gaussian curve that fits the settlements obtained in greenfield condi-
tions, i.e., after the 1T excavation. In this study, there was no need to estimate the Gaussian
parameters using empirical expressions since the results from the case studies and physi-
cal models presented in Tables 1 and 2 were available. In total, the settlements of the 57
listed sections were analyzed, and the parameters of the Gaussian curves (3, mqx—17 and
i;7) were fitted by applying the least square method. The obtained parameters and corre-
sponding fitting metrics are presented in Table Al in Appendix A. In addition to the
standard coefficient of determination (R?), calculated using Equation (Al), the root mean
squared error (RMSE) was also computed using Equation (A2), as this metric provides a
more interpretable and practical assessment of the fit. To evaluate if the settlements in-
duced by the 2T excavation also followed a Gaussian shape, as suggested by some of the
analytical methods [13,38,57], the data from this excavation (obtained by subtracting the
settlements of the 1T to the final ones measured) were also fitted using a similar approach.
Figure 5a presents the R? obtained for both 1T and 2T excavations. It can be observed that
the quality of the fit of the 1T data is significantly higher, with R? values exceeding 0.9 for
almost all analyzed sections. In contrast, the fit of the 2T data is lower, with many sections
presenting an R? below 0.9. In order to improve the fit of the 2T data, an additional pa-
rameter was introduced in the calibration of the Gaussian curve, so that the maximum
displacement could exhibit some eccentricity (e,r) toward the 1T (considered positive), as
suggested by Addenbrooke and Potts [16] and Hunt [39]. It should be noted that in some
sections (see note 2 in Table Al), the best fit was obtained with an eccentricity directed
toward the lateral side (negative eccentricity). In these cases, where atypical movements
were observed, a null eccentricity was considered in the analyses, even if it did not pro-
vide the optimal fit. The obtained results are presented in Table Al (Appendix A), with
the corresponding R? values displayed in Figure 5b. The results show a significant im-
provement in the fit, with the vast majority of sections reaching R? values above 0.9. A
similar conclusion can be drawn from Figure 5c, where the RMSE of both excavations is
depicted. With the introduction of free eccentricity, the quality of the fit improved consid-
erably, with most sections presenting RMSE values below 0.15. The sections with poorer
fits are indicated in the figure (D1, E1, G1, G5, ], N2, P, Q, and R1) and are all associated
with atypical and/or asymmetrical movements observed on one of the lateral sides of the
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tunnels. Overall, the results confirm that both the 1T and 2T excavation appears to be ad-
equately described by a Gaussian curve, which, in the case of the 2T, is eccentric.
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Figure 5. Metrics associated with the fitting of the Gaussian curves: (a) R? with no eccentricity; (b)
R? with free eccentricity; (¢) RMSE.

The fitted Gaussian parameters for both the 1T and 2T are compared in Figure 6, with
the data grouped by soil type for the analyzed cases studies and into a group comprising
all results from the physical models to facilitate the interpretation. According to the ana-
lytical methods, it should be expected that both the maximum settlement (Figure 6a) and
the trough width parameter (Figure 6b) would be larger for the 2T excavation, leading to
higher volume losses (Figure 6c). However, this is not the case in several sections, where
the maximum settlement and, particularly, the trough width parameter are higher for the
1T excavation. As a result, in several sections (see note 15 in Table A1), the excavation of
the 2T induced smaller volume losses than those observed in the 1T excavation. A detailed
analysis of the studies where this condition occurred revealed two key factors that justify
the results: (i) atypical movements recorded on one side of the tunnel and (ii) adjustments
to shield operational parameters in the 2T excavation, such as face and grout pressure and
penetration rate, which lead to smaller settlements (inclusively heave) and, consequently,
smaller volume losses. This was the case observed in the Bangkok MRTA (case G) where
Suwansawat and Einstein [13] highlighted the importance of controlling and adjusting the
shield operational parameters in mitigating ground settlements. It is worth noting that no
specific trend was observed regarding the type of soil, with anomalies identified in nearly
all groups considered.

For comparison with the empirical estimation of the Gauss parameters associated in
the 1T excavation, the trough width factor (K) and the volume loss (V;_,7) are plotted in
Figure 7 against the normalized tunnel axis depth. The trough width factor value (Figure
7a) ranges from 0.2 to 0.9, with the majority of the cases concentrated between 0.3 and 0.6,
as indicated by Mair and Taylor [7]. Also in this case, there appears to be no clear relation-
ship between the obtained K values and either the type of soil or the tunnel depth, alt-
hough it should be noted that the soil stratification existent in almost all cases analyzed,
and the different magnitude of settlements, which necessarily correspond to different de-
viatoric strains and stiffnesses in the soil, influence the results and difficult the establish-
ment of a direct correlation. In terms of volume loss (Figure 7b) the results show that in
the vast majority of the sections analyzed a value smaller than 1.0% is determined, regard-
less of the type of soil or tunnel depth. The case studies where the volume loss exceeds
1.0% correspond to specify projects where (i) an open shield (E2) was used; (ii) inappro-
priate operational shield parameters were adopted (A, G1, G2 and G5); (iii) difficult
ground conditions (L3, H1 and H3); (iv) tail void closure was faulty (C and E1). In the
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physical models the volume loss is imposed, with values above 1.0% being adopted in all
cases. As a result, it appears adequate and conservative to adopt a volume loss of 1.0% as
reference, provided that the excavation is carried out in a controlled manner.
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Figure 6. Comparison of the fitted Gaussian parameters for the 1T and 2T: (a) 8, mayx; (b) i; () Vs.
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Figure 7. Influence of the depth of the tunnel axis on the 1T excavation: (a) trough width factor; (b)

volume loss.

Figure 8 presents the Gaussian parameters derived for 2T excavation plotted against
the pillar width ratio (P/D). Both the trough width parameter and the volume loss exhibit
significant scatter across all P/D ratios, with no discernible trend. Moreover, the parame-
ters obtained also appear to be uncorrelated with the type of soil or test. In the case of
normalized eccentricity, while visible scatter is present, its value tends to decrease for
larger P/D ratios. It is also possible to verify that the proposal by Addenbrooke and Potts
[16] clearly overestimates the eccentricity values, with just a single section (case P) exhib-
iting an eccentricity of similar magnitude.
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Figure 8. Influence of the pillar width on the 2T excavation: (a) i; (b) V;; (c) e/d [16].

3.2. Assessment of the Analytical Methods

The evaluation of the settlement predictions induced by the 2T excavation using an-
alytical methods was performed using the Gaussian parameters derived for the 1T and is
presented in Table Al. For this evaluation, only 35 out of the 46 initial cases were consid-
ered, since the cases where the volume loss induced by the 2T excavation was smaller than
that induced by the 1T excavation were excluded, as these are atypical and not covered
by the analytical methods. In the assessment, only the RMSE (Equation (A2)) was em-
ployed, as this metric is more suitable for evaluating the quality of the fit.

Figure 9 shows the RMSE calculated for each case across all methods for both the 2T
and final settlements. The horizontal dashed lines represent the average RMSE obtained
for each method, considering all cases. Since the quality of the fit of the 1T excavation is
very high in all cases, the RMSE values obtained for both the 2T and final settlements are
very similar, as can be seen in the figure. Despite some scatter, the RMSE values are gen-
erally small in most cases. As expected, the cases where the RMSE is higher correspond to
some of the cases previously identified as exhibiting atypical movements. On average the
method proposed by Addenbrooke and Potts [16] produces the poorest results, with
RMSE values being even higher than those from the O’Reilly and New [36] method, where
no interaction effects between tunnels were considered. This poor performance is justified
by the excessive eccentricity of the maximum settlement predicted by the Addenbrooke
and Potts [16] method, as observed in Figure 8c. All other methods produce smaller aver-
age RMSE values, with small differences between them. The method with the lowest av-
erage RMSE is the one proposed by Hunt [39], followed closely by the methods of Divall
[55], Zhou et al. [38], and Ocak [37]. For these four methods, the RMSE value is plotted
against the P/D ratio in Figure 10. In all cases, the quality of the fit improves with higher
P/D ratios. For P/D ratios between 0.5 and 2.0, significant scatter is observed, with the
Ocak [37] method displaying a higher concentration of RMSE values between 0.2 and 0.6.
Across all methods, no clear relationship is observed between the soil type and the quality
of the fit.
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Figure 9. Assessment of the predictions made by the analytical methods for the analyzed cases: (a)
2T settlements; (b) final settlements [16,36-39,55].
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Figure 10. Assessment of the predictions made by the analytical methods as a function of P/D ratio:
(a) Hunt [39]; (b) Divall [55]; (c) Ocak [37]; (d) Zhou et al. [38].

As previously mentioned, the methods proposed by Hunt [39] and Zhou et al. [38]
allow for some flexibility regarding the interaction between tunnels. This flexibility is gov-
erned by the maximum modification factor (M), which, according to Hunt [39], varies be-
tween 0.6 and 1.5, with this study adopting the value of 0.6, as recommended by Hunt
[39]. To evaluate the influence of this parameter, an additional optimization study was
performed in which M was adjusted to minimize the RMSE. In this analysis, an interval
for M ranging from 0 (no interaction effects) to 3 was explored, expanding the interval
proposed by Hunt considerably [39]. The comparison of the RMSE with fixed and free M
is presented in Figure 11a for both the Hunt [39] and Zhou et al. [38] methods. As ex-
pected, for both methods, an improvement in the fit was observed, with a corresponding
reduction in the RMSE. However, in the majority of cases, the reduction in RMSE was
limited to less than 15%. The optimized M values are presented in Figure 11b for both
methods. The obtained values vary significantly across the explored range, with no clear
trend observed. Clearly, in the method proposed by Zhou et al. [38], the best fit would
occur for values above 3.0, which are already double the maximum value of 1.5 suggested
by Hunt [39]. The range of M values obtained, coupled with the limited RMSE reduction
observed suggest that the settlements are not strongly dependent on M.
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Figure 11. Influence of the maximum modification factor employed in Hunt [39] and Zhou et al.
[38] methods: (a) RMSE; (b) pillar width.

To illustrate the application of the methods to the analyzed case studies, the settle-
ments determined for the 2T excavation, along with the final settlements obtained by add-
ing these to the greenfield results (1T), are presented in Figure 12 for cases N1, R6, and D2
(check Table S1 for the dataset). These cases were selected since they represent distinct
P/D ratios—0.8, 1.5, and 4.6, respectively —covering a range from closely spaced tunnels
to tunnels located spaced apart. The results show that a reasonable adjustment is achieved
for the smallest P/D ratio (case N1), with most methods adequality predicting the 2T ex-
cavation and final displacements. The exceptions are the Addenbrooke and Potts [16] and
Ocak [37] methods, with the former predicting a Gaussian distribution with excessive ec-
centricity, while the later estimates a high settlement and a significantly wider settlement
trough. The poorest fit is observed for the intermediate P/D ratio (case R6). In this case,
only the method proposed by Divall [55] provides a good fit, successfully predicting the
higher displacements occurring on the pillar width side. The Addenbrooke and Potts [16]
and Ocak [37] methods exhibit the same issues previously described, while the other
methods underpredict the settlements. The case with the highest P/D ratio (case D2) pre-
sents the more accurate predictions, with almost all methods estimating that, for tunnels
spaced so far apart, minimal interaction occurs. The exception is the prediction by the
Addenbrooke and Potts [16] method, which performs poorly due to the excessive eccen-
tricity estimated for the 2T excavation. For these particular cases, the Divall [55] method
corresponded to the best fit. However, overall, as mentioned previously, the Hunt [39]
method provides the most reliable prediction across all cases analyzed.
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Figure 12. Settlements predicted for the 2T by the analytical methods for three cases analyzed (a)
N1; (b) R6; (c) D2 [16,36-39,55].

4. Conclusions

Twin tunnelling in urban centres is becoming increasingly common, creating a grow-

ing need to quickly and accurately assess the impact of the excavation-induced settle-

ments in the structures at ground surface. In this context, the use of simplified methods to

adequately predict those settlements is fundamental. This paper describes the methods

proposed in the literature and assesses their performance by comparing their predictions

with monitoring data from 57 sections documented in previous studies. Based on the re-

sults, the following conclusions can be drawn:

1.

All methods assume that the excavation of both the 1T and 2T induces a Gaussian
settlement trough. With the exception of the O’Reilly and New [36] method, which
does not account for tunnel interaction, all other methods predict that the 2T excava-
tion induces higher settlements, with this increase being a function of the tunnel’s
proximity;

The methods differ in how they account for the interaction effects: Addenbrooke and
Potts [16] and Divall [55] suggest a correction for the volume loss (with an additional
eccentricity correction in the case of the former); Hunt [39] and Zhou et al. [38] pro-
pose the application of a corrective factor in the “overlapping zone” between both
tunnels; and Ocak [37] suggests a correction factor applied to both the Gaussian pa-
rameters (maximum displacement and trough width);

The fitting of the monitoring data to the analyzed case studies confirmed that the
settlements induced by the 1T are very adequately described by a Gaussian curve.
However, for the settlements induced by the 2T, a very good fit was only achieved if
an eccentric Gaussian curve was considered. This confirms that the superposition
method of two Gaussian curves is appropriate for predicting the settlements induced
by twin tunnelling;
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4.  Despite the very good fit, the obtained Gaussian parameters exhibit significant scatter
across all valid sections, and no clear trend was possible to establish in relation to
either the soil type or the dimension of the pillar width;

5. The application of the analytical methods to predict the monitoring data revealed
that the Addenbrooke and Potts [16] proposal performs very poorly due to the appli-
cation of the eccentricity correction, performing even worse than the O’Reilly and
New [36] method. The remaining methods predict the induced settlements of the 2T
excavation with similar accuracy, with the Hunt [39] proposal being slightly more
reliable across all cases, regardless of the soil type or the dimension of the pillar
width;

6. The maximum modification parameter adopted by the Hunt [39] and Zhou et al. [38]
methods to improve the 2T settlement prediction has a limited impact on the results,
with improvements generally below 15%.

These results show that the existing analytical methods, with the exception of the
Addenbrooke and Potts [16] and O’Reilly and New [36] proposals, can be used to predict,
with reasonably accuracy, the settlements associated with twin tunnelling during the early
stages of design, across all ranges of soil types and P/D ratios. However, when tested
against real case scenarios, all methods exhibited limitations that are inherent to the
ground variability and the complexity associated with tunnel excavation process. Factors
such as challenging ground conditions and inadequate operational shield parameters can
induce substantial ground movements that cannot be predicted by simple analytical
methods, which are only applicable to simple scenarios.

Supplementary Materials: The following supporting information can be downloaded at
www.mdpi.com/xxx/s1. Table S1. Dataset of the results of the application of the analytical methods

in different case scenarios.
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Appendix A

The metrics employed in the assessment of the analytical solutions were the coeffi-
cient of determination (R?) and the root mean squared error (RMSE), which are given by
Expressions (Al) and (A2), respectively:
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where N,,; is the number of data points reported for each case analyzed. The terms
Oppredicteai aNd Oy opservea,i Tefer to the settlements determined by the analytical solu-

tions and those observed in the cases analyzed, respectively, while &, spservea,; cOITE-

sponds to the mean of the observed values and 6, ;45-17 to the Gaussian parameter for

greenfield conditions (1T).

Table Al presents the Gaussian parameters fitted for all cases analyzed in the exca-

vation of both 1T and 2T, along with the corresponding metrics (R? and RMSE), auxiliary

variables, and notes regarding the fitting.

Table A1l. Gaussian parameters fitted to the cases studies and physical models analyzed.

Fitting of the 1T Fitting of the 2T
Code 6, max i Vs , RMSE K exr 8y max i Vs , RMSE exr/d Vgir/Vsaor  Notes
(mm) @m) (%) (mm) (m) (mm) (m) (%) (mm)

A -147.68 4.26 491 0.99 385 029 -364 8673 6.06 4.09 1.00 1.56 0.33 0.83 115
B -1863 492 093 093 148 044 -079 -3069 593 185 098 131 0.07 1.99

C -32.14 8.04 226  0.90 351 050 -358 -50.59 890 3.94 0.96 3.28 0.20 1.74
D1 -430 98 056 0.89 061 051 -479 -472 1593 1.00 096 027 0.18 1.77 ®
D2 -3.69 8.40 0.41 0.97 0.21 040 -0.24 -3.56 10.13 048 0.98 0.18 0.01 1.16

El -3796 896 298 074 794 063 -291 -2979 748 195 095 222 022 0.66 ®15)
E2 -50.39 6.80 219 097 294 025 -3.63 -64.73 10.13 4.20 0.98 3.47 0.36 1.92

F -14.65 745 0.43 0.98 096 042 0.00 -16.11 9.84 0.62 0.97 1.14 0.00 1.45 @
G1 -42.57 17.78 5.72  0.98 1.82 0.81 0.00 -19.17 11.14 1.61 0.76 3.21  0.00 0.28 @) () 15)
G2 3999 1447 437 092 386 078 -437 -25.63 1276 247 0.95 216 0.22 0.56 ®)(15)
G3 -757 1304 0.75 093 054 0.69 -004 -320 1362 033 097 017 0.00 0.44 7 15)
G4 -837 1043 066 097 050 052 -098 -636 853 041 0.99 0.16 0.07 0.62 ® 15
G5 -1623 1452 178 0.80 1.79 0.65 -131 -21.08 11.10 1.77 0.98 1.29 0.07 0.99 13) (15)
H1 -21.06 9.96 1.58 0.89 250 059 -0.63 -40.67 17.27 5.31 0.94 225  0.04 3.35
H2 -38.35 958 277 094 3.09 056 -072 -86.70 16.30 10.68 0.96 6.22 0.05 3.85 12
I -1096 584 045 099 033 034 -106 -728 775 040 094 0.60 0.08 0.88 (15)
12 =733 1372 0.71 0.92 0.71 081 -166 -11.06 9.70 0.75 0.99 042 0.11 1.07

13 -6.13 1056 0.45 1.00 013 062 -237 -10.13 1146 0.82 0.99 0.31 0.15 1.79

J -12.91 4.12 0.47 0.98 0.64 037 -035 -11.67 750 0.78 0.74 1.99 0.04 1.64 (O
K -6.00 8.43 0.24 1.00 0.14 043 0.00 -16.76 723 0.58 0.97 1.15 0.00 2.40 @
L1 -296 18.65 042 095 018 0.52 0.00 -591 1650 0.74 099 0.11 0.00 1.76 @
L2 -6.44 1146 056 0.95 0.46 0.66 0.00 -9.44 15.16 1.08 0.98 0.33 0.00 1.94 @
L3 -2098 1120 178 094 1.52 054 0.00 -39.61 9.30 278 0.98 1.99 0.00 1.57 @
M1 -747  6.60 0.35 0.99 0.28 044 -1.11 -9.18 8.18 0.53 0.98 0.47 0.07 1.52
M2 -20.65 5.44 0.80 0.99 0.60 036 -3.75 -8.46 7.66 0.46 0.94 0.69 0.25 0.58 ©)15)
M3 -16.77 532 063 097 1.09 035 -060 -26.11 505 094 098 122 0.04 1.48
M4 -8.78 6.58 0.41 0.98 049 044 -154 -9.24 747 049 0.97 0.55 0.10 1.19
M5 -10.09 558 040 099 035 037 -125 843 8.09 048 094 064 0.08 1.21
M6 -528 13.17 049 096 034 088 -228 -669 915 044 099 019 0.14 0.88 (11 (15)
N1 -5.51 5.75 0.24 098 028 043 -1.34 -5.41 6.23 0.25 0.88 0.46 0.12 1.06
N2 -11.13 427 036 08 160 031 -136 -1335 486 049 099 045 0.17 1.36 ®
o1 -8.03 16.05 0.82 0.96 050 047 -150 -13.27 15.79 1.33 0.99 0.39 0.09 1.62
02 539 1317 045 098 023 038 -1.99 -1027 1284 083 099 035 0.12 1.86
03 -5.74 1358 049 0.9 016 039 -191 -1050 13.44 0.89 1.00 0.22 0.12 1.81

P -1.13 1597 9.15 0.78 0.20 183 -5.78 -3.33 10.70 0.29 0.94 0.29 0.53 1.97 (©)
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Q -9.03 899 072 092 081 039 0.00 -9.15 1089 0.88 0.81 133 0.00 1.23 @®
R1 -1024 310 026 090 110 029 -243 -10.88 750 0.68 0.85 149 0.16 2.57 @
R2 -1435 489 058 098 082 045 -271 -1697 661 093 090 2.00 0.17 1.60
R3 -1056 568 050 094 1.02 045 -057 -1537 513 0.65 096 1.09 0.03 1.32
R4 -734 651 040 095 063 047 -067 -1324 286 031 096 089 0.03 0.79 (14)(15)
R5 -6.19 262 013 091 064 0.18 0.00 -695 381 022 097 046 0.00 1.63 @
R6 -1569 504 066 094 166 033 -0.19 -19.19 1090 174 096 133 0.01 2.65
R7 -1478 527 065 098 087 036 -074 2524 9.15 192 096 191 0.05 297
S1 -443 509 020 094 029 028 -1.06 -6.03 477 025 090 064 0.08 1.27
S2  -11.11 842 0.83 094 09 047 -0.63 -1582 9.84 138 097 092 0.05 1.67
T -11.27 11.00 051 095 0.89 053 -324 2369 1316 128 097 134 021 2.51 (10)
Ul -2417 585 282 088 308 058 -142 -2618 612 319 096 175 024 1.13 ()
U2 -2123 588 249 094 171 059 -077 -26.81 521 279 098 120 0.06 1.12 (16)
U3 -21.74 564 245 091 225 056 -070 -2384 617 293 095 187 0.04 1.20 (6
Vi -81.15 449 727 096 542 026 -273 -10656 436 926 097 613 043 1.27 (6)
V2 -7830 379 592 099 292 022 -155 -103.18 458 943 099 322 024 1.59 (16)
W -200.03 429 7.04 100 250 0.66 0.00 -241.69 494 9.79 097 14.12 0.00 1.39 @ @6)
X1 -25.08 710 158 099 113 047 -187 3826 695 236 099 125 0.21 1.49 (16)
X2 4636 6.06 249 098 236 040 -198 -6993 621 385 097 452 022 1.55 (6
X3 -70.84 565 355 096 493 038 -194 9068 596 479 096 7.04 022 1.35 (6)
X4 -7687 584 398 096 498 039 0.00 8782 575 448 096 641 0.00 1.12 @)
X5 -8520 577 436 097 470 038 -0.16 8583 583 443 096 564 0.01 1.02 @ @6)
) Improvements in shield design during the 2T excavation. @ In the fitting of the 2T, the eccentricity
was considered to be 0. @ Settlement trough of 1T is asymmetric, with the limb towards the 2T side
showing atypical movements. ® Settlement trough of the 2T shows atypical movements in the limb
towards the 1T side. ® Settlement trough of the 1T shows atypical movements in the limb away
from the 2T side. © Settlement trough of the 2T presents significant scatter. ? Higher face pressure
and penetration rate of the EPB during 2T excavation. ® Higher face and grout pressure of the EPB
during 2T excavation. ©® Very small displacements induced by the 2T despite the smaller face pres-
sure applied by the EPB. (10 The maximum settlement above the 1T was not measured at its center-
line but at 0.5D towards the 2T. ™ No monitoring data available near the centerline of the 1T.  No
monitoring data available near the centerline of the 2T. 3 No monitoring data available near the
centerline of the 1T, and the grout pressure applied in 2T was much higher. ¥ Heave was induced
by the 2T excavation above the pillar width. % Volume loss induced by the 2T excavation is higher
than that determined for the 1T. (9 Values obtained after applying the geometric scale of the model.
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