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Deformations caused by the excavation of twin tunnels
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ABSTRACT: The use of the underground has been a growing solution found for the installation of 
infrastructure and (or) transport networks in the last decades. In these networks it is common to sequen-
tially excavate tunnels in close proximity. Several case studies reported that the deformations associated 
with the excavation of a second tunnel were higher than those recorded in the first, showing that in this 
scenario there seems to have an interaction between tunnels. In order to predict the settlement profile 
induced by the excavation of the second tunnel several methods have been proposed based on numeri-
cal, centrifuge and small scale models. In this paper the results obtained with a numerical analysis of the 
excavation of two twin tunnels are presented and compared against those proposals. The results confirm 
that the presence of the first tunnel influences the excavation of the second tunnel. Based on a parametric 
study carried out it was possible to verify that interaction occurs regardless of the depth of the tunnel, 
though it is strongly dependent on the pillar width between tunnels.

Line. Although the measured settlements can be 
adjusted by the superposition of two single tun-
nel predictions (1 plus 2), the parameters used in 
the fitting of both curves have to be different and 
the curve associated with the excavation of the sec-
ond tunnel presents some eccentricity towards the 
first tunnel in order to reproduce the maximum 
settlement, which does not occur aligned with the 

1 INTRODUCTION

The excavation of tunnels inevitably induce move-
ments in the surrounding soil. These are particu-
larly relevant in the case of shallow tunnels, since 
the deformations extend to the ground surface and 
might cause severe damage in the structures or 
infrastructures located in the vicinity of the excava-
tion. Consequently, the evaluation of the extent of 
the surface settlement trough and of the magnitude 
of the vertical and horizontal displacements caused 
by tunnelling is of paramount importance and 
must be properly addressed during the design stage.

The prediction of the ground movements 
caused by tunnelling has been widely investigated 
by several authors having the excavation of a single 
tunnel as main reference (Peck, 1969; O’Reilly & 
New, 1982; Mair & Taylor, 1997; Almeida e Sousa, 
1998). However, and particularly in transport sys-
tems, it has become frequent to excavate sequen-
tially side by side twin tunnels. In this scenario it 
has been found that the simple superposition of 
two single tunnel predictions is not adequate since 
the presence of the first tunnel affects the exca-
vation of the second (Bartlett & Bubbers, 1970; 
Cording & Hansmire, 1975; Nyren, 1998; Withers, 
2001; Cooper et al., 2002). The interaction between 
both tunnels is usually assessed through the inspec-
tion of the transverse settlement trough at ground 
surface, since this data is usually measured in real 
cases and can easily be interpreted. Figure 1a) was 
presented by Bartlett & Bubbers (1970) and shows 
the settlement trough caused by the excavation of 
twin tunnels in London Underground Victoria 

Figure  1. Settlements induced by the excavation of 
twin tunnels: a) Bartlett & Bubbers (1970); b) Cording & 
Hansmire (1975).
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centreline of the second tunnel. In the case of the 
Lafayette Park of the Washington Metro network, 
presented by Cording & Hansmire (1975) and 
depicted in Figure 1b), it was also possible to verify 
that beside the eccentricity of the maximum settle-
ment towards the first tunnel a significant increase 
of the settlement trough volume occurred in com-
parison with the predicted if  the excavation of the 
second tunnel was performed without interference.

Several other cases where a similar behaviour 
was observed due to the sequential excavation of 
side by side twin tunnels have been reported in 
literature (Peck, 1969; Cooper & Chapman, 1998; 
Nyren, 1998; Cooper et  al., 2002; Ocak, 2014). 
Mair & Taylor (1997) stated that this asymmetric 
behaviour and the increase of volume loss mainly 
occurs when the tunnels are closely spaced, since in 
this case the soil around the first tunnel is already 
disturbed and with reduced stiffness due to the 
excavation. Naturally, the construction of the sec-
ond tunnel in these ground conditions will induce 
higher displacements and an eccentricity of the 
maximum displacement towards the first tunnel, 
where the soil is more disturbed.

These conclusions are supported by the results 
of numerical (Addenbrooke & Potts, 2001; Hunt, 
2005), centrifuge (Divall, 2013) and small scale 
(Chapman et al., 2006) models. Regardless of the 
type of study all concluded that the principal aspect 
responsible for the interaction of side-by-side twin 
tunnels was the pillar width, L, between tunnels. 
Based on the results of those studies new meth-
ods for predicting the deformations induced by the 
excavation of a second twin tunnel were proposed.

In this paper a numerical study of a twin tun-
nel excavation was performed with the purpose 
of verifying the validity of the proposed methods. 
Additionally, the results of a parametric study car-
ried out in order to evaluate the influence of that 
factors, such as the depth of the tunnel and the 
pillar width between tunnels, have in the resulting 
deformations are presented.

2 ESTIMATION OF TWIN TUNNEL 
DEFORMATIONS

2.1 Surface settlements

It is commonly accepted that for greenfield condi-
tions the surface settlement trough caused by a sin-
gle tunnel excavation can be reasonably fitted by a 
Gaussian curve as suggested by Peck (1969). The 
prediction of the vertical settlement at any point 
of the ground surface δ

v
x( )( )  can then be deter-

mined using Equation 1, where δ
v max  is maximum 

vertical settlement at the tunnel centreline and i is 
the trough width parameter. The value of δ

v max  

can be related with the volume loss, VL, (expressed 
as a ratio of the area of lost ground to the area 
of the excavated tunnel) and with the diameter, 
D, of  the tunnel through Equation 2. The trough 
width parameter is usually expressed as a direct 
function of a constant, K, and of the depth of 
the tunnel axis level, Z0 (Eq. 3). Typical values of 
these parameters for different soil conditions can 
be found in Mair & Taylor (1997) and Hunt (2005).
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A first prediction for the twin tunnel scenario, 
where both tunnels are side-by-side at the same 
depth, was proposed by New & O’Reilly (1991) 
and assumed that the final settlement trough could 
be given by the direct superposition of two single 
Gaussian curves (Eq. 4), spaced of the distance 
between the centrelines of the tunnels, d.
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However, this proposal does not account for 
any interaction effects that might occur during the 
excavation of the second tunnel, since δ

v max  and i 
are considered equal for each tunnel. This assump-
tion is not in agreement with the results of several 
case studies and therefore this proposal is only 
considered valid when the tunnels are reasonably 
spaced apart.

Based on a numerical study Addenbrooke & 
Potts (2001) proposed a new method for predicting 
the settlements associated with the excavation of the 
second tunnel (Tunnel B). The method consisted in 
the introduction of a correction to both the volume 
loss and the eccentricity of the second tunnel hav-
ing as reference the result of a greenfield analysis. 
For that purpose the design charts presented in 
Figure 2 were proposed. The figure shows that the 
difference in terms of volume loss tends to decrease 
with the proximity of the tunnels, although even for 
an L/D ratio of 7 a 10% increase is expected. The 
eccentricity also follows a similar behaviour, though 
a limit of 0.5L is observed for L/D ratios below 2, 
meaning that for this ratio the maximum displace-
ment is located at an equal distance of the two 
tunnels. After taking into consideration these two 
modifications the settlement trough of the second 
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tunnel can be determined and the final displace-
ment profile can be obtained by superposition of 
the amended curve with the one predicted for the 
first tunnel, excavated in greenfield conditions.

Hunt (2005) based on a numerical study and 
supported by small scale models proposed a new 
methodology for amending the settlement trough 
of the second tunnel. This method consists on the 
application of a correction factor to Equation  1 
as shown in Equation  5. However, this correc-
tion must only be applied in the overlapping zone 
between the two tunnels, which is considered the 
zone disturbed by the excavation of the first tun-
nel. The parameters M and A of the equation 
were adjusted numerically and, according to Hunt 
(2005), can be considered in the range of 0.6 to 0.8 
and of 2.5 to 3.0, respectively. This correction is 
maximum above the centreline of the first tunnel, 
typically about a 1.6 to 1.8  increase, and should 
not be considered less than unity. Just like in the 
previous method the final settlement trough can be 
obtained by superposition of the modified second 
tunnel curve with the one estimated for greenfield 
conditions for the first tunnel.
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A third method was proposed by Divall (2013) 
based on results of centrifuge tests carried out at City 
University of London. This methodology is similar 
to that presented by Addenbrooke & Potts (2001), 
with design charts being proposed for the correc-
tion of the second tunnel volume loss (Figure  3) 
and for the trough width constant K (Figure  4). 
Also in this case the volume loss of the second 
tunnel is increased in comparison to the greenfield 

prediction. The corrected volume loss can then be 
used in Equation 2 to determine the maximum ver-
tical displacement of the tunnel assuming a trough 
width parameter calculated using Equation 3, with 
K being estimated using the dashed curve for single 
tunnels in Figure 4. However, in order to determine 
the settlement trough profile (Eq. 1) it is suggested 
to use distinct values of i depending on the side of 
the curve. For the side towards the existing tunnel a 
higher value of K is proposed in order to reflect the 
interaction with the existing tunnel. According to 
Figure 4 a value of 0.75 can be adopted at ground 
surface (solid line). As for the side away from the 
existing tunnel a value of K = 0.5 can be assumed. 
Also in this case the final settlement profile is given 
by the sum of the modified settlement trough of 
the second tunnel with that obtained in greenfield 
conditions for the first tunnel.

More recently, Ocak (2014) proposed Equa-
tion  6 to determine the final settlement trough 
induced by twin tunnel excavation. This expres-
sion, based on the observations of the Istanbul 
Metro Line, considers that the interaction between 
tunnels can be reproduced by simply adding a 
so-called disturbance factor into Equation  4. 

Figure  2. Addenbrooke & Potts (2001) proposal for 
determine the volume loss (left) and eccentricity of the 
maximum settlement (right) of the second tunnel exca-
vated (Tunnel B).

Figure 3. Increases in the second tunnel volume loss in 
comparison with first tunnel (after Divall (2013)).

Figure  4. Variation of K values plotted with depth 
(after Divall (2013)).
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 According to the author, this disturbance factor is 
a function of the diameter of the tunnel, D, and of 
the distance between centrelines of the tunnels, d. 
This method considers that both Gauss curve 
parameters, δv max  and i, are equal for both tunnels.
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2.2 Sub-surface vertical displacements

Since most of  the foundations of the buildings 
and infrastructures are not located at ground sur-
face it is also important to predict the sub-surface 
displacements induced by tunnelling. However, in 
this case there are not many methodologies avail-
able to predict these movements in a twin tunnel 
scenario.

Mair et al. (1993) based on the analyses of sev-
eral case studies and on the results of centrifuge 
tests verified that the sub-surface vertical defor-
mation troughs could also be approximated by 
a Gauss curve. However, they observe that the 
trough width constant, K, varied with depth, z, and 
proposed Equation 7 to account for that aspect.
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Using the K value the vertical displacement 
trough at a given depth z could simply be estimated 
by employing Equation 8, which is very similar to 
Equation 1, with the only change being the intro-
duction of the depth factor.
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However, this expression was derived for the 
case of a single tunnel excavation and does not 
account for the interaction effects observed in 
the twin tunnel scenario. To include those Hunt 
(2005) proposed Equation  9, which amends the 
sub-surface displacements by the same correction 
factor he derived for the ground surface settlement 
troughs. This equation can be used to predict the 
sub-surface displacements induced by the excava-
tion of a second tunnel and its results should be 
summed with those of the unchanged first tunnel 
to obtain the final vertical sub-surface displace-
ment trough.

δ δ
v v max

x

K Z z
x e M

d x

AK Z z
( )











 ( )




= + −
+

−

−
−( )











2

2
0

2
2

0

1 1



















 

 

(9)

Divall (2013) also suggests the use of Equation 8 
to predict the sub-surface vertical displacements. 
However, he proposes the correction of the volume 
loss of the second tunnel according to Figure 3 and 
of the constant K using Figure 4. Also in this case 
the constant K should differ depending if  the curve 
is towards or away from the existing tunnel.

2.3 Horizontal displacements

The estimation of ground surface horizontal dis-
placements is more complex since the data available 
for interpretation is limited. For that reason it is often 
considered that these displacements are related with 
the vertical settlements and can be estimated assum-
ing that the vectors of ground movement are directed 
towards the tunnel axis. Based on this assump-
tion O’Reilly & New (1982) proposed Equation 10  
to estimate the horizontal ground surface displace-
ments caused by the excavation of a single tunnel. 
In order to include the interaction effects of a sec-
ond tunnel excavation Hunt (2005) proposed the 
introduction of a correction factor (Eq. 11), equal 
to that suggested for the surface settlements, but 
that should only be applied to the side of the curve 
towards the excavation of the first tunnel.
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3 NUMERICAL MODEL

The numerical analyses were performed using the 
finite element program developed at the Depart-
ment of Civil Engineering of the University of 
Coimbra, UCGeoCode. A 2D numerical model 
assuming plane strain conditions was elaborated 
in order to evaluate the influence of the excavation 
of twin tunnels. The geometry of the reference 
model is presented in Figure 5 and has dimensions 
of 154 m x 36 m. Two circular tunnels with a dia-
meter, D, of  8 m were located initially at a depth, 
Z0, of  12 m (cover of 8 m) and centred in the mesh. 
The reference distance between centrelines, d, is 
of 10 m, which corresponds to a pillar width, L, 
of  just 2 m. Different values for the depth of the 
tunnels and for the pillar width were considered in 
other models in order to evaluate their influence. 
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The boundary conditions were defined so that no 
horizontal displacements were possible along the 
vertical boundaries. In the bottom boundary no 
movements were allowed in any direction, while 
at the top no restriction was considered and free 
movements were possible in both directions.

The lining of both tunnels was simulated using 
0.3  m thick solid elements modelled as a linear 
elastic material, with a Poisson’s ratio of 0.2 and 
a Young’s modulus of 20 GPa. For the soil a con-
ventional Mohr-Coulomb failure criterion was 
adopted with an angle of shear resistance of 35º, 
a cohesion of 10 kPa and an angle of dilation of 
5º. For the stiffness a constant Poisson’s ratio of 0.3 
was assumed. The deformability modulus, E, was 
also considered constant throughout the analysis, 
although its value varied in depth with the initial 
confining stress, σ30, according to the Janbu (1967) 
law (Equation 12). For the atmospheric pressure, Pa, 
a value of 100 kPa was assumed while 200 and 0.5 
were the values adopted for the parameters A and 
n, respectively.

E A P
P
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a

n

= ⋅ ⋅




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σ

30  (12)

The initial stress state was considered to be 
geostatic and defined considering dry conditions, 
a unit weight of 20 kN/m3 and an earth pressure 
coefficient of 0.5.

The tunnels were excavated in full section and 
in order to reproduce the 3D effects associated 
with the excavation of tunnels in 2D models the 
stress relaxation method was employed (Potts & 
Zdravković, 2001), with a stress relief value of 0.6 
being applied in all the excavation stages. A total 
of 4 stages were modelled: 1) excavation of the left 
tunnel; 2) installation of its lining (1st T); 3) excava-
tion of the right tunnel; and 4) installation of its 
lining (2nd T).

4 REFERENCE ANALYSIS

4.1 Surface settlements

The results of the settlement troughs obtained 
in the reference analysis are plotted in Figure  6. 

As expected the settlements associated with the 
excavation of the 1st Tunnel can be fitted almost 
perfectly to a Gauss curve (Table 1) centred in its 
centreline and with a maximum value of 40.9 mm. 
Naturally, with the excavation of the 2nd Tunnel, 
the settlements increase considerably reaching a 
maximum of 60.2  mm. An even higher increase 
was observed in terms of volume loss (determined 
using the trapezoidal rule), with a final value of 
2.56% being determined against the 1.20% induced 
by the excavation of the 1st Tunnel (Table 2). How-
ever, the most noticeable result concerns the posi-
tion of the final maximum settlement, which is 
not aligned with the 2nd Tunnel centreline, being 
shifted −3.7 m towards the 1st Tunnel. This result 
confirm the behaviour observed in several case 
studies that exhibit a similar eccentricity pattern 
(Bartlett & Bubbers, 1970; Cording & Hansmire, 
1975). By subtracting the final settlements to those 
associated with the excavation of the 1st Tunnel it 
is possible to determine the settlements induced 
solely by the 2nd Tunnel. These can also be 
described by a Gauss curve centred above its cen-
treline (Table 1), but reveal a maximum displace-
ment value higher and also an increase in terms of 
volume loss (shaded dark area) of about 13% in 
comparison with the greenfield conditions (2nd 
T—Greenfield). In terms of the final settlement 
trough an increase of 6.5% (light shaded area) 

Figure 5. Reference finite element mesh.

Table 1. Parameters of the fitted Gauss curves.

Tunnel δv max
i K R2

1st T −40.4 5.75 0.48 0.99

2nd T −46.0 5.79 0.48 0.99

Table 2. Volume loss of the settlement troughs (%).

1st T Final 2nd T Final – Eq. 4 2nd T – Greenfield

1.20 2.56 1.36 2.40 1.20

Figure 6. Settlement troughs obtained in the reference 
analysis.
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is obtained when compared against the New &  
O’Reilly (1991) proposal (Final – Equation 4). 
These results confirm that the presence of the 1st 
Tunnel affects the excavation of the 2nd Tunnel, 
both in terms of volume loss and eccentricity (ec). 
From the analysis of Table 1 it is also possible to 
observe that the difference between the Gauss 
curves adjusted to the settlements of both tunnels 
is essentially due to the maximum settlement value 
since the trough width parameter is approximately 
the same for both tunnels.

The final settlement troughs predicted by all 
methods are plotted in Figure 7 alongside the results 
from the reference analysis (REF). The principal 
results obtained are summarised in Table  3. It is 
possible to observe that all methods estimate maxi-
mum settlements and volume losses higher than 
those obtained in the REF analysis. Overall, the 
best approximation is given by Hunt (2005) pro-
posal followed by Divall (2013) method. The settle-
ment troughs estimated according to Addenbrooke  
& Potts (2001) and Ocak (2014) methodologies 
produce significant discrepancies. In these cases 
not just the maximum settlement value and vol-
ume loss is significantly overestimated, but also the 
settlement trough is substantially shifted towards 
the 1st Tunnel in the case of Addenbrooke & Potts 
(2001) and in the opposite direction, i.e. close to 
the 2nd Tunnel, in the case of Ocak (2014). The 
method that better predicts the eccentricity is, 
again, that proposed by Hunt (2005), although in 
this case a reasonable difference with the result of 
the REF analysis still occurs.

The discrepancies observed might be related to 
several aspects since the empirical methods were 
deduced based on specific conditions, such as the 
depth of the tunnel, the initial stress state, the soil 
properties among others, which were not exactly 
equal to those considered in the numerical analysis.

4.2 Sub-surface vertical displacements

The sub-surface vertical displacement at 4 and 
6 m of depth are plotted in Figure 8 alongside the 
results obtained for the ground surface. From the 
figure it is possible to observe that the displace-
ments tend to increase slightly with depth. It is 
also visible that the shape of the curve at 6 m depth 
presents two peaks, which are almost aligned with 
the centreline of each tunnel (Table 4). This result 
is due to the proximity of the 6 m depth profile to 
the crown of the tunnels, which is just 2 m below. 
The displacement difference observed in the two 
peaks, higher above the 2nd Tunnel, confirms that 
the presence of the 1st Tunnel affects the defor-
mations induced by the second excavation also in 
depth. The results of the volume loss presented in 
Table 4 show that there is a slight increase in depth 
although the difference between the 2nd Tunnel 
and the greenfield scenario remains approximately 
equal to that observed at ground surface. How-
ever, it is interesting to note that the eccentricity 
of the maximum vertical displacement towards the  

Figure  7. Final settlement troughs estimated by the 
proposed methods.

Table  3. Principal results of the settlement troughs 
determined by the proposed methods.

Result REF
Addenbrooke  
& Potts (2001)

Hunt  
(2005)

Divall  
(2013)

Ocak  
(2014)

δv max (mm) −60.2 −84.6 −66.2 −73.9 −80.8

ec (m) −3.7 −7.5 −5.0 −6.3 −1.4

VL (%) 1.20 2.67 2.60 3.09 3.26

Figure  8. Final sub-surface vertical displacements at 
different depths.

Table  4. Principal results of the settlement troughs 
determined at different depths.

Result

1st Tunnel Final 2nd Tunnel

−4 m −6 m −4 m −6 m* −4 m −6 m

δv max 
(mm)

−49.2 −55.8 −65.5 −70.1 
 (–62.6)

−55.8 −63.1

ec (m) −10.0 −10.0 −1.4 −0.7 
 (−9.3)

0.0 0.0

VL (%) 1.21 1.21 2.57 2.58 1.37 1.36

*values in brackets refer to the peak above the 1st Tunnel.
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1st Tunnel tends to decrease with depth from –3.7 
at ground surface to –0.7 at 6 m depth.

The comparison of the sub-surface vertical dis-
placements of the reference analysis (REF) with 
the curves proposed by Hunt (2005) and Divall 
(2013) is depicted in Figure 9 for the depth of 6 m. 
The results show that the method proposed by 
Hunt (2005) has a good overall agreement with the 
numerical results, although it fails to predict the 
two peaks located above each tunnel. In contrast, 
the correction proposed by Divall (2013) tends to 
overestimate the displacements, particularly those 
above the 1st Tunnel, where the difference is con-
siderable. This discrepancy is amplified by the use 
of a constant K higher towards the 1st Tunnel in 
the prediction of the 2nd Tunnel displacements.

4.3 Horizontal displacements

The results of the ground surface horizontal dis-
placements (in absolute value) obtained in the refer-
ence analysis are displayed in Figure 10. As expected 
the results of the 1st Tunnel (greenfield conditions) 
are symmetrical relatively to the centreline of the 
tunnel. At this position the horizontal displacement 
is equal to zero and increases sharply up to 19.6 mm 
at a distance of 6.5 m (–16.5 m) from the centreline 
of the tunnel. For further distances the horizontal 
displacement decreases gradually towards zero.

The final horizontal displacements present a 
similar behaviour although not symmetrical. From 
the figure it is possible to observe that the zero 
horizontal displacement occurs with an eccentric-
ity of –3.7 m, which is equal to that observed for 
the maximum vertical settlement. The interaction 
effects between both tunnels are noticeable when 
comparing the maximum final horizontal displace-
ments, with the side towards the 1st Tunnel pre-
senting a higher value (29.2  mm) in comparison 
with the opposite side (28.1 mm). This difference 
becomes even clearer when the horizontal dis-
placements associated with the excavation of the 
2nd Tunnel are analysed (obtained by subtracting 
the 1st Tunnel horizontal displacements from the 
final displacements). The excavation of the 2nd 
Tunnel originates an increase of the displacements 
of approximately 21% on the side towards the 1st 
Tunnel, while in the opposite direction an increase 
of about 8% was found. These results show that 
the influence of the presence of the 1st Tunnel is 
even more relevant in the horizontal than in the 
vertical displacements.

The horizontal displacements predicted by the 
empirical methods for the 2nd Tunnel are dis-
played in Figure  11 alongside the results of the 
reference analysis and of the greenfield scenario 
(2nd Tunnel – Greenfield). The curves proposed 
by O’Reilly & New (1982) and Hunt (2005) pre-
dict considerably smaller horizontal displacements. 
However, they are able to predict successfully the 
overall trend and the position of the maximum 
values on both sides of the centreline. Naturally 
the method proposed by O’Reilly & New (1982) 
gives a symmetrical curve, with a maximum value 
of just 11,7 mm, since it does not account for any 
interaction between tunnels. In contrast the curve 
obtained using Hunt (2005) correction factor 
presents a significantly higher value (16.8 mm) on 
the side towards the 1st Tunnel, while in the oppo-
site direction the result is similar to that predicted 
by O’Reilly & New (1982) equation, since no cor-
rection factor is applied.

Figure  9. Final sub-surface vertical displacements at 
6 m depth estimated by the proposed methods.

Figure  10. Horizontal displacements obtained for the 
reference analysis (absolute values).

Figure  11. 2nd Tunnel horizontal displacements esti-
mated by the proposed methods (absolute values).
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A justification for the smaller predicted values is 
related to the assumption in both methods that the 
ground vector displacements are directed towards 
the tunnel axis. If instead the vectors were consid-
ered to be directed to the crown of the tunnel a bet-
ter agreement would be achieved on both sides of the 
centreline using Hunt (2005) proposal as it is possi-
ble to observe in Figure 11 (Hunt (2005)—Crown).

5 INFLUENCE OF THE DEPTH OF  
THE TUNNEL

In order to evaluate the influence of the depth of 
the tunnels two additional analysis were performed. 
All parameters were kept unchanged and only the 
geometry of the model was modified to account 
for two scenarios. In the first (H = 20 m) the tunnels 
axes were located at 20 m depth while in the second 
(H = 28 m) a depth of 28 m was considered.

The results of the surface settlement troughs for 
the two analyses are plotted in Figure 12 alongside 
the reference case (REF), where a depth of 12 m 
was considered. The results show that an increase 
in the depth of the tunnels translates in a consider-
able increase of the volume loss of the settlement 
trough (Table  5). However, the maximum settle-
ment show contradictory results, with the analy-
sis where a tunnel depth of 20 m was considered 
presenting a smaller value than that obtained for 
the REF analysis, while the opposite occurs for the 
tunnel depth of 28  m. As for the eccentricity of 
the maximum settlement the results show that with 
the depth of the tunnel the curves tend to become 

centred in the middle point of the two tunnels, i.e., 
eccentricity equal to –5 m.

From the analysis of Figure  13, where the set-
tlement due to the excavation of the 2nd Tunnel 
are depicted for the three analyses, it is possible to 
observe that the interaction effect (shaded areas) also 
occurs when the tunnels are located at higher depths. 
However, the results presented in Table 5 show that 
the increase of volume of the 2nd Tunnel appears to 
be almost independent of the depth of the tunnel, 
with an increase value of about 11%.

In Table  6 are summarised the principal results 
obtained with the different methods proposed for 
estimating the settlement trough. The results show 
that regardless of the depth of the tunnels all meth-
ods tend to overestimate the displacements. Also 
in this case the better adjustment is obtained using 
Hunt (2005) proposal followed by Addenbrooke &  
Potts (2001). The former is capable of predicting the 
eccentricity of the maximum displacements correctly 
while the latter presents the most approximate esti-
mative of volume loss. The Divall (2013) and Ocak 
(2014) proposals exhibit the poorest predictions fail-
ing in predicting the volume loss by a considerable 
margin. Based on these results it is possible to con-
clude that overall the prediction of the different meth-
ods did not improve with the depth of the tunnel.

Figure 12. Influence of the depth of the tunnel on the 
settlement troughs.

Figure  13. Settlement troughs induced by the excava-
tion of the 2nd Tunnel for different depths.

Table 5. Volume loss of the settlement troughs (%).

Depth (m) 1st T Final 2nd T
Final 
Equation 4

2nd T 
Greenfield

20 1.65 3.49 1.82 3.30 1.65

28 2.20 4.65 2.45 4.40 2.20

Table 6. Principal results of the final settlement troughs 
determined by the proposed methods for different depths 
of the tunnel (%).

Depth  
(m) Result REF

Adden  - 
brooke  
& Potts  
(2001)

Hunt 
(2005)

Divall 
2013)

Ocak 
(2014)

20 δv max −57.3 −67.6 −66.5 −65.2 −75.9

ec −5.0 −7.5 −5.0 −6.3 −3.7

VL 3.49 3.54 3.56 3.99 4.29

28 δv max −65.5 −74.4 −76.4 −73.8 −86.0

ec −5.0 −7.5 −5.0 −6.3 −3.7

VL 4.65 4.78 4.89 5.65 5.82
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As for the final surface horizontal displace-
ments the results plotted in Figure  14  show that 
the increase of the depth of the tunnels tends to 
decrease considerably the maximum values and 
that the displacements remain asymmetrical, with 
the side towards the 1st Tunnel showing higher val-
ues. It is also interesting to note that despite the 
differences all curves present a zero horizontal dis-
placement at the same position, –3.7 m, measured 
from the 2nd Tunnel centreline. However, the posi-
tion where the maximum horizontal displacements 
are located tend to shift away from the zero posi-
tion with the depth of the tunnels, regardless of 
the side considered. For further distances a sharp 
decay of the horizontal displacements is observed 
in the reference analysis while for deeper tunnels it 
tends to be more gradual.

The prediction of the horizontal displacements 
associated with the excavation of the 2nd Tunnel 
using Hunt (2005) proposal and assuming that the 
vector of ground deformations is directed towards 
the crown of the tunnel is depicted in Figure 15 for 
the three analysed tunnel depths. The results show 
a reasonable agreement for the shallower tunnels 
and particularly for the side towards the 1st Tun-
nel, although the proposal tends to underestimate 
the extent of the displacements for further dis-
tances. In contrast the prediction for the tunnel 
located at 28 m depth underestimate considerably 

the horizontal displacements in all profile, but 
mostly on the side towards the 1st Tunnel.

6 INFLUENCE OF THE PILLAR WIDTH

The influence of the pillar width between the two 
tunnels was analysed by performing five analyses 
were the spacing between tunnel was increased to 
4, 8, 16, 24 and 36 m, corresponding to L/D ranges 
of 0.5 to 4.0. Apart from this change in the geo-
metry all other parameters remained equal to those 
adopted in the reference analysis (REF).

Figure  16 presents the results of the final set-
tlement troughs obtained for the different analy-
ses. The results show that with the increase of 
the pillar width the settlements tend to decrease 
and the shape of the curve is modified. For L/D 
ratios smaller than 0.5 a generalised wide curve 
with a single peak, centred between the two cen-
trelines of the tunnels, is observed. As the L/D 
ratio increases the curves became narrower and 
two peaks, approximately aligned with each tun-
nel, became distinct, meaning that the interac-
tion effects tend to decrease for high L/D ratios. 
In fact, for values above 3 the curves of the two 
tunnels appear to be independent since there is an 
area of nearly zero vertical displacements between 
the two tunnels. Naturally these results are a con-
sequence of the depth considered in the analysis 
and it is expected that the L/D ratio for which the 
transition of behaviour occurs might be different 
for other depth values. Similar conclusions can be 
drawn from the analysis of the horizontal displace-
ments displayed in Figure 17. Also in this case the 
horizontal movements tend to diminish with the 
increase of the L/D ratio. For high values it is also 
possible to observe that two distinct curves are 
formed, each aligned with each tunnel centreline.

The influence of the pillar width in the dis-
placements, both vertical and horizontal, is more 
perceptible in Figure 18. From the figure it is pos-
sible to verify that for L/D ratios above 2 there is 
almost no interaction effects between the tunnels. 

Figure 14. Influence of the depth of the tunnel on the 
horizontal displacements (absolute values).

Figure 15. Influence of the depth of the tunnel on the 
2nd Tunnel horizontal displacements (absolute values).

Figure 16. Influence of the pillar width on the settle-
ment troughs.
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For smaller ratios the interaction can lead to an 
increase of nearly 50% on the final vertical and 
horizontal displacements and up to 20% in the 
2nd Tunnel. The decay of the influence is sharper 
on the final vertical settlements while it extends to 
further distances in the case of the final horizontal 
displacements. The modifications associated to the 
2nd Tunnel show that there is a slight decrease of 
displacements in comparison with the greenfield 
scenario (less than 5%) for L/D ratios between 0.5 
and 2. In the horizontal displacements a distinc-
tion was made between the two sides of the curve. 
Unsurprisingly the side towards the 1st Tunnel 
presents higher values when compared with the 
opposite direction (away 1st Tunnel). This behav-
iour was already observed in the other analyses 
performed and is due to the interaction effects that 
are more pronounced on the side where the 1st 
Tunnel is located.

A similar plot is presented in Figure 19 for the 
eccentricities observed in both vertical and hori-
zontal maximum and minimum displacements, 
respectively. In this case it is possible to observe 
that for an L/D ratio higher than 1.5 there are no 
substantial differences, with the curves stabilizing 
at zero, i.e. no eccentricity of displacements. Maxi-
mum ec/L of  about 1.8 were found for an L/D ratio 
of 0.25. Also in this case it is possible to observe 

that the eccentricity associated to the maximum 
vertical settlement presents a sharp decay.

Table 7 displays the final volume loss obtained 
numerically (REF) and by the proposed empirical 
methods for the different analyses performed. The 
analysis of the results show an improvement of the 
adjustment with the increase of L/D in all meth-
ods. The differences observed for the analyses with 
high L/D are mainly related with the application 
of correction factors in some methods, despite the 
distance between tunnels. In terms of horizontal 
displacements it is possible to observe in Figure 20 
that if  the vectors of ground displacement are con-
sidered towards the crown of the tunnel the method 
proposed by Hunt (2005) provides a reasonable 
adjustment, regardless of the L/D ratio considered.

Figure 17. Influence of the pillar width on the horizon-
tal displacements (absolute values).

Figure  18. Influence of the pillar width on the maxi-
mum vertical and horizontal displacements.

Figure 19. Influence of the pillar width on the eccentri-
city of the final displacements.

Table 7. Volume loss determined by the proposed meth-
ods for different pillar widths (%).

L/D REF
Addenbrooke  
& Potts (2001)

Hunt 
(2005)

Divall 
2013)

Ocak 
(2014)

0.5 2.42 2.67 2.50 3.00 3.10

1.0 2.41 2.61 2.40 2.89 2.91

2.0 2.40 2.55 2.33 2.48 2.71

3.0 2.40 2.49 2.33 2.44 2.62

4.0 2.40 2.49 2.33 2.30 2.56

Figure  20. Influence of the pillar width on the 2nd  
Tunnel horizontal displacements (absolute values).
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tunnels. It was also found that the empirical meth-
ods tend to produce a better adjustment with the 
increase of  L/D.

Naturally, the results presented in this paper 
were obtained for a particular set of conditions 
and parameters and further studies should be car-
ried out in order to identify and evaluate the influ-
ence of other factors.
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