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Many researchers have investigated the effect of basement excavation on tunnel deformation. However, the influence of
consolidation on the interaction of basement-tunnel-soil is rarely considered or systematically studied in clay. In this study,
three-dimensional coupled-consolidation finite element analyses were conducted to investigate the effect of consolidation on the
tunnel response to excavation. An advanced nonlinear constitutive model was adopted, and numerical parametric investigations
were conducted to study the effect of the excavation depth, tunnel stiffness, soil permeability coeflicient, and consolidation time
on the tunnel response. The results revealed that the basement excavation led to stress release, which caused tunnel heave.
Owing to the dissipation of excess negative pore water pressure, the tunnel heave further increased to become approximately
twice as large compared with that observed when the foundation pit excavation had just been completed. As the consolidation
time increased, the longitudinal tunnel heave and tunnel diameter change caused by the foundation pit excavation gradually
increased, but the growth rate was slower down. When the consolidation time changed from 50 days to 150 days, the maximum
tunnel heave at the crown and the maximum tunnel diameter change increased by 1.18 and 1.48 times, respectively. The soil’s
permeability coefficient did not have a significant effect on the tunnel heave at the crown nor on the tunnel diameter change.
The results obtained by this study are expected to be useful as an engineering reference for the analysis of soil structure

problems in clay.

1. Introduction

With the further progress of urbanization, the foundation
pit engineering appears constantly, most of which are
located in structures and densely populated areas. In cur-
rent foundation pit engineering design, not only the effect
of adjacent structures on the foundation pit but also the
effect of foundation pit excavation on adjacent structures
should be considered. The former is mainly to ensure that
reasonable measures are taken to ensure the safety of
foundation pit excavation and foundation construction,
while the latter is to consider the excessive deformation
of adjacent buildings caused by the excessive deformation
of foundation pit, thus affecting the safety of structures.
If appropriate measures are not taken, the adjacent struc-
tures will be damaged, causing serious economic losses
and huge social impact. As a major engineering problem
in urban underground space construction, it is essential

to predict and evaluate the interaction between foundation
pit excavation and adjacent structures.

The deformation of adjacent tunnels as a result of base-
ment excavation is such a typical problem in this kind of
major engineering problems. To investigate the effect of tun-
nels due to a nearby basement excavation, numerous studies
have been conducted using field tests [1-5], centrifuge model
tests [6-10], and analytical and numerical methods [11-27].

Burford [1] reported that the excavation of the large base-
ment of the Shell Centre in London Clay resulted in an
upward displacement between 20 mm and 30 mm for the
underlying Bakerloo line tunnel. After 27 years, the maxi-
mum uplift measured under the basement of the southbound
Bakerloo tunnel was 50 mm, while that of the northbound
tunnel was 41 mm. It is shown that the release of overburden
pressure will lead to long-term uplift of a tunnel in London
clay. Shi et al. [10] carried out three-dimensional centrifuge
tests to investigate tunnel responses due to overlying
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basement excavation in lightly (overconsolidation ratio
(OCR)=1.7) and heavily overconsolidated (OCR =6.0)
kaolin clays. It is found that special attention should be paid
to long-term rather than short-term tunnel responses.

However, most previous studies investigating the tunnel
deformation caused by basement excavation mainly focused
on the short-term tunnel response (2, 4-6, 8, 9, 11, 14-27].
The field monitoring of a tunnel affected by foundation pit
excavation in clay revealed that the long-term heave of the
tunnel in clay is very large, and the time required to reach
the steady state is very long [1]. Thus, it seems that the
subway tunnel response on clay ground is highly dependent
on time. Therefore, in the analysis of the existing tunnel
response in clay, it is important to consider the short-term
response systematically from the foundation pit excavation
construction period and the long-term response after the
construction is completed.

Prediction of tunnel response induced by excavation is
becoming one of the major tasks for geotechnical engineers.
The use of the numerical method to analyse the interaction
between excavation and the existing tunnel is frequent [11,
13-20, 22, 23, 28, 29]. It is well known that a soil model in
the numerical method should capture the state-, strain-,
and path-dependent soil stiffness even at small strains and
path- and state-dependent soil strength. In addition, the
consolidation characteristics should be considered in clay.
In order to investigate the influence of a basement excavation
on the tunnel behaviour in dry sand precisely, Ng et al. [8]
carried out two centrifuge model tests to investigate this
issue. Several numerical analyses based on these centrifuge
model tests were conducted by adopting the hypoplasticity
model for sand, and it was found that the hypoplasticity
model can more effectively capture the soil behaviour com-
pared with the previously reported centrifuge model test
[9, 16, 18, 19]. Masin and Herle [30] developed a basic hypo-
plastic model to predict the clay behaviour at medium to
large strain levels. To account for strain-dependent and
path-dependent soil stiffness at small strains, Masin [31]
improved the basic hypoplastic model by incorporating the
concept of the intergranular strain [32]. The improved
model was used by Najser et al. [33] and the computed
ground deformations agree with the measured results. How-
ever, numerical simulation considering the state-, strain-,
and path-dependent soil stiffness even at small strains, the
path- and state-dependent soil strength, and the consolida-
tion characteristics of soil has not been reported in litera-
tures to investigate the interaction of foundation pit
excavation and existing tunnel.

Considering the abovementioned issues, the aim of this
paper was to investigate the tunnel behaviour and eluci-
date the internal law and mechanism of tunnel deforma-
tion resulting from basement excavation in clay. To this
end, three-dimensional coupled-consolidation numerical
analyses using the clay hypoplasticity model were carried
out to simulate the long-term response of a tunnel subjected
to basement excavation in clay. Numerical parametric inves-
tigations were also conducted to study the influence of the
basement excavation depth, soil and tunnel property, and
the consolidation effect on the tunnel response.
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2. Material and Methods

The software ABAQUS (Version 6.17; ABAQUS, Inc.) was
adopted to conduct numerical analyses, wherein the hypo-
plastic model of clay with user-defined subroutine was estab-
lished by Masin [34, 35].

2.1. Finite Element Model. The finite element mesh shown in
Figure 1 was constructed on the basis of the model test
reported by Ng et al. [8]. In this model, the finite element
mesh dimension was 18 m in length, 18 m in width, and
9m in depth in the prototype. The tunnel diameter was 6 m
in the prototype. The other dimensions of basement excava-
tion and retaining wall were the same as that in the model
test. It should be noted that the centrifuge model tests were
conducted in sand but the finite element was carried out in
clay. For the boundary condition, roller supports were
adopted at the vertical surfaces and pin supports were
adopted at the bottom of the model. Soil-water coupling
analysis theory was adopted. The groundwater level was set
on the model top, and the bottom of the model was set as
an undrained boundary. To simulate the recharge of external
groundwater during the foundation pit excavation, the pore
pressure at the side boundaries of the model was set as hydro-
static pressure and remained unchanged throughout the
analysis process. The top surface of the model was set as a
free drainage boundary. The element types of the soil, retain-
ing wall, and tunnel were C3D8P, C3D8, and $4, respectively.
Interface elements were used at the soil-tunnel and at the
soil-retaining wall interfaces. The setting method can be
referred to document reported by Ng et al. [16].

2.2. Constitutive Model and Related Parameters. It is essential
to adopt a constitutive model which can simulate the soil
behaviour varying with strain from small to large levels. A
clay hypoplastic model proposed by Masin [31] was used to
predict the behaviour of the clay. The original model requires
five parameters: (pé, N, A", «*, and r to predict the behaviour
of clay from medium to large strain levels. The other five
parameters, namely, R, m, my, 3,, and y are required to pre-
dict the soil response in the small-strain range. The physical
meaning of these parameters was shown in Table 1. Masin
[36] reported the calibration of the parameters for London
Clay in the hypoplastic clay model. Table 1 summarizes the
parameters for London Clay used in this study. The tunnel
and retaining wall were simulated as a linear elastic material.
Both their Young’s modulus and Poisson’s ratio are 70 GPa
and 0.2, respectively.

2.3. Numerical Simulation Process. The finite element simula-
tion process before soil consolidation is essentially the same
as the centrifugal model test process. The tunnel and retain-
ing structure were simulated using the “wished in place”
method, which assumes that the tunnel and retaining struc-
ture already exist before the foundation pit excavation. Grav-
ity was applied in the way of the physical force, and the
analysis is based on the excess pore pressure. The simulation
process is summarized as follows:
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FIGURE 1: (a) Finite element model and (b) retaining wall and tunnel (all dimensions in model scale, unit: mm).
TaBLE 1: Parameters of London Clay in the clay hypoplastic model [36].
Parameters Physical meaning Values
N Control the position of the isotropic normal compression line 1.375
A Control the slope of the isotropic normal compression line 0.11
K" Control the slope of the isotropic unloading line 0.016
. The critical state friction angle 22.6°
r Control the shear stiffness 0.4
m Parameter controlling the initial (very-small-strain) shear 1% 107
R Modulus upon 180°strain path reversal and in the initial loading
Parameter controlling the initial shear modulus upon 90°
My . 4.5
Strain path reversal
R The size of the elastic range (in the strain space) 45
B, Control the rate of degradation of the stiffness with strain 0.2
X Control the rate of degradation of the stiffness with strain 6

(1) The initial stress field of the soil is established under
the 1g condition. The initial stress in the tunnel and
retaining structure is the same as that of the sur-
rounding soil

(2) Gradually increase the acceleration of gravity until
60g

(3) Simulate the excavation process using the birth-death
element method and complete the excavation in
three steps of 3m each

(4) After the basement excavation is completed, the con-
solidation time of 50, 100, 150, and 200 days is set to
investigate the effect of the surrounding soil’s consol-
idation on the tunnel deformation

3. Interpretation of Calculated Results

3.1. Tunnel Heave along the Tunnel Axis. Figure 2 shows the
calculated tunnel heave resulting from the basement excava-

tion and subsequent consolidation for 100 days. With the
increase of foundation pit excavation depth, the tunnel heave
increases gradually. After the foundation pit excavation, the
calculated tunnel heave was 0.020%H, under the basement
centre, wherein, H, is the basement depth. After consolida-
tion for 100 days, the calculated maximum value of the tun-
nel heave was 0.041%H,. The measured maximum tunnel
heave given by Ng et al. [8] is 0.023%H,, 0.051%H,, and
0.074%H, for each excavation depth 3m, 6m, and 9m,
respectively. This is because different soil media are used in
each case although using the same size of the model equip-
ment. By comparing the tunnel heave calculated for different
stages in clay, it is found that the maximum tunnel heave as a
result of stress relief after immediately excavation was
approximately half of the magnitude after consolidation for
100 days. Thus, it is concluded that the consolidation effect
on the tunnel heave is significant. Moreover, the effect of con-
solidation on the tunnel heave is approximately the same as
when the basement construction has just been completed,
which is analogous to the case reported by Burford [1] and
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FIGURE 2: Normalised tunnel displacement along tunnel axis.

Shi et al. [10]. This enlightens us that, in engineering practice,
it is necessary to pay close attention to the long-term influ-
ence of foundation pit excavation on tunnel displacement
in clay. Once the foundation pit is exposed for a long time
or the superstructure construction is too long, corresponding
measures should be taken to control the tunnel displacement
to prevent the tunnel lining from being damaged due to
excessive deformation.

3.2. Vertical Stress Change in Soil at Tunnel Crown. To deeply
understand the mechanism of the consolidation effect’s influ-
ence on the tunnel’s longitudinal deformation, the results for
the vertical stress change at the longitudinal tunnel crown are
shown in Figure 3. As can be seen, when the foundation pit
excavation was completed, the vertical stress of the soil at
the tunnel crown decreased owing to the stress release, and
the maximum variation was approximately —8 kPa. The ver-
tical stress variation in the excavated area of the foundation
pit was approximately nonlinear. Because of the stress
concentration, the soil stress at the bottom of the retaining
structure rapidly increased, the maximum value was approx-
imately 22 kPa, and the stress variation exceeded the maxi-
mum allowable stress change value specified by the BD [37]
(+20kPa). The soil stress change after the retaining structure
sharply decreased and was within 20kPa. Because of the
excavation unloading, a large amount of soil stress was
released and the tunnel moved upward, while the soil behind
the retaining structure moved into the pit, and the soil behind
the wall settled. The friction force generated by the relative
movement of the soil and the retaining structure prevented
the upward movement of the tunnel behind the wall, which
resulted in tunnel uplift. After 100 days of excavation, the
effective stress at the top of the tunnel and directly below
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FIGURE 3: Vertical stress change in soil at tunnel crown.

the centre of the foundation pit increased by 11 kPa relative
to the initial value. According to the principle of effective
stress, with the dissipation of excess pore water pressure,
the effective stress in the soil at the tunnel crown gradually
increased. This is consistent with existing observation data
for foundation pit excavation in clay [38, 39].

3.3. Tunnel Deformation in the Transverse Direction. Figure 4
shows the variation of the tunnel diameter change with the
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FIGURE 5: Earth pressure change around tunnel lining in clay.

excavation unloading ratio and consolidation time. The
unloading ratio is defined as the ratio of the excavation depth
of the foundation pit to the cover-depth of the tunnel. The
positive value of the ordinate indicates the stretching of the
tunnel diameter, while the negative value indicates the com-
pression of the tunnel diameter. As can be seen in the figure,
the excavation unloading of the foundation pit directly above
the tunnel led to the vertical extension and horizontal com-

pression of the tunnel. As the unloading ratio increased, the
vertical diameter of the tunnel gradually elongated and the
horizontal diameter gradually compressed. When the base-
ment excavation was completed, the vertical elongation
(ADy) of the tunnel was 0.008%D and horizontal compres-
sion (ADy;) of the tunnel was 0.007%D (D is the tunnel diam-
eter). After 100 days of consolidation following the
excavation, the vertical elongation (AD,) and horizontal
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compression (ADy) of the tunnel were 0.019%D and
0.020%D, respectively, both of which are approximately
twice as large as that observed when the foundation pit
was completed. According to the BTS [40], the allowable
maximum value of tunnel deformation ((ADy + ADy)/2)
is 2%. Therefore, the tunnel deformation is within the
allowable range.

3.4. Earth Pressure Change around Tunnel Lining. Figure 5
shows the change of earth pressure in tunnel’s cross-section
after the foundation pit excavation. The tunnel’s cross-
section was located directly below the basement’s excavation
centre. Because of the symmetry, the earth pressure around
the tunnel was symmetrically distributed. The stress release
above the arch line of the tunnel was greater than that of
the soil below the arch line. The vertical stress release of the
soil around the tunnel was greater than that in the horizontal
direction. Therefore, the tunnel diameter was vertically
stretched and horizontally compressed, as shown in
Figure 4. Additionally, as shown in Figure 5, the earth pres-
sure above the tunnel springlines changed more than that
below the springlines, which resulted in overall tunnel uplift.
After 100 days of consolidation following the foundation pit
excavation, as a result of the dissipation of excess negative
pore water pressure, the earth pressure acting on the tunnel
crown increased while the change at the invert was small,
which resulted in the further increase of tunnel lining defor-
mation, as shown in Figure 4.

4. Parametric Investigation

4.1. Effect of Basement Excavation Depth. Figure 6 shows the
effect of the basement excavation depth on the maximum
tunnel displacement at the crown in clay. The basement
had variable depth of 3 m, 6 m, and 9 m. The computed max-
imum tunnel displacement was 0.003%H,, 0.013%H,, and
0.020%H , respectively. It is found that the maximum tunnel
displacement in the longitudinal direction increased gradu-
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ally as the basement depth increased; however, the growth
rate slowed down.

4.2. Effect of Tunnel Lining Stiffness. Figure 7 shows the effect
of the tunnel lining stiffness on the distribution of tunnel
heave along tunnel axis and the maximum tunnel heave in
clay. Considering that the tunnel material is unchanged, for
convenience, the bending rigidity of the tunnel (E[,) is
replaced by the elastic modulus of the tunnel (E,). As can
be seen, the tunnel distribution shape was basically the same
for different tunnel lining stiffness. The tunnel stiffness did
not affect the main influence area caused by basement exca-
vation. The maximum tunnel displacement decreased line-
arly with the logarithm of the tunnel lining stiffness.

4.3. Effect of Soil Permeability Coefficient. The effect of the soil
permeability coefficient on the tunnel longitudinal heave is
shown in Figure 8. Let the soil permeability coefficient in
the foundation model be K, =3.6 x 10°® m/s and compare
the other two different working conditions, that is, K, =
3.6x10°m/s and K,=3.6x10"*m/s. As illustrated in
Figure 8, the longitudinal uplift of the tunnel increased with
the permeability coefficient. When the permeability coeffi-
cient of the basic model increased by 10 times and 100 times,
the longitudinal uplift of the tunnel increased by 15% and
17%, respectively. As can be seen, the soil permeability coef-
ficient only has a small effect on the tunnel uplift deforma-
tion. When the permeability coefficient of the soil increased
more than 10 times, the maximum tunnel heave underwent
a minor change.

4.4. Effect of Soil Consolidation Time. Figure 9 illustrates the
variation of the tunnel longitudinal heave with the consolida-
tion time. After the foundation pit excavation was completed,
the soil consolidation time was set to 50, 100, 150, and 200
days, respectively. Compared with the completion of the
foundation pit excavation, the maximum uplift of the tunnel
crown increased by 0.90, 1.10, 1.15, and 1.18 times, respec-
tively. As can be seen, the consolidation effect had a signifi-
cant effect on the tunnel heave. As the consolidation time
increased, the maximum uplift at the crown of the tunnel
gradually increased, but the growth rate slowed down. Com-
pared with 150 days of consolidation, the maximum tunnel
uplift only changed by 2.6% for 200 days of consolidation.
As can be seen, the consolidation can be considered to have
completed 150 days after the foundation pit excavation.
Figure 10 illustrates the variation of tunnel diameter
change in the cross-section with the consolidation time. With
the increase of the unloading ratio, the vertical diameter of
the tunnel gradually elongated and the horizontal diameter
gradually compressed. After the foundation pit excavation
was completed, the soil consolidation time was set to 50,
100, and 150 days. Compared with the completion of the
basement excavation, the maximum elongation of the tunnel
cross-section lining increased by 1.10, 1.44, and 1.48 times,
respectively. As can be seen, the consolidation effect had a
significant effect on the deformation of the tunnel lining in
the transverse direction. As the consolidation time increased,
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the tunnel diameter change gradually increased, but the
growth rate slowed down and finally tended toward stability.

Figure 11 shows the variation of the vertical stress
change in soil at the tunnel crown with the consolidation
time. As can be seen, when the foundation pit excavation
was completed, the vertical stress of the soil at tunnel
crown decreased owing to stress release, and the maximum
variation was approximately -8 kPa. After the completion of

the foundation pit excavation, as the consolidation time
increased, the effective vertical stress gradually increased,
which led to the gradual increase of the tunnel longitudinal
uplift, as shown in Figure 9. Additionally, it can be seen
that, when the consolidation time was greater than 100
days, the vertical stress changed only slightly, which led to
the good stability of the tunnel’s longitudinal uplift, as
shown in Figure 9.
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Figure 12 shows the relationship between the variation of
the earth pressure acting at the tunnel lining and the consol-
idation time. After the foundation pit excavation was com-
pleted, as the consolidation time gradually increased, the
pore water pressure of the soil around the tunnel gradually
dissipated, and the earth pressure acting on the tunnel lining
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F1GURE 11: Soil vertical stress change at tunnel crown for different
consolidation times.

gradually increased, which led to the further increase of the
tunnel lining deformation, as shown in Figure 10. When
the consolidation time was more than 100 days, the earth
pressure acting on the tunnel cross-section did not change
much, which led to the good stability of the tunnel cross-
section lining deformation, as shown in Figure 10.
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5. Conclusions

Based on the centrifugal model test, this paper investigated
the effect of basement excavation on long-term tunnel defor-
mation using the clay hypoplasticity model, which considers
the small-strain, stress-path dependence, and soil consolida-
tion characteristics. The influence law and mechanism of the
consolidation effect on the long-term deformation caused by
excavation were investigated. Numerical parametric investi-
gations were also carried out to study the tunnel response.
The main conclusions drawn from this study are summa-
rized as follows:

(a) The unloading of the basement excavation resulted in
stress release, which caused tunnel heave. The tunnel
heave further increased by approximately two times
compared with that observed when the foundation
pit excavation had just been completed. The founda-
tion pit excavation directly above the tunnel resulted
in the vertical extension and horizontal compression
of the tunnel. As the unloading ratio increased, the
vertical diameter of the tunnel gradually elongated
and the horizontal diameter gradually compressed.
Owing to the effect of further consolidation, the tun-
nel diameter change continuously increased by
approximately two times compared with that at the
end of the foundation pit excavation. Thus, it is con-
cluded that the consolidation effect has a significant
effect on the longitudinal and transverse deformation
of the tunnel

(b) Owing to the excavation and subsequent consoli-

dation process, the maximum tunnel heave
increased with the basement depth, but the growth
rate slowed down. Additionally, the maximum tun-
nel heave decreased linearly with the logarithm of
the tunnel lining stiffness. As the consolidation
time increased, the longitudinal uplift and tunnel
diameter change gradually increased, but the
growth rate was slow. When the consolidation time
changed from 50 to 150 days, the maximum tun-
nel heave at the crown and the maximum tunnel
diameter change increased by 1.18 and 1.48 times,
respectively

(c) As the soil permeability coefficient gradually

increased, the tunnel longitudinal uplift and tunnel
diameter change gradually increased. When the per-
meability coefficient of the soil increased by 10 times
and 100 times, the maximum uplift of the tunnel
increased by 15% and 17%, and the tunnel diameter
change increased by 2% and 11%. Thus, the soil’s per-
meability coefficient did not have a significant effect
on the tunnel heave at the crown nor on the tunnel
diameter change

Data Availability

The computed data used to support the findings of this study
are included within the article.
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