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Abstract

Soil-pipeline separation due to tunnelling has been certainly substantiated in previous model tests. However, this phenomenon has
seldom been considered in current analytical solutions. This study formulates a tensionless Winkler solution that could make allowance
for gap formation in soil-pipeline interaction analyses. The solution is validated by comparisons with existing experimental measure-
ments and two recognized analytical solutions. Also, its advantage over an existing Winkler solution is addressed. Further parametric
studies reveal that the effects of gap formation on the response of a pipeline rely largely on the tunnel volume loss and the pipeline’s
bending stiffness and burial depth. In general, a pipeline’s bending moments and subgrade reaction forces are more susceptible than

its deflections to the gap formation.

Keywords: Soil-pipeline interaction; Tunnelling; Tensionless Winkler model; Ground settlement; Analytical solution; Gap formation

1 Introduction

The design of public utilities and transportation facilities
to withstand the effects of tunnelling in urban areas has
received growing attention from city and regional planners,
governmental regulatory agencies, and the engineering pro-
fession. One important concern in this rapidly developing
research field is the response of buried pipelines to

* Corresponding authors at: Guangdong Research Center for Under-
ground Space Exploitation Technology, School of Civil Engineering, Sun
Yat-sen University, Guangzhou 510275, China (Yu Chen).

E-mail addresses: lincg@mail.sysu.edu.cn (C. Lin), zhengjj@hust.edu.
cn (J. Zheng), chenyu68@mail.sysu.edu.cn (Y. Chen).

https://doi.org/10.1016/j.undsp.2023.07.006

tunnelling-induced ground movements, which has been
investigated using different approaches, including field
observations (Takagi et al., 1984; Vorster, 2006; Vorster
et al., 2006a), model tests (Shi et al., 2016, 2022), numerical
simulations (Wang et al., 2011), and analytical solutions
(Attewell et al., 1986; Liu & Ortega 2023; Klar et al.,
2005a; Yu et al., 2013).

Field observations at the site, as well as mode tests
under well-controlled environments, provide intuitive dis-
coveries of responses of pipelines of different types and
sizes to tunnelling in a variety of ground conditions.
Takagi et al. (1984) carried out a full-scale field test to
examine generated strains of a steel pipeline due to tun-
nelling. Jia et al. (2009) observed the deflections of a cable
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pipeline due to the excavation of an underlying shield-
driven tunnel. Furthermore, a series of 1-g and centrifuge
model tests were conducted to evaluate the effects of tun-
nelling on both continuous and jointed pipelines (Ma
et al., 2017; Shi et al., 2016, 2022; Vorster, 2006; Wang
et al., 2014).

The related problems in numerical simulations and ana-
lytical solutions were initially handled in the framework of
elasticity. Attewell et al. (1986) and Klar et al. (2005a) for-
mulated a Winkler solution and an elastic-continuum solu-
tion, respectively, to estimate a pipeline’s response to
tunnelling. Klar and Marshall (2008) compared the mod-
elling of a pipeline as a beam and a shell in the soil-
pipeline interaction analysis. Klar and Marshall (2015)
proved the equality of volume loss represented in the form
of ground settlements and pipeline deflections through an
elastic-continuum approach. In addition, analytical solu-
tions for jointed pipelines were derived to depict the joint
behaviours (Klar et al., 2008; Lin & Huang, 2019; Zhang
etal., 2012, 2013). As empiricism from field and model tests
accumulates, soil-pipeline interaction analyses become
more elaborate and realistic attributed to the account of
more influencing factors, such as the effects of nonlinearity
arising from soil’s stiffness degradation and local yielding
(Klar et al., 2007; Klar et al., 2016; Marshall et al., 2010;
Vorster et al., 2005).

Although substantial progress has been achieved in
numerical simulations and analytical solutions, some criti-
cal points have not so far been adequately addressed, par-
tially because of the intricacies in soil’s behaviours over its
interface with the pipelines. In previous studies, it is typi-
cally assumed full contact over the soil-pipeline interface
(Klar et al., 2005a). This ensures deformation compatibility
between a pipeline and its surrounding soil, thus facilitat-
ing the calculation of the pipeline’s deflections. However,
soil-pipeline separation has frequently been detected in
model tests (Mair, 2008; Marshall, Klar, & Mair, 2010;
Marshall & Mair, 2009; T. Vorster, Mair, Soga, & Klar,
2005; T.E.B. Vorster, Klar, Soga, & Mair, 2005; T.E.B.
Vorster, Mair, Soga, Klar, & Bennett, 2006b; F. Wang,
Du, & Yang, 2015; Z.X. Wang, Miu, Wang, Wang, &
Wang, 2014; Zhou, Wang, Du, & Liu, 2019; Hachiya
et al., 2002; Ni, 2016; Saiyar, Take, & Moore, 2010;
Vorster, 2006; Xu, 2015), which contradicts the full contact
assumption. The centrifuge and large-scale model tests
undertaken by Vorster (2006), Xu (2015), and Zhou et al.
(2019) substantiated soil-pipeline separation by zero earth
pressure measured at the pipeline invert. The pipeline’s
bending performance was observed to be strongly affected
by the gap formation (Zhou et al., 2019), which explained
why the calculated pipeline’s bending moments at higher
volume losses exceeded the measured values by a greater
margin (Mair, 2008; Vorster et al., 2005). Hachiya et al.
(2002) also observed gap formation during a trapdoor
experiment on a model pipeline. Centrifuge model tests
implemented by Marshall et al. (2010) observed gap forma-
tion beneath a rigid pipeline and a flexible pipeline at a

volume loss of about 1% and 3.5%, respectively. In the
three-dimensional model test conducted by Wang et al.
(2014) and the centrifuge tests within the University of
Cambridge Geotechnical Beam Centrifuge (Marshall &
Mair 2009), gap formation was directly confirmed by the
differences between measured settlements of the pipeline
and the underlying soil.

In engineering practice, the existence of a gap beneath a
pipeline is commonly deemed to be a serious issue since the
pipeline will lose support from the subgrade within the gap
zone, which would affect its cross-sectional loading and
longitudinal bending behaviour (Balkaya et al., 2012;
Marshall et al., 2010). As pointed out by Zhou et al.
(2019), the current widely-used beam-on-linear or beam-
on-nonlinear spring models, which assume bonded interac-
tion between the soil and the pipeline, are insufficient in
capturing the pipeline’s behaviours when soil-pipeline sep-
aration occurs. Despite the common recognition of gap
formation during soil-pipeline interactions induced by tun-
nelling and its significance in influencing a pipeline’s beha-
viours, the effects of gap formation have seldom been
incorporated in most available numerical simulations and
analytical solutions. Lin et al. (2020a) developed an analyt-
ical solution using a tensionless Pasternak model to
account for gap formation beneath a pipeline. However,
the trial method involved in their solution is complex, lim-
iting its practicality. Additionally, Liu and Ortega (2023)
proposed an upper-bound analytical solution to estimate
the maximum bending moment of a pipeline induced by
tunnelling, considering gap formation beneath it. However,
this solution assumes a constant overburden loading along
the entire pipeline length and disregards the soil-pipeline
interaction, which is crucial for accurately predicting the
pipeline’s response.

This paper aims to formulate an analytical solution that
makes allowance for the effects of gap formation in soil-
pipeline interaction analyses. Firstly, a modified Winkler
solution considering gap formation is derived for estimat-
ing the deflections and bending moments of a pipeline sub-
jected to tunnelling-induced ground settlements. The
solution is validated through two case studies, followed
by parametric studies concerning the tunnel volume loss
and the pipeline’s bending stiffness and burial depth.
Herein particular concern is placed on the effects of gap
formation on pipeline responses.

2 Theoretical formulations

As depicted in Fig. 1, a tunnel is excavated beneath an
existing pipeline with an intersection angle 90°. The prob-
lem to be solved is the bending behaviours of the pipeline
subjected to tunnelling-induced ground settlement.

The formulation essentially follows that presented by
Lin and Huang (2019) with modifications to incorporate
the effects of gap formation. The formulation is based on
the following assumptions and simplifications (Lin et al.,
2020a; Klar et al., 2008): (1) the tunnel and the pipeline
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Pipeline

Fig. 1. Illustration of the excavation of a new tunnel beneath an existing pipeline.

are horizontally buried in the ground at different depths;
(2) the pipeline and the surrounding soil are modelled by
an Euler-Bernoulli beam and a tensionless Winkler founda-
tion, respectively; (3) contact is always maintained over the
soil-pipeline interface until gap emerges; (4) the soil has
zero tensile strength; (5) the responses of the soil and the
pipeline to loading from soil-pipeline interaction are both
linear elastic; and (6) the tunnelling process is not affected
by the existing pipeline.

In previous studies (Klar et al., 2005a, 2008), full contact
is usually held during the whole process of soil-pipeline
interaction, even though soil-pipeline separation may occur
when volume loss exceeds a certain threshold value. In the
current solution, this assumption is utilized until the onset
of soil-pipeline separation, after which further increased
loading is solely borne by soils that are still in contact with
the pipeline. The advancement of the current solution over
the previous ones lies in its incorporation of gap formation,
which will be detailed in the following.

2.1 Soil-pipeline interaction before gap formation

Analytical solutions for tunnelling-induced soil-pipeline
interactions under the assumption of full contact over the
soil-pipeline interface have been formulated by employing
several well-recognized foundation models, such as a Win-
kler model, a Pasternak model, and an elastic-continuum
model. Details on these formulations can be found in
Klar et al. (2005a), Yu et al. (2013), and Lin et al.
(2020a). Herein the Winkler solution developed by Yu
et al. (2013) is utilized for soil-pipeline interaction analysis
before a gap occurs around the pipeline. The Winkler solu-
tion will be briefly described below since it is the base of the
new formulation after gap formation.

Figure 2 is an illustration of the division of a pipeline for
finite difference treatment. The difference equations

governing the response of a pipeline (in terms of deflec-
tions, bending moments, and subgrade reaction forces) to
tunnelling-induced ground settlement have been derived
in a matrix form (Lin & Huang, 2019; Yu et al., 2013;
Zhang et al., 2012), shown as below:

(Kp+ Ci™"Yw = Ci 'y, (1)
1

M =~ Ky, (2)

P=C"'K,w, (3)

where K, is the pipeline stiffness matrix; C'is the coefficient
matrix; 4 is the soil flexibility matrix, of which 4; denotes
the soil settlement at the difference node i due to unit load-
ing imposed at the difference node j; w is the deflection vec-
tor of the pipeline; u, is the greenfield settlement vector
induced by tunnelling; M is the bending moment vector
of the pipeline; / is the length of each pipeline element;
and P is the force vector representing the resulting sub-
grade reaction forces acting on the center of each pipeline
element. The full expressions of K, and C can be found
in Lin and Huang (2019).

For a Winkler foundation, 4 is a diagonal matrix with /
expressed as (Yu et al., 2013)

A= oy (1 =)
Toloa)

i

(4)

where k is the coefficient of subgrade reaction; and D, is
the outer diameter of the pipeline.

The coefficient of subgrade reaction k derived by Yu
et al. (2013) as expressed in Eq. (5) is utilized herein. It
takes account of the pipeline burial depth and has been
verified by centrifuge model tests.

308 E | E
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Fig. 2. Illustration of the division of a pipeline for finite difference treatment.
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Fig. 3. Illustration of vertical force acting on a pipeline. (a) Initial vertical force on the pipeline before tunnelling, (b) additional vertical force on the
pipeline due to tunnelling before separation occurs, (c) additional vertical force on the pipeline after separation occurs at the pipeline invert, and (d)
additional vertical force on the pipeline after separation occurs at the pipeline crown.

2.18 (z,/D, < 0.5)

5b
1+ 1A7z;/Dp (zp/Dp > 0.5), (55)

|

where E; and v, are the Young’s modulus and Poisson’s
ratio of soil, respectively; E, and I, are the Young’s mod-
ulus of the pipeline and the second moment of area of its
cross-section, respectively; and z, is the burial depth of
the pipeline axis.

Tunnelling-induced greenfield settlement at the pipeline
level, u, can be obtained by (Lin et al., 2020b; Marshall
et al., 2012; O’reilly & New, 1982; Peck, 1969)

_ ™R ex I (6)
L V21K (29 — z,) P 2K%(z9 — 2p)* |
K=k, (1420l (6b)
) 1 —z,/z)’

where R; is the tunnel radius; ¥} is the tunnel volume
loss; K and K; are the trough width parameters at the depth
of the pipeline axis and the ground surface, respectively; z,
is the burial depth of the tunnel axis; and & is an empirical
parameter determining the variation rate of K with depth,
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which is suggested to be 0.36 and 0.44 for tunnels in clay
and sand, respectively, based on the back-analysis of exper-
imental data in the literature (Lin et al., 2020b).

Eventually, a combination of Egs. (1) to (6), the deflec-
tions and bending moments of the pipeline, as well as the
resulting subgrade reaction forces acting on each pipeline
element, can be calculated.

2.2 Soil-pipeline interaction after gap formation

Equation (5) implies that k is a representation of the
stiffness of soils both above and below the pipeline (Yu
et al., 2013), that is,

k =k, + ky (7)

where k, and ky, are the coefficients of subgrade reaction of
soils above and below the pipeline, respectively.

However, the individual contribution of k, and ky, to k
has not been specified by Yu et al. (2013); herein it is simply
assumed that k, = ki, = 0.5k. Combined with the full con-
tact assumption, it could be deduced that, before a gap
emerges beneath or above a pipeline, the vertical force act-
ing on each pipeline element is equally imposed by the soils
above and below. This is consistent with the assumption
that half the total force on a pile element is compressive
at the front of the element and half is tensile at the back
of the pile, which was made by Poulos and Davis (1980)
for the load—deflection analysis of laterally loaded piles.

Poulos and Davis (1980) proposed an approach
enabling approximate allowance for the effects of soil-pile
separation in the elastic analysis, in which the soil flexibility
is increased by a factor of 2 at the pile elements where sep-
aration is assumed to occur. However, this approach only
provides a rough approximation as it assumes that the
whole of the total force is borne by soils at the pile’s com-
pression side, ignoring the portion of force borne by soils at
the tension side before a gap appears. It is reasonable if the
force at the tension side is quite small compared with the
total force. Otherwise, it would yield a significant error
since the force borne at the compression side is greatly
exaggerated. Herein the original approach is updated to
ensure that the approximation is acceptable under all cir-
cumstances after gap formation. The employment of the
updated approach for analysis of soil-pipeline interaction
after separation occurs is described below.

(1) The in-situ vertical force acting on the crown of each
pipeline element is assumed to be a,D,/, where o, is
the vertical overburden stress. When the weight of
the pipeline is neglected, the in-situ vertical force act-
ing on the invert of the pipeline is also ¢,D,/, but in
the opposite direction (see Fig. 3(a)). Herein the force
acting on the pipeline is taken as positive when it acts
downwards. From the initial elastic analysis using the
Winkler solution mentioned above, the additional
vertical force acting on each pipeline element due to
soil-pipeline interaction (it is labeled as P; on the

i-th pipeline element) can be obtained. As stated
above, P;is equally imposed by soils above and below
the pipeline (see Fig. 3(b)). The elements at which the
resulting vertical force at the invert of the pipeline,
0.5P;— o,D,l, is positive (i.e., tensile), or at the crown
of the pipeline, 0.5P; + o,Dpl, is negative (i.e., ten-
sile), are determined.

(2) As the soil is assumed to have no tensile strength, sep-
aration is assumed to occur at the tension side of
these elements, and the soil displacements should be
recalculated correspondingly. At the compression
side of these elements, the soil is still in contact with
the pipeline; thus the deformation compatibility
between the pipeline and the soil is still satisfied,
which can be employed for the recalculation. Rather
than uniformly increasing the soil flexibility by a fac-
tor of 2 across all these elements, a more refined
approach is employed. The flexibility of each element
is adjusted individually based on the ratio of force
borne at the compression side to the total force.
Before separation occurs, the ground settlements
resulting from soil-pipeline interaction can be esti-
mated as

1
ai = Sbi = AilPi = Py, 8
S = kD, ®)

where s,; and sy,; are the settlements of soils over the soil-
pipeline interface above and below the i-th pipeline ele-
ment,  respectively, resulting from  soil-pipeline
interaction.

After separation occurs around a pipeline element, the
further increased load would be merely borne by soils at
the compression side. If separation occurs at the invert of
the pipeline element, the additional vertical force borne
by soils below the pipeline is ¢,D,/, while the remaining,
P—o,D,l, is borne by soils above (see Fig. 3(c)). Combined
with Eq. (8) and k, = 0.5 k, the ground settlements at the
compression side (i.e., above the pipeline) can be estimated
as

,  Pi—a,Dpl _ P; —a,D,l _ (1 _ovDyl

S T D, 0.5kD, 1

);hiip ;= odyP i,

©)

where §’,; is the settlement of soils over the soil-pipeline
interface above the i-th pipeline element after separation
occurs below the pipeline; and « is the adjustment factor
to soil flexibility for the recalculation. In the situation
where separation occurs at the invert of a pipeline,

0 =2(1 - 2220,

i

On the other hand, when separation occurs at the crown
of the pipeline element, under the gravity effect, the above
soils are most likely to intrude into the void immediately
after it appears, and thus no gap would be observed. How-
ever, it still follows the rule that no further increased load
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Fig. 4. Flow chart for calculation of pipeline responses considering gap formation.

can be borne by soils at the tension side, since the soil’s  for the situation when a true separation occurs, which is
tensile strength is assumed zero. The additional vertical expressed as

force borne by the soils above the pipeline reaches its min-

imum, —o,Dp/, and similarly, the remaining, P; + oD/, is

borne by soils at the other side. Subsequently, the ground ;o Pi+ 0yDyl _ Pi+ 0yDyl _ 2<1 + ‘7va1> 1P — 0P,
settlement at the compression side after a plausible separa- . knDyl 0.5kDy! o n
tion appears can be obtained in the same manner as that (10)

i
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Eaiﬁl:nlsions and characteristics of the model in Case 1 (Wang et al., 2014).
Pipeline D, (m) tp (m) L (m) E, (GPa) I, (107> m* E,I, (kN-m?) z, (m)
0.2 0.02 2 2.9 4.637 134.47 0.75
Tunnel R, (m) zo (m) Soil E; (MPa) g rs (kN-m™3)
0.5 1.5 20 0.3 15.9
Notes: 1. 7, is the thickness of the pipeline wall; 2. L is the length of the pipeline; 3. ry is the unit weight of the pipeline’s overburden.
—0.010 ] ®  Observed greenfield settlement
~0.008 Best-fit curve (K=0.40, V,=0.84%)
T A Observed pipeline deflections
~0.006 — — —Calculated deflections (modified Winkler solution)
,0.004_- Calculated deflections (original Winkler solution)
— ] Calculated deflections (Pasternak solution)
\E/*O-O(D- —--—- Calculated deflection (elastic-continuum solution)
% o - * Observed settlement beneath pipeline
g ]
= 0.002
5] |
« 0.004
0.006
0.008
0010 T T T T T T T 'E T T T T T T T T T T T
-1.0 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1.0
Pipeline length, x (m)
Fig. 5. Observed and calculated ground settlements and pipeline deflections (case 1).
where s57,; is the settlement of soils over the soil-pipeline 1. 2
interface below the i-th pipeline element after separation Values of the parameters used for calculation (Case 1).
occurs above the pipeline. When a plausible separation Parameters K Vi (%) "

occurs at the crown of a pipeline, o = 2(1 + U"TD_'J).
(3) A new solution is obtained, and the procedure is
repeated until no resulting net-tensile force exists at
either side of the pipeline.

2.3 Calculation procedure

Figure 4 outlines the procedure for the calculation
involving gap formation, where 4q is the initial soil flexibil-
ity matrix as expressed in Eq. (4) for the elastic analysis
before gap formation; 4 is the updated soil flexibility matrix
as expressed in Egs. (9) and (10) for the elastic analysis
after gap formation; w’, M, and P’ are the recalculated
vectors corresponding to w, M, and P, respectively, in the
second round calculation of each iteration; m; and m, are
the numbers of pipeline elements at which separation
occurs below and above the pipeline, respectively, in the
first round calculation of each iteration; g; and g, are the

0.40 0.84 1001

Notes: n is the total number of pipeline elements used for finite difference
calculation.

widths of gap zone corresponding to m; and m,, respec-
tively; m and m1}, are the recalculated numbers correspond-
ing to m; and m,, respectively, in the second round
calculation of each iteration; and g| and g}, are the recalcu-
lated gap widths corresponding to g; and g,, respectively,
in the second round calculation of each iteration.

As sketched in Fig. 4, an iteration procedure is executed
with a convergence criterion that the gap widths both
above and below the pipeline from the first and second
round calculations in one iteration are equal. In this man-
ner, the requirement for an absence of resulting net-tensile
force at either side of the pipeline can be fulfilled. The con-
vergence criterion can be also set as a specified threshold
value for the difference between the pipeline deflections
(or the pipeline bending moments, or the resulting sub-
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1.8 4—-—- Original Winkler solution
1.6 —— Modified Winkler solution
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Fig. 6. Comparisons of calculated pipeline bending moments and subgrade reaction forces (Case 1).

grade reaction forces) from two round calculations in each
iteration. By comparison, using gap width as a convergence
criterion offers two advantages:

(1) It generally leads to easier convergence.

(2) Selecting a suitable threshold value for the difference
between sequential calculations is challenging, as it
involves balancing convergence difficulty and calcula-
tion accuracy. In contrast, a convergence criterion
based on gap width can be directly set as an equality
requirement between sequential calculations. How-
ever, the accuracy of this criterion requires further
examination in subsequent case studies.

Hereinafter, the Winker solutions derived for soil-
pipeline interaction analysis with and without account of
gap formation are referred to as the modified Winkler solu-
tion and the original Winker solution, respectively.

3 Validations, comparisons, and parametric studies

3.1 Validations and comparisons

3.1.1 1-g model test in sand

ing pipelines in sand. Table 1 lists the model’s general
dimensions and characteristics. Instrumentations were set
to measure the settlements of the model pipeline and the
ground at a horizontal distance of 4D, from the pipeline
axis (which was deemed as greenfield) and right below
the pipeline. Details on the instrumentations can be found
in Wang et al. (2014) and Lin et al. (2020a). Figure 5 shows
the observations and the pipeline deflections calculated
using the original and modified Winkler solutions. The val-
ues of the parameters used for calculation are reported in
Table 2. It deserves mention that Lin et al. (2020a) have
incorporated gap formation into both a Pasternak solution
and an elastic-continuum solution, and the results are also
presented in Fig. 5.

As demonstrated in Fig. 5, the greenfield settlements at
the pipeline level can be satisfactorily depicted by a Gaus-
sian curve as expressed in Eq. (6), from which K and V] are
fitted to be 0.40 and 0.84%, respectively, using the least-
square method. The observations show that the settlement
trough of the pipeline is wider and shallower than that of
the greenfield. In particular, a gap of about 0.6 m wide is
observed at the pipeline invert along its longitudinal direc-
tion. The pipeline deflections calculated using the modified
Winkler solution agree well with the observations, so do

Wang et al. (2014) carried out a three-dimensional  those calculated wusing the Pasternak and elastic-

model test to investigate the effects of tunnelling on overly- ~ continuum solutions given by Lin et al. (2020a).

Table 3

Dimensions and characteristics of the model in case 2 (Wang et al., 2015; Zhou et al., 2019).

Pipeline D, (m) L (m) zp (m) E,I, (kN-m%)
0.3 2 0.75 18

Tunnel R, (m) zo (m) Soil E; (MPa) g Ts (kN-m’3)
1 2 3.52 0.3 14.6
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Fig. 7. Observed and calculated ground settlements and pipeline deflec-
tions (Case 2).

The widths of the gap beneath the pipeline are estimated
to be 0.572 and 0.574 m, respectively, using the modified

Winkler solution and the Pasternak solution. Both are in
good agreement with the observations. The capability of
these two solutions, as well as the elastic-continuum solu-
tion, to predict the gap zone distinguishes them from most
previous solutions, which is also their advantage over the
original Winkler solution.

The original Winkler solution derived by Yu et al.
(2013) also provides a reliable estimation. The settlement
trough of the pipeline from this solution tends to be nar-
rower and deeper than that from the modified Winkler
solution. In this case alone, it is hard to determine which
solution is more reliable, as both solutions give results that
are quite close to the observations, though those from the
modified solution are a bit closer.

Figure 6 further compares the original and modified
Winkler solutions in terms of pipeline bending moments
and subgrade reaction forces in a dimensionless form;
where M and P are the calculated pipeline bending
moments and resulting subgrade reaction forces, respec-
tively, along the pipeline, and M, and P, are the cor-
responding maximum values calculated using the modified
solution. As presented in Fig. 6, the maximum values of the
pipeline bending moments and subgrade reaction forces
calculated by the original Winkler solution are increased
by about 23% and 40%, respectively, in comparison with
those calculated by the modified solution. The influences
of gap formation on these two items are more remarkable
than its influence on the pipeline deflections. Moreover, to
examine the accuracy of the iteration calculation, Fig. 6
also shows the corresponding results from the next-round
calculation after achieved convergence. They almost coin-
cide with the results at convergence, manifesting a good
convergence.

As mentioned previously, the modified Winkler solu-
tion, along with the Pasternak and elastic-continuum solu-
tions developed by Lin et al. (2020a), provides accurate
estimates of pipeline deflections and gap width beneath
the pipeline. The effects of gap formation on soil-pipeline
interactions have been incorporated into these three solu-
tions in two different manners as addressed below.

In the two solutions of Lin et al. (2020a), the conditional
criterion for soil-pipeline separation is that the resulting
subgrade reaction force is acting downwards. This criterion
is not as realistic as that established in the solution herein.
It would overestimate the gap width, especially when the
pipeline is buried deep. On the other hand, the volume of
the gap benecath a pipeline is estimated under an assump-
tion of volume conservation for the whole volume losses.
Accuracy may be difficult to guarantee as the estimation
is based on a trial method, in which an initial value should
be assigned to the gap volume. In the solution herein, the
gap volume is not necessary to be determined. Instead,
the criterion is placed on the resulting net-tensile force
imposed on either side of the pipeline to judge whether sep-
aration would occur. The iteration calculation based on
this criterion would generally give a reliable estimation of
the gap width. In engineering practice, when a gap emerges
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Table 4
Values of the parameters used for calculation (Case 2).
Parameters K Vi (%) n
Scenario 1 Scenario 2 Scenario 3 Scenario 1 Scenario 2 Scenario 3
0.2054 0.2119 0.2121 0.19 0.35 0.65 1001
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subgrade reaction forces (case 2).

beneath a pipeline, the volume of the gap is not as crucial
as its width in determining the pipeline’s bending beha-
viours. From this perspective, the solution herein is more
suitable for predicting a pipeline’s responses to tunnelling.
For alternative purposes, such as employing grouting to fill
potential gaps beneath considered pipelines, the solutions
proposed by Lin et al. (2020a) are preferable.

3.1.2 Large-scale model tests in sand

Wang et al. (2015) performed a series of large-scale
model tests to detect the effects of buried pipelines on
ground movements induced by tunnelling in sand. In the
model tests, greenfield settlements were motivated by low-
ering movable plates buried at the bottom of the model
box. This is different from most previous model tests, in
which greenfield settlements are generated by simulated
volume losses around a model tunnel. Equation (6) is com-
monly employed in previous studies to represent greenfield
settlements. To align with this convention, a virtual model
tunnel with a radius of 1 m and burial depth of 2 m is
adopted, ensuring the applicability of Eq. (6). Table 3 lists
the general dimensions and characteristics of the model
tests. For the model pipeline of 0.3 m in outer diameter
and 0.75 m in burial depth, three scenarios were designed
by creating greenfield settlements following three normal
distribution curves to simulate different tunnel volume
losses. In each scenario, the greenfield settlements and pipe-
line deflections were observed, which are displayed in
Fig. 7, as well as the results calculated using the original
and modified Winkler solutions. The values of the param-
eters used for calculation are listed in Table 4. Similarly,
Fig. 8 plots the corresponding pipeline bending moments
and subgrade reaction forces in a dimensionless form.

As also presented in Fig. 7, the settlement troughs of the
pipeline subjected to three different volume losses are all
observed to be shallower and wider than that of the green-
field, all of which can be well depicted by a Gaussian curve.
Similarly, the original and modified Winkler solutions
could both give reliable estimates of the pipeline deflec-
tions. The gap widths calculated under three volume losses
are 0.47, 0.52, and 0.54 m, respectively, as displayed in
Fig. 7. The findings demonstrate a correlation between
gap width and volume loss, characterized by an increasing
trend with a diminishing rate. These results are in accor-
dance with the observations reported by Marshall et al.
(2010). Figure 8 demonstrates that the pipeline bending
moments and the subgrade reaction forces are more sensi-
tive to the effects of gap formation. In general, the findings
in this case are consistent with those in the above case, both
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validating the applicability of the modified Winkler solu-
tion, especially for gap prediction.

3.2 Parametric studies

In the following, parametric studies concerning Scenario
3 of the model tests in the second case are to be imple-
mented in terms of the tunnel volume loss, the pipeline
bending stiffness, and the pipeline burial depth.

3.2.1 Influence of volume loss

In this parametric study, the parameters used for calcu-
lation are assigned the same values as those reported in
Tables 3 and 4, except for a variation V). Figure 9 shows
the variations of the ratios between the calculated results
(in terms of maximum pipeline deflections, maximum pipe-
line bending moments, and maximum resulting subgrade
reaction forces) from the original and modified Winkler
solutions. Figure 9 also plots the estimated width of the
gap beneath the pipeline under different volume losses, as



C. Lin et al. | Underground Space 15 (2024) 298-311

309

0.7 —a—g,L

0.6

-

1000 2000 3000 4000

o

5000 6000 7000 8000 9000 10000
n

Fig. 11. Calculated gap widths with 7.

0.35

/L

_._g]

0.34
0.33

0.32

3] \
0.30 -

g/L

| ’\
0.29 *

0.28 1
0.27 \\
] L 4
0.26 1
0.25 : I : I : I : I : I : I : I : I :
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
zp/z0

Fig. 12. Calculated gap widths with z,/z.

well as the calculated results from three scenarios in case 2.
In Fig. 9, wo max and wp,.y are the calculated maximum
pipeline deflections from the original and modified Winkler
solutions, respectively; M, max and M. are the calculated
maximum pipeline bending moment from the original and
modified Winkler solutions, respectively; and P, ., and
P.x are the calculated maximum resulting subgrade reac-

tion force from the original and modified Winkler

solutions, respectively. Correspondingly, Fig. 10 presents
the variations of the ratios with estimated gap width.

As shown in Fig. 9, a gap is anticipated to occur beneath
the pipeline even under a tiny volume loss. As an increase
in the volume loss ¥}, the gap is going to expand, but the
variation rate is declining. When V) exceeds 0.6%, the
expansion of the gap is not considerable. It is obvious from
Figs. 8 and 9 that the pipeline bending moments and the
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subgrade reaction forces are more susceptible than the
pipeline deflections to the gap formation. As the gap
becomes wider, its effects on the pipeline’s responses
increase; thus the results calculated by the original Winkler
solution become more conservative. As shown in Fig. 9,
when V) reaches 2.6%, the maximum pipeline bending
moment and the resulting subgrade reaction force will be
overestimated by 31% and 51%, respectively, if the effects
of gap formation are not considered. Therefore, from the
perspective of reliability in estimation and cost-reduction
in potential countermeasures, it would be more rational
to consider the effects of gap formation for soil-pipeline
interaction analyses.

3.2.2 Influence of pipeline bending stiffness

A dimensionless parameter, 7, as defined in Eq. (11), is
introduced to reflect the relative value of the pipeline’s
bending stiffness compared with the soil stiffness (Klar
et al., 2005a).

Ep]p

Es(Dp/2)4 (11)

11:

The widths of the gap formed beneath the pipeline with
different values of # are estimated using the modified Win-
kler solution. They are presented in Fig. 11 in a dimension-
less form. As demonstrated in Fig. 11, when # is less than
1000, its influence on the gap width is significant; whereas,
when it exceeds 5000, its influence is almost negligible. It
reveals that the gap formed beneath a pipeline tends to
grow as the increase in its bending stiffness, but at a declin-
ing rate. In the extreme case when the pipeline is infinitely
stiff (i.e., # approaches infinity), the gap zone takes up
almost 65% of the whole length of the pipeline. In reality,
a gap formed beneath a pipeline is usually detrimental to
its load-bearing behaviours (Balkaya et al., 2012;
Marshall et al., 2010). Therefore, for stiff pipelines, the
gap likely to occur beneath them should be examined with
great caution.

3.2.3 Influence of pipeline burial depth

The greenfield settlements imposed on the pipeline, as
well as the value of the coefficient of subgrade reaction k,
change as a variation in its burial depth. Based on the
back-analysis conducted by Lin et al. (2020b), the & is
assigned to be 0.44. Figure 7 demonstrates that the green-
field settlements at the depth of the pipeline axis, under
three different volume losses, conform to the pattern
described in Eq. 6(a). The corresponding values of K are
back-fitted as 0.2054, 0.2119, and 0.2121, respectively. By
averaging the back-fitted K values with & = 0.44, K is esti-
mated to be 0.1678 using Eq. 6(b). Subsequently, greenfield
settlements at different depths can be determined by Eq.
(6). Figure 12 shows the calculated gap widths with a vari-
ation in the pipeline burial depth. It demonstrates that the
gap beneath the pipeline tends to shrink as its burial depth
increases. From this point, it could be inferred that a gap is

more like to occur beneath a shallow pipeline when it is
subjected to tunnelling-induced ground settlements.

4 Conclusions

An analytical solution considering the effects of gap for-
mation has been formulated to estimate the response of a
buried pipeline to tunneling in sand. Case and parametric
studies have been performed to examine its applicability,
advantage, and influencing factors. The following main
conclusions have been drawn:

(1) The analytical solution formulated in this study could
estimate the pipeline deflections with great accuracy.
It is advanced over previous analytical solutions in
the capability to predict gap formation.

(2) A gap formed beneath a pipeline weakens its
responses to tunnelling, especially in terms of pipeline
bending moments and subgrade reaction forces. The
procedure proposed in this study can give an accurate
estimation of the gap width.

(3) A stiff pipeline buried at a shallow depth is more
prone to the formation of gaps, which tend to
increase in size at a diminishing rate as the volume
loss rises.

This study focuses on the impact of gap formation on
soil-pipeline interactions induced by tunnelling. It specifi-
cally addresses the nonlinearity caused by gap formation,
but other factors such as soil stiffness degradation and
relative uplift failure are not considered. Incorporating
strategies proposed by Vorster et al. (2005a), Klar et al.
(2005b, 2007), and Marshall et al. (2010) would account
for these additional nonlinear behaviours. Additionally,
the assumption of equal load-bearing characteristics
(k, = ky) for soils beneath and above the pipeline is not
accurate and will be addressed in future work. Further-
more, the solution presented here can be extended to
include jointed pipelines, building upon the studies of
Klar et al. (2008) and Lin and Huang (2019).
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