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+is paper aims to provide a new approach to predict the friction resistance of slurry pipe jacking. Friction force usually
constitutes themain component of jacking force. It can be calculated bymultiplying an effective friction coefficient and the normal
force acting on the external surface of the pipe.+is effective friction coefficient is introduced to reflect the effect of contact state of
pipe soil slurry, highly affected by the effect of lubrication and the interaction of pipe soil slurry. Firstly, by making some
reasonable assumptions, the analytical formula of the effective friction coefficient is obtained, in which the critical quantity of
contact (contact angle or width) is calculated by using the Persson contact model. +en, the analytical formula of normal force of
circular pipeline is derived, which needs to determine the vertical soil pressure. To allow for a better prediction, three typical silo
models are introduced and compared. Finally, a method for calculating the friction resistance of slurry pipe jacking is established.
+e main difference from the existing method is that this method takes into full consideration the influence of lubrication, soil
properties (such as internal friction angle, cohesion, and void ratio), and design parameters (such as buried depth, overcut, and
pipe diameter). By using reasonable silo models, the predicted results are in good agreement with the measured values collected
from 10 in situ cases, which proves that the new approach can provide accuracy prediction of friction resistance for slurry pipe
jacking with various soil conditions, and it may help for better future design and less construction costs.

1. Introduction

Pipe jacking is defined as a trenchless excavation technique
which employs hydraulic jacks to push specially made pipes
through the ground behind a jacking machine, from a drive
shaft to a reception shaft. Due to its short time limit, high
security, low environmental effect, and little traffic distur-
bance, it has been widely used in the construction of in-
frastructures of the traffic and transportation system in the
city [1, 2]. In pipe jacking, the jacking force is a critical factor
that determines the thickness of pipe and reaction wall, type
of jacking machine, and lubricant requirements, which is
directly related to the structural safety and construction cost.
Friction resistance is the main component of jacking force.
Application of lubricant such as bentonite slurry in pipe
jacking (that is, the so-called “slurry pipe jacking”) is es-
sential to reduce the friction resistance and therefore the
jacking force [3, 4]. However, it does make it more complex

for the calculation or prediction of friction resistance due to
the change in contact conditions between the pipe and soil.

At present, the main calculation methods of pipe jacking
friction resistance can be divided into the following three
categories: First, evaluating from construction experiences;
for example, China standard GB50268 suggests the average
friction resistance to be 3–5 kPa for slurry pipe jacking.
Second, to calculate by multiplying a friction coefficient by
the earth pressure [5, 6]. +is method for the calculation of
Earth pressure assumes that the excavated bore is unstable,
and the surrounding soil is in full contact with the whole
area of the jacking pipes. +ird, the same form with the
second one but using the weight of the pipe or the value of
the weight of pipe divided by the contact width instead of the
Earth pressure. And the Hertzian contact model is usually
used to calculate the contact width [7, 8]. +is kind of
method in turn assumes that the excavated bore is stable, and
the pipeline simply slides along the bottom of the bore due to
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its own weight. For the later two methods, the friction
coefficient is also evaluated by experience; for example, Stein
suggested it to be 0.1–0.3 [9]. Some other authors argued that
it can be determined by the tangent of the interfriction angle
of soil φ or φ/2 or φ/3 or an angle between them [5, 7, 10, 11].

However, the field monitoring results of 12 related
projects (see in Table 1) show that the measured friction
resistance is 0.5–5 kPa (conversion of Ff/(πDp) is re-
quired), most of which are less than 3 kPa or even more
than half of which are less than 2 kPa. +ere seems that the
suggested value in Chinese standard GB50268 (3–5 kPa) is
conservative. Relevant authors used one or more of the
above calculation models to predict the friction resistance,
and most of the results showed that the measured friction
resistances were less than the predicted values of the
second type model [5, 6], but larger than that of the third
type model [5, 7, 11]. +e reason may be attributed to the
total contact hypothesis of the second type model which
overestimates the contact area between the pipe and soil,
while the third type model is just the opposite for the
limiting contact angle of the Hertzian model which is only
30° [12]. In addition, the value of friction coefficient of pipe
soil not only fluctuates greatly and experience dominates,
but also depends entirely on soil property (internal friction
angle) and ignoring the importance of slurry (as discussed
later).

In fact, the factors affecting the friction resistance of
slurry pipe jacking are far more complex. Chapman and
Ichioka [13] counted 47 in situ cases and found that the
frictional resistance along the pipe run (Ff/(πDp)) (kPa) is
positively correlated with pipe diameter. In addition, Pellet-
Beaucour and Kastner [5] analyzed 6 cases and found that
friction resistance is also related to the overcut (or radial
clearance), stoppages, and the size of soil particles (or void
ratio). According to Terzaghi’s silo model (5) [5], the soil
pressure has no correlation with the pipe diameter, overcut,
or soil void ratio. If the calculation result of soil pressure is
reliable, it can be argued that the effective friction coefficient
is also affected by these factors.

+erefore, based on the basic principle of tribology and
together with the existing silo models and Persson contact
model, a new method suitable for calculating the friction
resistance of slurry pipe jacking is established in this paper. It
can not only reflect the lubrication effect of slurry, but also
comprehensively reflect the influence of redial clearance (or
overcut), pipe diameter, soil void ratio, etc., on friction
resistance.

2. Calculation Method of Friction Force for
Slurry Pipe Jacking

In tribology, friction force can be uniformly expressed by
multiplying a friction coefficient by the vertical force acting
on the surface of an object [5, 7]:

Ff � μ · N. (1)

For slurry pipe jacking, μ is the effective friction coef-
ficient due to the interaction of soil, lubricant, and the pipe

and N is the total normal force acting on the pipe of unit
length, under the assumption of plane strain, kN/m. It is not
easy to calculate μ and N. Authors and engineers often suffer
from two basic problems that which one of the silo models to
use and how to determine the value of μ. Particularly, for the
second one, as far as the author can know, there seem no
good enough calculation formulas or methods to use for
slurry pipe jacking.

2.1. Calculation of N. If σn represents the normal stress
acting on any point of pipes (see in Figure 1), together with
the symmetry of the geometry of the problem, the total
normal force N acting on the external surface of the pipe
per unit length can be uniformly expressed as an integral
form:

N � 2􏽚
π/2

− π/2
σn

Dp

2
dθ, (2)

whereDp is the external diameter of pipes and θ is defined as
the angle between the corresponding radius line and the
horizontal line at each point of the pipe, positive for
counterclockwise and negative for clockwise (see in
Figure 1).

In general, the surrounding earth pressure can be de-
scribed by the vertical earth pressure σv and lateral earth
pressure σa. It is therefore that the normal stress σn can be
expressed as (see in Figure 1)

σn � σv sin θ + σa cos θ. (3)

Substitute (3) in (2), giving that

N � 2σvDp. (4)

As known from (4), the normal force N should only be
related to the magnitude of vertical soil stress σv acting on
the pipe crown. It has to be noted that at the present time by
far the most commonly used model for soil pressure cal-
culation is Terzaghi’s silo model [5, 7]. Terzaghi’s theory
assumes that the ground above the excavated tunnel is
settling along two vertical planes. +ese displacements are
significant enough to produce sliding planes; see Figure 2.
+e formula of the vertical soil stress on the pipe crown is
given by [5]

σv �
bc − 2c

2K tan(δ)
1 − e

(− 2K tan(δ)·h)/b
􏼐 􏼑, (5)

where h is the height of cover at pipe crown, c is the unit
weight of soil, c is the soil cohesion, φ is the internal friction
angle of soil, δ is the friction angle between the pipe and
soil, K is the coefficient of soil pressure above the pipe, and
b is the influencing width of soil above the pipe ideal silo
width.

It is noted that when the height of cover above the pipe is
small (h< b), the “vault” effect of the ground, considered by
Terzaghi, is neglected and the whole Earth weight is taken
into account. By introducing a coefficient kwhich represents
the “vault” effect of the ground, the vertical stress at the pipe
crown σv can also be rewritten as
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σv � kch,

k � 1, h< b,

k �
1 − e(− 2K tan(δ)·h)/b

2K tan(δ)

b

h
−
2c

ch
􏼠 􏼡, h> b.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(6)

+e k coefficient is a constant below one. +e larger k is,
the larger the “vault” effect of the ground will be.

Even though the Terzaghi silo model is widely accepted
by the authors from all over the world, but for the deter-
mination of empirical parameters (such as b、δ, and K),
authors are divided. +e most representative modified
model is that proposed by UK PJA (Pipe Jacking Associa-
tion), which assumes another boundary planes of these
wedge failures based on Terzaghi/Houska formula; see in
Figure 2. And this modified model is also accepted by
Germany Standard ATVA 161 but assumes a constant value
for the angle of internal friction of 30°. It is obvious that the
modified model has a smaller b, leading to a larger value of k
(or in other wards it weakens the “vault” effect of soil). So the
Earth pressure calculated by the modified model is generally

larger than that calculated by Terzaghi’s initial silo model.
+e rules to calculate the three parameters, for the three
models, were summarized by Pellet-Beaucour and Kastner
[5], as given in Table 2.

Specifically, comparison of vertical stresses calculated
according to the three different models had been done by
Pellet-Beaucour and Kastner. He figured out that the vertical
stresses calculated by ATVA 161 model is the largest, while
that calculated by Terzaghi initial model is the smallest.
However, it is still not convincing to pick out a model to use
without checking out with the field data. +is work will be
carried out in Section 3.

2.2. Calculation of μ. At the present time by far, the friction
coefficient is usually considered to be a constant, which can
be expressed as [5, 6, 10, 12, 14]

μ � tan(δ). (7)

It is generally accepted that δ �φ for the calculation of
static friction and δ �φ/2 for the calculation of kinematic
friction [6, 14]. But for slurry pipe jacking, the determination
of δ varies from person to person; for example, Barla et al.
[12] suggest δ to be between φ/2 and φ, and Pellet-Beaucour
and Kastner, Stein et al. [5, 10] suggest δ to be between φ/3
and φ/2, depending on the roughness of the pipe-soil in-
terface and the amplitude of motion. As we have discussed
above, the range of values seems too large to determine and
more importantly the effect of lubrication is absolutely
neglected.

In slurry pipe jacking, the use of slurry changes the
contact conditions between soil and the pipe. In design
philosophy, the overcut should be completely filled with
slurry to reduce the friction resistance for maximum effi-
ciency, with no interpenetration or interpenetration ter-
minates in a short time, creating a “filter cake” layer around
the cavity and then pressurized to the support pressure
required for the soil (see in Figure 3(a)) [15]. In this case, the
friction force is only related to the friction coefficient be-
tween slurry and the pipe. However, the more general case is
that the excavated bore is stable and part of the pipe in-
evitably comes into contact with soil (see in Figure 3(b)) [3].
+e reasons for the occurrence of pipe-soil contact are
complex, such as the design and control of grouting amount
of slurry, jacking speed, pipeline deviating from the intended
line and level, irregular deformation of the surrounding soil,
and interpenetration between the soil and slurry. In such a
case, the accurate calculation of friction force should take
into account contact position, value of contact angle (or
width), and contact force. However, for various reasons
listed above, it seems impossible and unnecessary to cal-
culate these quantities in a target section of the pipeline. If
we focus on the final contact state of pipe soil slurry by
ignoring the various factors that lead to it and taking the
whole pipeline into consideration, this problem can be
greatly simplified by introducing some basic hypotheses:

(i) Contact can occur at any position of a section of the
pipeline with the same probability

σa σa

σa

σn

σs

σv
Dp

σv

σn

θ

θ

dθ

Figure 1: Earth pressure and the normal stress acting on the pipe.

b/2 = De/2 + De tan(α) b/2 = Dp/2 tan(β)

Terzaghi Terzaghi/Houska

α = π/4 – φ/2
β = π/4 + α/2

h

Dp

α

α

α

β

Figure 2: Boundary planes of wedge failure. Terzaghi and Terzaghi/
Houska silo model.
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(ii) +e occurrence of contact does not significantly
change the soil pressure in the contact area

(iii) +e interpenetration between slurry and soil is
quasistatic, and that does not change the geometric
structure of soil

(iv) After the slurry injected and filled up the overcut,
the slurry pressure can be redistributed and bal-
anced with the soil pressure

Hypotheses (i) and (ii) exactly eliminate the influence of
contact position and contact force on the effective friction
coefficient. Hypothesis (iii) is for careful consideration; in
fact, it will not have a significant impact on the final cal-
culation result.

Generally, the friction force of slurry pipe jacking Ff can
be divided into the pipe-soil friction force fs and the pipe-
slurry friction force fm:

Ff � μN � fs + fm, (8)

fs � μsNs, (9)

fm � μmNm, (10)

where μs(� tan(φ/2)) is the coefficient of kinematic friction
between soil and the pipe [6], μm is the coefficient of ki-
nematic friction between slurry and the pipe, its value can be
taken as 0.01 [16], and Ns and Nm are the total normal force
acting on the pipe in the pipe-soil and pipe-slurry contact
area, respectively.

According to hypothesis (i), we have the following
equations:

Ns �
Bs

C
N �

ε
π

N, (11)

Nm �
Bm

C
N, (12)

where C is the external circumference of pipe, Bs and Bm are
the width of contact area between soil and the pipe and that
between lubricant slurry and the pipe, respectively, and ε is
the semiangle of contact (as see in Figure 4). It is noted that
the value of ε is roughly supposed to be π/3 for any for-
mation [6]; however, there is no evidence to support this
conclusion.

By substituting (9)–(12) into (8), after some algebra, the
expression of the effective friction coefficient μ can be
written as

μ � μsλs + μmλm,

λs �
Bs

C
�
ε
π

,

λm �
Bm

C
.

(13)

According to hypothesis (iii), the relation between Bm
and Bs can be expressed as

Bm � C −
Bs

1 + e
, (14)

where e is the void ratio of soil.

Table 2: Summary table of assumed model parameters.

Terzaghi (Japan) ATVA 161 (Germany) PJA (UK)
B Dp(1 + 2 tan((π/4) − (ϕ/2)))

�
3

√
Dp Dp tan((3π/8) − (ϕ/4))

Δ φ φ/2 φ
K 1 0.5 (1 − sin ϕ)/(1 + sin ϕ)

Pm

(a)

P

Pipe-soil contact

(b)

Figure 3: +e contact state of pipe soil slurry: (a) the ideal state; (b) the general state.
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By substituting (9) and (10) into (8), after some algebra,
(12) can be further rewritten as

μ � μs

ε
π

+ μm 1 −
ε

π(1 + e)
􏼠 􏼡, (15)

From (15), the key to calculate the effective friction co-
efficient μ is to calculate the width (or angle) of contact. It has
to be noted that at the present time by far themost usedmodel
is the Hertz contact model [7, 8].+e contact width is given by

Bs � 1.6 PkdCe( 􏼁
1/2

, (16)

kd �
DcDp

Dc − Dp

,

Ce �
1 − v2p

Ep

+
1 − v2s

Es

,

(17)

where Dc and Dp are the internal diameter of cavity and
external diameter of pipe, respectively, vp and vs are Poisson’s
ratio of the pipe and soil material, respectively, Ep and Es are
the elastic modulus for pipe and soil material, respectively,
and P is the external force acting on the center of the pipe. If
the excavation cavity is stable, the pipe is in contact with the
cavity at the bottom due to its own weight, and P is equal to
the weight of pipe per unit length [5, 7]. For slurry pipe
jacking, according to hypothesis (ii), P is approximately equal
to the total Earth pressure at contact area; it then gives

P �
ε
π

N. (18)

Hertzian model provides a simple way for the calculation
of the width of contact; however, the Hertzian contact
problem is approached only when the applied force is small
or the large radial clearance is large, and the limited angle of
contact is smaller than about 30° [12]. Due to the technical

limitations, most of the pipe jacking projects encounter clay
or sandy soils with small radial clearance; it is therefore that
the applicability of Hertz contact model is extremely limited
here. Actually, the Hertz contact model is just a special case
of the Persson contact model with a small contact width (or
angle) [12]. If a large possible contact angle (larger than 30°)
happens, the more general contact model proposed by
Persson should be taken as the first consideration. For
simple, the approximate form for the contact angle relation
put forward by Michele and Paolo [17], from Persson model,
is used in this paper. +e expression is given by

π(α + 1)EpΔR
1 − v2p􏼐 􏼑P

�
(α − 1) ln ξ2 + 1􏼐 􏼑 + 2ξ4􏽨 􏽩 + 2

ξ2 + 1􏼐 􏼑ξ2
− 4β,

(19)

ΔR �
Dc − Dp

2
,

ξ � tan
ε
2

􏼒 􏼓,

η �
Ep

Es

1 − v2s
1 − v2p

,

λ �
1 − 2vp

1 − vp

− η
1 − 2vs

1 − vs

,

α �
1 − η
1 + η

,

β �
λ

2(1 + η)
.

(20)

As comparison with (16), (19) is a more complex non-
linear equation. It can be further simplified with respect to
the actual situation that the elastic modulus of soil Es is much
smaller than that of pipe Ep (the difference between the two
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Figure 4: Contact model and symbols used.
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is usually three orders of magnitude). +us, from (20), the
value of auxiliary variable η should be very large, and the
approximate relations can be obtained as

π(α + 1)Ep

1 − v2p􏼐 􏼑
≈

2πEs

1 − v2s( 􏼁
,

α ≈ − 1,

β ≈
1 − 2vs

2 1 − vs( 􏼁
.

(21)

Using (21), (19) is simplified as

πEsΔR
1 − v2s( 􏼁P

+
1 − 2vs

1 − vs

�
1 − ln ξ2 + 1􏼐 􏼑 + 2ξ4􏽨 􏽩

ξ2 + 1􏼐 􏼑ξ2
. (22)

Together with (5), (15), (18), and (22), the contact angle
2ε, the effective friction coefficient μ, and the friction force Ff
now can be uniquely identified. Apparently, the effective
friction coefficient here is not just related to the interfriction
angle of soil φ but the other soil parameters (Es, vs, and e) and
design parameters (h, Dp, and ΔR). +at is to say, for a
specific pipe jacking project, the effective friction coefficient
is probably not a constant for the complex geological
conditions.

3. Comparison between the Predicted Friction
and the Measured Friction

Ten slurry pipe jacking projects with 12 measured data were
collected from literature [5–7, 18, 19], to check with the
predicted result of the model. +ese projects encountered
some representative soils such as sandy clay, silt, sand and
gravels. Also, they have different overburden depth of
5–12m, radial clearance of 0–30mm, and pipe diameters of
0.5–4.14m (see in Table 3). In particular, Cases 11–12 were
in the condition of water rich for passing through a river.
+ese characteristics of the projects provide good founda-
tion for evaluating the capability of the model.

Some parameters that needed to calculate the predicted
equations were not given in the literature. So the values of
geological parameters involved in the new model (taken
from the Geological Engineering Handbook [20]) are
summarized in Table 4. In principle, during the calculation,
the parameters given in the in situ case should be used, and
the missing parameters can be selected from Table 4.
+erefore, the parameters in each case were finally deter-
mined and summarized in Table 3.

Frequently, some parameter given is a value range, rather
than a specific number. +ereby, it faces a problem of pa-
rameter combination to calculate the maximum and min-
imum friction force. Accordingly, the relationships between
various parameters and the calculated friction force were
studied first by single-factor analysis; the results have been
shown in Table 5.

In Table 5, the symbol “+” indicates that the relationship
between the two is positively correlated and the symbol “− ”
indicates that they are negatively correlated. When the

maximum friction force is to be calculated, the quantities of
negative correlation should be the minimums, while the
quantities of positive correlation should be the maximums.
And for the calculation of minimum friction force, the
opposite is true.

In Table 1, for each of the drives, measured frictional
force values are presented and compared to values cal-
culated by the three approaches of Terzaghi’s initial
model and the two modified models. One can see that
most of the in situ results are included in the predicted
range of values calculated by PJA (UK) and AVTA
(Germany) model, respectively, suggesting that both of
them are capable of accurately calculating the friction
resistance of slurry pipe jacking. And the frictions cal-
culated by AVTA (Germany) model are slightly larger
than that calculated by PJA (UK) model, which is
explained by the different parameters b, K, and δ used
(see in Table 2).

Despite overall poor performance (much smaller pre-
dictions) for Terzaghi’s initial model, it makes even better
predictions in Cases 11–12 (especially in Case 11) which
drive under a river. It may indicate that, in the condition of
water rich, the boundary planes of wedge failures (a bigger b)
assumed by Terzaghi are more consistent with the actual
situation.

+e calculation results of the contact angle and the
corresponding effective friction coefficient in each case are
also given in Table 1. According to the calculation results,
the friction coefficient of slurry pipe jacking may be
0.01–0.16, which is almost the same as the result 0.03–0.13
acquired by backcalculation with Terzaghi initial silo model
[5]. Special Case 5 is with radial clearance ΔR� 0, which
makes the calculated contact angle as high as 130°, indi-
rectly leading to a large friction coefficient of 0.16. Apart
from this case, most of effective friction coefficients vary
between 0.02 and 0.1.

It is noted that Case 4 and Case 5 have almost the same
geological conditions and design parameters except for
the radial clearance (Case 4 is 20mm and Case 5 is 0mm).
And the calculated friction in Case 5 is consistent with the
measured value, while that in Case 4 is much smaller (see
in Table 1). However, if we reset ΔR in Case 4 as 0, using
ATVA model, the recalculated friction is 7.48–10.48 kN/
m, which is then consistent with the measured value
(9.55 kN/m). One explanation is that the amount of
grouting in Case 4 may be insufficient, causing the soil
relaxation, and fill the whole annular space. Another more
plausible explanation here is that, in sand and gravels with
large voids, the injected slurry soon penetrates into the
soil accompany with pressure dissipation, and the soil
then comes into full contact with the pipe. In addition, the
calculation of Case 10 with similar strata (drive in sand
and gravels under a river) does not encounter the same
problem as that in Case 4. It suggests that, under the
condition of water rich, volts in soil are completely filled
with water, so the interpenetration between the injected
slurry and soil does not occur notably; thereby, the
pressure of the injected slurry is sufficient to keep the
annular space open and stable.
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4. Conclusions

+is paper presents a new method for the calculation of
friction resistance for slurry pipe jacking. Good predictions
were made in 12 in situ cases with various soils and design
parameters. +e following conclusions in the calculation can
be drawn:

(1) In most cases, assuming a big influencing width of
soil above the pipe of Terzaghi initial silo model leads
to an underestimation of the soil pressure, and the
modified models proposed by PJA (UK) and ATVA
(Germany) seem more realistic. And under the
condition of water rich, Terzaghi initial silo model
performs even better, which may need more cases to
check out.

(2) +e effective friction coefficient for slurry pipe
jacking, taking the approach of ATVA model for
example, is mostly ranging from 0.02 to 0.1,
depending on the contact state of pipe soil slurry,
which is not only affected by geological parameters,
but also closely related to design parameters, such as
buried depth, pipe diameter, and radial clearance
(overcut).

(3) +e overcut of design determines the volume of
injected lubricant slurry; its value has a significant
influence on the effective friction coefficient and
therefore the friction resistance. In some strata such
as sand and gravels, the injected slurry may not
create a screen to keep the excavated bore stable. In
this case, the effect of overcut can be underestimated
or even ignored to get a better prediction result.

Abbreviations

Ff: Friction force per meter length drive
μ: Effective friction coefficient for slurry pipe jacking
μs: Soil-pipe friction coefficient

μm: Slurry-pipe friction coefficient
N: Normal force due to ground pressure acting on pipe
σn: Normal soil stress acting on any point of pipes
σv: Vertical soil stress
σh: Horizontal soil stress
Dc: Internal diameter of cavity
Dp: External diameter of pipe
b: Influencing width of soil above the pipe ideal silo width
c: Soil cohesion
φ: Inner friction angle of soil
δ: Soil-pipe friction angle
c: Unit weight of soil
e: Void ratio of soil
K: Coefficient of soil pressure above the pipe
k: Terzaghi coefficient which represents the “vault” effect

of the ground
h: Height of cover at pipe crown
ε: Semiangle of contact area
Bs: Width of contact area between the pipe and soil
Rc: Internal radius of cavity
Rp: External radius of pipe
ΔR: Radial clearance (or overcut)
Ep: Elasticity modulus of pipe
Es: Elasticity modulus of soil
vp: Poisson’s ratio of pipe
vs: Poisson’s ratio of soil
P: External load applied at the center of the pipes.
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