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Abstract

The foundation soil will move under the action of ground building, which generates large additional stress on burial pipe-
line. If the stress exceeds the yield strength of pipeline, the pipeline will be destroyed. In order to analyze the influence
of ground building on buried pipelines, theoretical and numerical method are used to analysis stress and deformation of
pipeline. The research results show that ground building has a significant impact on the adjacent soil. The softer the soil
is, the greater the internal stress within the soil will be. The effects of distance between pipeline and ground building on
stress and deformation of pipelines are researched, and stress and deformation of pipelines subjected to the moving
ground building are investigated. The analysis results have deeply understanding of ground building on the adjacent pipe-

lines, and it has guiding significance for the construction of pipelines.
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Introduction

With development of economy, more and more build-
ings are constructed on the ground. Because some
builders have not find out the location of underground
pipelines, and the construction of ground building has
caused frequent oil and natural gas pipeline safety acci-
dents, which not only has an effect on continuous sup-
ply to oil and natural gas users, but also causes great
harm to safety and property of residents.' According to
statistics, about 30% of pipeline accidents are caused
by ground construction every year.” Pipelines is mostly
burial depth within a few meters, and field laying is
shown in Figure 1. Due to influence of ground building
construction, original stress balance of soil is destroyed.
The deformation of foundation will squeeze buried
pipelines, and it will affect safe operation of pipelines if
the deformation reaches a certain extent.

At present, there are many factors to pipe failure.
Uneven settlement of foundation is the most important
factor causing destruction of buried pipelines.’?

Especially for soft soil foundation, it is unstable, and
the lateral deformation of foundation causes great
additional stress to pipelines due to extrusion of ground
building. If the additional stress of pipelines in one
direction increases, the pipe will be crushed causing the
pipe failure as shown in Figure 2.

Some scholars have done a lot of research on influ-
ence of external load on foundation. Goh et al. analyze
influence of ground load on pile foundation by numeri-
cal analysis method.* Chai and Carter derived closed
equation to calculate the lateral displacement causing
by cement column installation based on cavity expan-
sion theory, and proposed an empirical formula
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Figure 1. Pipe laying on site.

Figure 2. Additional load of the ground causes pipeline failure.

considering plane strain effect causing by single row
piles.” These researches mainly focus on the influence
of ground building on pile foundation, and the length
of pile foundation is a range of depth, which is different
with oil and natural gas pipeline.

Regarding research of pipe mechanics, little research
has been done on the effects of ground building to pipe-
lines. Guo and Wei use finite element method to ana-
lyze the transmission of semi-elliptical cracks inside
pipeline.® Zhang et al. analyze the influence of explo-
sion load on oil and natural gas pipeline, and the influ-
ence of explosion location and height on pipeline is
analyzed.” Chattopaddhyay and Tomar based on the
small strain finite element method of elastic-plastic
materials, the ultimate load of weld between elbow and
straight pipeline is given.® These researches focused on
the impact of other loads on pipe, and it didn’t consider
the impact of ground building construction on adjacent
pipeline. Beben and Steliga presented methods of

prevention through the use of corrosion inhibitors in
crude oil and natural gas transmission pipelines.’
Badida et al. analyze the probability of pipeline failure
by Fuzzy Fault Tree Analysis with expert elicitation.'®
These researches didn’t consider the influence law of
soil deformation, and it didn’t analyze the relationship
between pipeline deformation and the distance between
pipeline and ground building.

In this research, the influence of ground building on
adjacent soil is analyzed by theoretical and numerical
method. The influence of ground building on the adja-
cent oil and natural gas pipeline is analyzed. The analy-
sis of the influence of ground load on soil has a deeply
understanding, and it has certain guiding significance
for construction of pipeline laying.

Theoretical research of ground load to
pipeline

The influence of ground building on pipeline is related
to foundation soil properties, the shape of ground
building section, and the distance of pipeline from
stowage. In this analysis, it is assumed that the section
shape of ground building is trapezoidal to analyze the
influence of trapezoidal load on adjacent pipeline.

Soil displacement

The soil material is elastic-plastic material, and there is
cohesion and mutual friction inside soil. If the external
load produces additional stress less than connection
strength of soil, the soil only elastic deformation, and
when the external stress is greater than connection
strength of soil, the relative slip will occur, and the soil
will be plastic deformation. In the plane analysis of soil,
according to Mohr-Coulomb criterion, the limit condi-
tion that soil does not failure is as follows:

oy <c + pghtan ¢ (1)

o, = Horizontal additional stress, Pa;

¢ = Cohesion of soil, N;

p = Soil density, kg/m?;

h = Burial depth of soil, m;

g = Gravitational acceleration, kg m/s%;
¢ = Internal friction angle of soil, °.

Taking a single soil unit as research subject, the force
of soil unit on the plane is decomposes into vertical and
horizontal direction. According to formula (1), the ulti-
mate stress curve of soil can be drawn. According to
Mohr-Coulomb criterion, if the Mohr circle of soil unit
does not exceed the ultimate stress curve of soil, it is
considered that the soil only undergoes elastic deforma-
tion. If Mohr circle is tangent to the ultimate stress
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Figure 3. Mohr circle and ultimate stress curves of soil before
and after loading.

curve, the soil will failure. The soil Mohr circle and ulti-
mate stress curve are shown in Figure 3.

Taking the whole foundation soil as the research
subject, if the load section is trapezoidal, according to
the theory proposed by Zeng, the lateral displacement
of any point M(x, y, z) below the foundation can be
obtained'":

3pz
=(K; + K, + K 2
u= (K 2 3)47TE (2)
L m+ 1+
K= I m =iy
B B (m + l)z-i-n2
I’l*Z/aKzfz—man

m+1

—2n [arctan — arctan m]’ m =f2/b, n =72
n
(m + 1)* + n?
m? + n?
m+ 1

Ks=(m+ 1)In

m
+ {Zn arctan — arctan —} , m :f3/a, n=71,
n

n

p = Additional stress, Pa;
E = Elastic modulus, Pa;

The above dimension parameters are shown in
Figure 4.

Due to the influence of ground building, the founda-
tion soil will generate additional stress and settlement
deformation at any point. The additional load is trans-
mitted to the pipeline through the foundation soil, and
additional load and horizontal thrust are generated
around the pipeline, and the pipeline generates addi-
tional stress and displacement. Due to the different dis-
placements of soil and the unloaded soil the side of the
ground building, the pipeline will produce a certain

bending moment due to the displacement of foundation
soil.

Soil stress around pipelines

Due to small cohesion and friction angle of soft soil,
the soil is easy to move laterally under the ground
building, which causes pipelines to move along with
soil, and the additional load around pipelines increases.
Assuming that the lateral compressive stress under the
ground load on the foundation is P (P-including initial
stress and additional stress caused by the ground build-
ing), the total lateral compressive stress at any point
below the foundation can be expressed as follows:

P =p(z) + Kyyz (3)

In the vertical direction, the compressive stress of soil
at any point can be expressed as follows:

q="z (4)

p(z) = External additional load, N;
Ky = Coefficient of lateral compressive stress of soil,
Ky =1 —sin ¢, ¢ = friction angle;
v = Soil density, kg/m?;
z = Buried depth, m.

Under the ground building, the vertical stress of
pipeline is calculated by integrating the Boussinesq
stress solution at any point in the foundation'*:

3 3 pptb pxpta 1
qv = — EJ J —5 dxdy (5)
2 b Jx,—a R

Additional stress in horizontal direction:

3p Vp T b pxp ta
o2l ]

2m yp=b Jxp—a
)é . 1—2u RZ—Z(R+Z)_y2(2R+Z)
RS 3 R(R+z)  RR+z)P

(6)

Where, R2 = (x — xo)* + )* + 2%

According to the formulas (3), (4), (5), and (6), addi-
tional stresses of soil can be obtained in vertical and
horizontal direction. Since most of buried pipeline are
shallower and the ground plane belongs to free surface.
If the additional stress is large in vertical direction, the
extrusion will cause the pipeline to rise upwards. The
horizontal additional load acts on the pipeline, and the
pipeline will horizontal movement following with soil.

Pipeline mechanical model

The pipeline affected by the ground building is inter-
cepted at the junction with other unaffected pipeline,
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Figure 4. Influence of ground stowage on oil and gas pipeline.

and the mechanical analysis of the pipeline is carried
out. The mechanical model of pipeline is shown in
Figure 5. Additional load acting on pipeline is equiva-
lent to the transverse uniform load ¢, and the shear
force of pipeline end is Q. The bending moment is M,
and the axial load is F (F is related to the influence
length of the load disturbance pipeline and the friction
coefficient between pipe and soil).

The pipeline is equivalent to a longitudinally and
transversely curved elastic foundation beam model sub-
jected to axial force. According to the Winkle elastic
foundation model, the deflection equation of pipeline
can be obtained:

2
EI%foFY-i-%qufo:O (7)

EI = Stiffness of pipeline;

g = Uniform load acting on pipeline, N;

F = Axial force, N;

M = Bending moment of pipeline section, N m;

O = Shear force of pipeline section, N.

Under the action of uniform load ¢, the pipeline will
move laterally, and the axial force F will be generated
in the axial direction of pipeline. The size of F'is related
to the length of pipeline and friction coefficient w
between pipe and soil. The mechanical model is shown
in Figure 6.

o
ﬁL T

Figure 5. Mechanical model of the stowage acting on the
pipeline.

According to the above mechanical model, the axial
force is satisfied the continuity condition when affected
and unaffected buried pipeline:

F = wDuyzl (8)

D = Pipe diameter, m;
[ = Pipeline length of disturbance segment, m;
= Friction coefficient of pipe and soil.

In equation (8), the disturbance length / of the pipe-
line under the influence of lateral additional load is
unknown. The axial load at the contact position of the
two pipeline segments is F, and as the distance from the
load is further and further, and the axial force F is also
getting smaller and smaller, and the axial force F tends
to zero until the infinity. Obviously, the axial force F is
a function of the length / of pipeline. In the analysis,
the length / of the pipeline is divided into n segments,
each segment is //n, and the mechanical model for the
length of micro-pipeline is equivalent to a longitudin-
ally and transversely curved elastic foundation beam
with lateral load and concentrated load at both ends.
The mechanical model is shown in Figure 7.

The friction between micro-pipeline and soil is equiv-
alent to the concentrated force at both ends of pipeline,
and the concentrated axial force of each micro-pipeline
is as follows:

I
Pr=F—-q+
1 K (i=23....n 9)

Pi =P —(i— Daqil;

According to the Winkle foundation model, the
deflection equation of the pipeline can be obtained:

yi = (C1e* + Cre**) cos B;x

+(Ce™ + Cye ) cos Bx — LD

(10)
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Figure 7. Mechanical model of micro-length pipeline.

_ kD P; — kD P .
Where, a; = \/\/ig T a2 Bi = \/— Ve~ €

C,, C3, Cy-integration constant.
According to the continuity condition, the adjacent
pipelines satisfy:

Vilk=1, =Yi+1lk=0

dy; _dyi+a

ax:lif dx |x:0

d%y; dPyie i=1,2,.....n (11)
d2x|le’_ d*x lv=o

d’y; _ dyivy

T Ty ke

When the contact positions of the two pipelines of
length / and length L satisfy the continuity condition, it
can be obtained:

Vilk=0=Y]x=0

dyl dy

E}CZO = E|x=0

d*y, a2y (12)
d2x |x:0 = %|x=0

d3y1 _ d3Y

d3x |x:0 - ELCZO

y = the deflection of pipeline length /, m;
Y = the deflection of pipeline length L, m.

Deflection theoretical solution of the pipeline can be
obtained according to equations (7), (10), and

boundary conditions. For the stress of the pipe section,
the stress of the pipe section is analyzed by numerical
analysis method because of the different stresses at dif-
ferent pipe section positions.

Numerical calculation model

According to the field engineering practice, the finite
element analysis model of the influence of ground
building on adjacent oil and gas pipelines is established
by finite element method, and the model size is consis-
tent with the field, as show in Figure 8. The author
analyzes the influence of four different mesh sizes on
numerical model, and the analysis results show that the
error is 4.25% when the number of mesh is 690,000,
which meets the allowable requirements of the project.
The number of elements of 764,000 slow down the
computation. Therefore, the calculation model ele-
ments number is 690,000.

Selecting a construction site as an example, the
numerical calculation method is used to analyze the
impact of ground building on surrounding oil and gas
pipeline. The distance between the center of pipeline
and the edge of the ground building is 8 m, and the
foundations are clay (2-2), soft soil (2-2-1), round
gravel layer (2-4), and loose clay (4-3-2) respectively.
The thickness of the formation is 3.1, 3.5, 3.5, 149m
respectively, and the distance from the top of the pipe-
line to ground surface is 3.15 m. Model size and section
parameters are shown in Figure 9.
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512 0.43 17.15

587 0.52 1273

60 0.57 425

764 0.56 125

Figure 8. Model size and element sensitivity analysis.
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Figure 9. Section size of analysis model.

Through geological exploration, the material para-
meters of the formation can be obtained as shown in
Table 1.

There are three type of pipelines including product
oil pipeline, crude oil pipeline, and natural gas pipeline.
The diameters of the pipeline are 323, 813, and
1013mm respectively. The pipe material is elastic-
plastic material, and the pipe elastic modulus is
E =2.1e'"", Poisson’s ratio w =0.3. The pipe steel
grade adopts 1360, X60, and X80 respectively. The
pipe plasticity curve is shown in Figure 10.

The pipeline is divided into pressure pipeline and
non-pressure pipeline, and the pressure and the non-
pressure correspond to the pipeline operation and the
rest state respectively. The designed internal pressures
of product oil pipeline, crude oil pipeline, and natural

Table |. Formation material parameter.
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Figure 10. Pipe stress strain curve.

gas pipeline are 15, 12, and 10 MPa respectively. The
rectangular coordinate system is established with the
ground plane as the XY plane and the Z axis direction
perpendicular to the ground surface. The fixed con-
straint is adopted on the XY plane of the pipeline, and
the pipeline can move freely in the Z direction. The
boundary of the pipeline model is shown in Figure 11.

The thickness of the foundation below the ground
building is L, = 25m, the ground building is filled with
soil, the thickness of the filling is #; = 9m, and the
building edge is treated with slope, and the slope angle
is 30°. The numerical calculation model is shown in
Figure 12.

Layer Density (kg/m®)  Elastic modulus (MPa)  Poisson’s ratio  Friction angle ~ Cohesion (kPa)  Thickness (m)
2-2 Clay 1780 6 0.35 12 21.9 3.1

2-2-1 Soft clay 1710 4 0.28 I5 39.7 35

2-3-2 Silty clay 1890 7 8 29 35

2-4 Round gravel 2000 5 0.27 22 33 14.9

Filling 2000 7 19 21.2 9
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Figure 12. Numerical analysis model.
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Figure 13. Stress and displacement of foundation soil: (a)
displacement vector (m) and (b) stress nephogram (MPa).

In order to facilitate analysis, the influence of
extreme cases on the model is not considered. Model
assumptions:

(1) Isotropic elastic-plastic materials are used for
pipelines and soils;

(2) The contact property between the pipe and the
soil adopts limited slip, and the friction coeffi-
cient between the pipe and soil is 0.3'%;

7 Distance(m)
A5 030, o, 033 040 045 050

z\\\

Figure 14. Displacement of soil at different distance from the
stowage.

—m— 36m-Distance-Theory
—&— 36m-Distance-Simulation
—a&— 18m-Distance-Theory
—%— 18m-Distance-Simulation
—4— 9m -Distance-Theory
—<4— 9m -Distance-Simulation

Burial depth (m)

(3) The stratum material is evenly distributed in the
horizontal direction.

Analysis result

Pipeline mechanics model

Due to the influence of the ground building, the stress
and the displacement of the foundation soil change,
and the displacement vector diagram and stress cloud
diagram of the foundation are shown in Figure 13.

Due to the ground load extrusion, the soil in front
of the ground building moves horizontally, and the soil
under the building moves vertically. The maximum dis-
placement of the soil below the building is 0.3 m, and
the soil in front of the building moves laterally. The lat-
eral displacement is 0.2 m. The stress under the ground
building is the largest, and the maximum stress is
0.6 MPa.

Regardless the influence of the pipeline on the soil,
the displacement curve of the soil with different dis-
tance from the ground building is analyzed as shown in
Figure 14.

Through the analysis of the Figure 14, it is found
that the closer the soil is to the ground building, the
largest the soil displacement, and the most affected by
the ground building. The displacement of the soil with
buried depth range of 5-20 m is the largest, and the dis-
placement of soil with depth 0—5m and more than 20 m
is less varied. The maximum error between numerical
and theoretical results is 13.79%. Due to limitation of
numerical calculation model, numerical calculation
result is slightly smaller than theoretical calculation
result, but the error is within the engineering allowable
error range (<25%).

The soil stress with different buried depth is ana-
lyzed, and the equivalent stress of soil is considered.
The equivalent stress is calculated, and the equivalent
stress curves of soils with different distances from
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Figure 15. Different buried depth soil stress.
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Figure 16. Displacement curve of pipeline.
Pipel — product oil pipeline; Pipe2 — crude oil pipeline; Pipe3 — natural
gas pipeline.

building and different buried depths can be obtained as
shown in Figure 15.

Through the curve analysis found that the equivalent
stress of soil is the largest in the soft soil with depth
range of 3—7m. The soft soil stratum stress is obviously
larger than other strata, and the stress of other stratum
is relatively small. In the actual process of laying pipe-
line, the 3—7m range is also the buried depth of pipe-
line. Therefore, the impact on the pipeline is the largest.

Pipeline displacement. During process of oil and gas
transportation, pipeline transportation adopts pressure
transportation. Under the action of ground building,
the pipeline displacement curve is shown in Figure 16.
Through curve analysis found that the displacement
of the nearest product oil pipeline from the ground
building is the largest, reaching 125mm. The

displacement of the natural gas pipeline farthest from
the ground building is only 97.5mm. The displacement
of the crude oil pipeline is 115 mm.

Pipeline stress. As the ground building squeezes the
foundation soil, the soil around the ground building
moves laterally, generating larger additional stress in
horizontal direction to pipeline. The stress curve of
pipe section is shown in Figure 17.

In the circumferential direction of the pipeline, the
stresses of the pipeline are not much different in the ini-
tial state. Due to the influence of the additional stress
to the pipeline, the horizontal stress of the pipeline
becomes larger, but the stress in the vertical direction
of the pipeline does not change much.

In actual project, it is more concerned with the aver-
age stress variation in the pipe axis direction due to
influence of the ground building. Selecting a path along
the axis of the pipeline to analyze the pipeline stress
curve due to impact of the ground building. The stress
curve of the pipeline before and after construction of
the ground building is shown in Figure 18.

Through curve analysis found that the stress of crude
oil pipeline is the largest, and the initial stress of crude
oil pipeline reaches 302 MPa. The stress of crude oil
pipeline reaches 320 MPa after the action of ground
building. The initial stress of natural gas pipeline is
283 MPa, and the stress after ground building construc-
tion reaches 296 MPa. The product oil pipe has the least
stress, and the initial state stress is 225 MPa, and the
stress reaches 230 MPa after ground building.

Disturbance analysis from the pipeline

According to Figure 6, considering the influence of the
lateral length L of the pipeline on the adjacent pipeline
due to lateral movement, it is assumed that the length
of the affected pipe is /, and the length of the pipeline /
is related to the friction coefficient and the distance of
the pipeline from the ground load. The pipe section at
infinity far from the ground building satisfies:

M=0

Ty = C }
M = Bending moment of pipe section, Nm;
Ty, = Shear force of pipe section, N; C is a constant.

In order to analyze the influence of pipeline move-
ment on adjacent pipeline, a full-scale model of the
influence of load on pipelines is established. The model
considers the influence of load on adjacent pipeline.
The numerical analysis model is shown in Figure 19.

Due to the influence of the ground building, the
pipeline moves laterally and the pipeline extends in the
axial direction, resulting in the axial stress variation of
the pipeline. Take a point on the surface of the pipe,

(13)
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Pipel — product oil pipeline; Pipe2 — crude oil pipeline; Pipe3 — natural gas pipeline.
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Pipel — product oil pipeline; Pipe2 — crude oil pipeline; Pipe3 — natural
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Figure 19. Numerical analysis model of stowage extrusion
pipeline.

and the stress variation curve along the axis of the pipe-
line is shown in Figure 20.

According to the curve analysis results, the adjacent
pipeline is pulled, and the other end is pressed after the

Figure 20. Axis stress variation curve of the pipeline (Pa).

pipeline moving. At a certain junction position of the
pipeline, the axial stress of the pipeline is zero. The axial
stress of the pipeline is equal in front of the building,
and the pipelines at infinity are approximately equal.

Due to the lateral pushing of the additional load,
the shear stress of the pipeline at the end of the ground
building will occur. The shear stress curve along the
path of the pipe is shown in Figure 21.

For pipes are not affected by the ground building,
the shear stress of the pipe section tends to be constant.
In the curved part of the pipeline, the shear stress of the
pipe section changes greatly.

The bending moment of the pipe section along a
path is shown in Figure 22.

Through the curve analysis found that the pipe sec-
tion bending moment in front of the ground building,
and the pipeline far away from the ground building is
small, which is approximately 0. The bending moment
of the pipe is large at the end of the ground building.
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Figure 21. Shear stress of pipe along the path of pipeline axial
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Figure 22. Bending moment change curve of pipe (N m).

The bending moment of the pipe approximate to 0 at a
certain point of the curved part of the pipeline.

Conclusions

Through theoretical analysis, the calculation formula
of the additional stress of the pipeline is obtained, and
the displacement solution of the pipeline due to influ-
ence of the ground building is obtained. Combined with
field construction, a numerical calculation model for
the influence of the ground load on pipeline is estab-
lished. Through the analysis, the following conclusions
can be drawn:

(1) Ground building at a height of 25m only affects
the soil within a distance of 45m from the edge
of ground building. The soil within a depth of
20m is greatly affected by ground building, and
the equivalent stress of soft soil layers is the larg-
est, and the maximum stress is 0.59 MPa.

(2) The closer the pipeline is to the ground building,
the greater it is affected by the ground building.

(3) Due to the horizontal movement of the pipe
caused by the extrusion of the additional load, a
certain bending moment will appear at the
boundary position of the pipeline, and the bend-
ing moment of the pipeline far from the bound-
ary position is approximately 0. Since the
pipeline is pushed laterally, the pipe section at
the boundary position will produce a large shear
stress. On both sides of the pipe section, one side
of the pipe under pressure to produce axial com-
pressive stress, the other side of the pipeline is
pulled to generate axial tensile stress.
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