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1. Introduction 
 

The two-lane highways in both directions are no longer 

able to meet the growing traffic demands (Alshboul et al. 

2021, Shehadeh et al. 2024). Therefore, the emergence of 

widening techniques has changed this situation (Bin et al. 

2022, Alshboul et al. 2024, Shehadeh et al. 2024, Chen et 

al. 2020). In fact, adding a new embankment on the basis of 

the existing embankment will encounter additional stress 

and deformation under the embankment section (Chen et al. 

2020), resulting in uneven settlement (Chen et al. 2022), 

longitudinal cracks and pavement damage (David et al. 

2022) in the widened part and finally affecting the long-

term performance of the road. Research indicates that 

differential settlement is primarily due to differences in the 

compression deformation characteristics of soft soil at 

varying consolidation times between old and new roads, 

(Du et al. 2016). which can directly result in more 

pronounced settlement on the side closer to the 

embankment. Therefore, it is evident that controlling the  
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settlement difference between old and new embankments is 

crucial for highway widening and joining projects (Han et 

al. 2007, Al-Shboul et al. 2023, Almadi et al. 2023).  

In fact, the uneven settlement subjected to the road 

widening engineering not only affects the driving safety and 

the service life of the road, but also threatens the 

performance of burying pipelines. The additional soil stress 

resulted from the new road may lead to the excessive stress 

(Almasabha et al. 2023, Kouretzis and Wu 2021) or the 

distortion of underground pipelines (Liu et al. 2023), 

resulting in rupture and leakage of pipelines and affecting 

the normal use of public facilities such as drainage, natural 

gas, and communications (Liu et al. 2023). The 

underground engineering characteristic of pipelines 

determines its daily maintenance and reconstruction costs 

are extremely high, and the investigation on the 

deformation mechanisms of the pipeline is of great 

significance. In general, the buried depth of pipeline (Luo et 

al. 2015, Alshboul et al. 2023, Almasabha et al. 2023, 

Halalsheh et al. 2022, Lv et al. 2021), soil physical 

parameters (Marcotte et al. 2019, Alshboul et al. 2022, 

Shehadeh et al. 2021, Alshboul et al. 2024, Marek et al. 

2021), especially shear modulus (Marek et al. 2021, 

Alshboul et al. 2022, Meng et al. 2022, Alshboul et al. 

2022, Alshboul et al. 2021, Mohammadreza et al. 2023) are 

also one of the main factors. In road widening projects, 

sufficient geological survey and engineering design are 

required to ensure uniform settlement between the new road 

and the old road. Reasonable design and construction  
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Abstract.  The rapid development of the economy has compelled the widen of highways, and the main challenge of this 

undertaking lies in the uneven settlement of road embankments. Through field and numerical experiments, this study explores 

the deformation mechanism of shallow buried pipelines due to road widening. The utilization of Plaxis3D software, which is 

adapt at simulating complex engineering geological conditions, enables the simulation of the settlement of both the central and 

right-side road embankments. Comparing with other numerical software such as ABAQUS and COMSOL, Plaxis provided 

more constitutive models including HS, HSS and Hoek-Brown model. The work concludes that the uneven settlement of road 

cross-sections is positively correlated with the horizontal distance from the pipeline, with a maximum settlement of 73 mm 

observed after construction. Furthermore, based on the Winkler's assumption, theoretical settlement and stress calculation 

methods are established. Results indicate that the maximum difference between the calculated values of this formula and 

simulated values is 1.9% and 7%, respectively. Additionally, the study investigates the stress and settlement of the pipeline's top 

under different angles to understand its behavior under various conditions. It finds that with traffic loads applied to the new 

embankment, a lever effect occurs on the lower pipeline, with the fulcrum located within the central isolation zone, leading to a 

transition in curve type from "single peak and single valley" to "double peak and single valley." Moreover, the settlement of 

pipelines on both sides of the central isolation zone and the normal stress of the pipeline's top section are symmetrical. 
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methods can reduce the additional stress and deformation of 

underground pipelines (Meng et al. 2022, Qin et al. 2021, 

Alshboul et al. 2022, Alshboul et al. 2021, Wu et al. 2019). 

In summary, road widening is a continuous endeavor, 

and it inevitably affects buried pipelines. Besides, existing 

research articles predominantly concentrate on scenarios 

where roadbed consolidation is finalized, and the discussion 

revolves around the assumption of either a 0° (Orynyak et 

al. 2019) or 90° (Yang et al. 2022) angle between the 

pipeline and the road. There is relatively less discussion 

about scenarios where roadbed consolidation is not yet 

complete and the angle between the pipeline and the road 

can be any other value. Therefore, this paper establishes a 

finite element software model that can match field-

measured data. By combining finite element analysis 

methods with theoretical derivation methods, the paper 

conducts a detailed analysis of the settlement characteristics 

at different stages and the settlement and top stress of 

pipelines with different pipe inclinations. The conclusions 

drawn from these analyses may enhance the design of 

buried pipelines and road widening projects, thus improving 

the safety and cost-effectiveness of infrastructure 

maintenance. 

 

 
2. Background 
 

2.1 Site overview 

 

 

The cross section of K2 + 910 ~ K10 + 790 has the 

intersection of water pipeline and embankment, and the 

section at K3 + 132.8 is selected as the typical treatment 

section. Fig. 1 shows the plan and elevation of the 

construction site, there is a pipeline buried 0.477 m in depth 

with an inclination of 2° with the road. This water pipe is 

made of alloy material with an outer diameter of 0.1 meters.  

The new embankment is symmetrically arranged with 

the old embankment, so their cross-sectional form is the 

same. The width of the new embankment is 15.35 m and the 

maximum fill height is 0.77 m. The width of the central 

divider is 5 m and the width of each side of the curb zone is 

0.5 m. The slope of the lane (which single lane width is 

3.75 m) and hard shoulder is 3% outward, while the slope 

of the soil shoulder with a width of 0.75 m is 2% outward.  

In order to reduce the soil movement caused by road 

widening, reinforced prestressed pipe piles with a diameter 

of 400 mm and a pipe wall thickness of 60 mm were set 

with a spacing of 2.5 to 3.0 m. 

 
2.2 Geology 
 
Table 1 provides comprehensive physical and 

mechanical parameters of the soil layer. The surface 

comprises a 50 cm thick layer of concrete, followed by slag 

and miscellaneous fill with a cohesion of 5 kPa. The surface 

layer primarily consists of cement gravel, concrete, and 

backfill, with a thickness ranging from 0.2 to 0.8 meters.  

 
(a) Top view of test section 

 

(b) Section 1-1（unit: cm） 

Fig. 1 Detail drawing of K3+132.8 section 
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The lower soil layers consist of silt and clay. The 

cohesion of the middle soil layer is 12 kPa. Beneath these 

layers lies a gravel bottom layer, upon which the reinforced 

prestressed pipe pile depicted in Fig. 1(b) is positioned. The 

gravel cushion boasts a significantly high elastic modulus of 

20 MPa, with a cohesion of 0 kPa, and spans approximately 

12.5 meters in thickness. 

 

2.3 Construction sequence 

 

Following the soft soil treatment design on the 

construction site, the initial step involves setting out and 

employing the static pressure method to reinforce the 

foundation using prestressed pipe piles. These piles have a 

diameter of 400 mm and a pipe wall thickness of 60 mm. 

Subsequently, upon completion of the pipe pile 

construction, the surface soil is removed, and steps are 

excavated along the slope of the old road. These steps have 

a height of 50 cm and a width of 100 cm. For section 

K3+132, as shown in Fig. 2 the buried depth of the pipeline 

is relatively shallow and may even be exposed to the air. 

Therefore, the excavation elevation should be strictly 

controlled and temporary support should be set up within a 

certain range around the pipeline for subsequent demolition 

work. 
 
2.4 Instrumentation 
 
In order to monitor the safety and stability during the 

construction process and predict the settlement after 
construction, settlement plates with dimensions of 50 
cm×50 cm×10 mm were installed at the center and right 
shoulder of the road, as shown in  Fig. 1. In this section, 
two burial points are arranged every 200 m for monitoring 
purposes. Settlement monitoring is required at least once 
daily during the loading process. Following three days of 
unloading, monitoring frequency shifts to every 3-15 days, 
determined by the settlement rate. Observations must 
adhere to fourth-level measurement accuracy standards, 
ensuring that the height difference between adjacent 
observation points does not exceed 1 mm. 

 

 

 
(a) Geological section 

 
(b) Local drawing of pipeline map 

Fig. 2 Schematic diagram of grading and pavement 

practices (unit: cm) 

 
 

3. Numerical modeling 
 

3.1 Numerical mesh and boundary condition 
 

Plaxis3D software is used to investigate the deformation 

mechanisms of shallow-buried pipelines during road widening. 

The roughness factors of the pile and soil are set to 0.5 and 1.0, 

respectively, with unit distribution set to "medium". Check for  
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Table 1 Table of soil parameters 

Soil layer 

Saturated 

density 

γsat/kN/m3 

Void 

ratio 

e 

Compression 

modulus 

E/MPa 

Possion’s 

ratio 

υ 

Cohesion 

c/kN 

Friction 

angle 

φ/° 

bottom 

level 

h/m 

kx 

m/day 

kZ 

m/day 

①-Surface 24 0.5 200 0.17 2 35 4.5 / / 

②-Slag 19 0.6 9 0.4 3 19 4.3 / 1.73E-01 

③-Miscellaneous 

fill 
19 0.8 2 0.2 5 15 3.3 7.69E-05 7.26E-05 

④-Clay 17.7 1.11 3 0.35 24 15 1.5 1.24E-04 9.68E-05 

⑤-Silt-1 17 1.3 2.3 0.4 12 19 0.1 1.05E-4 7.57E-5 

⑥-Silt and sand 

interlayer 
17.7 1.11 2.3 0.4 12 19 -3.7 / 8.99E-2 

⑦-Silt -2 17 1.34 2.5 0.35 12 12 -15.1 1.07E-4 7.65E-5 

⑧-Powdery clay 18.9 0.824 8 0.42 23 19 -16.6 / 2.25E-1 

⑨-Gravel 26.5 0.5 20 0.38 0 40 -29.09 / / 
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"enhanced mesh refinement", global scale factor set to "1.2", 

and minimum unit size factor set to "5e-3". The numerical 

model is shown in Fig. 3. 

The length of the model is equal to the width of the road, 

which is 27.5 m. The height of the model is equal to the height 

from the top of the fill to the bottom of the gravel layer, which 

is 34.167 meters. The model deformation conditions in the 

other five directions are set to "fixed", except that Zmax (top 

boundary of model) is set to "free". 

 
3.2 Soil model and model parameters 
 

Common soil models used in FEM analysis include Mohr-

Coulomb model, hardening soil model (HS), hardening soil 

model with small strain stiffness (HSS) and Cambridge model. 

The existing researches shows that the deformation prediction 

value obtained by MCC model (Yasuhiko et al. 2023) and HS 

model (Marek et al. 2021, Ye et al. 2023) is higher than that of 

HSS model. The numerical results obtained by HSS model are 

in better agreement with the measured data than M-C model 

(Zhao et al. 2019). In fact, the HSS model was first proposed 

by Benz (Zhang et al. 2023). In fact, soils in most of the actual 

engineering are in the small strain deformation range under 

strict deformation control (Zhang et al. 2022), the HSS model 

can consider the nonlinear elastic characteristics and stress-

related characteristics of the soil in the small strain stage. 

Therefore, compared with other models, the deformation value 

calculated by HSS model is closer to the measured value, 

 

 

 

 

which is more suitable for engineering problems with strict 

deformation requirements. Hence, HSS model is utilized in the 

following research.  

However, the HSS model parameters are numerous. From 

the perspective of theoretical formulas, (Hardin and Black 

1969) provided a method for determining the value of G0
ref

; Xie 

et al. (2017) provided a method for determining the value of 

γ0.7. From the perspective of engineering experience values, 

there are often differences in the multiple relationship between 

HSS model parameters in different regions. Dong et al. (2023) 

provided the parameter differences between Changzhou and 

Nanjing. In summary, the selection of HSS models should not 

only consider the project location, but also combine 

engineering experience and relevant specifications. This paper 

presents the method for determining parameter values, as 

depicted in Table 2. 

The soil parameters involved in the table are necessary 

to explain: Eoed
ref

 is the tangent modulus of consolidation test, 

and the elastic modulus is generally taken. E50
ref

 is the secant 

modulus of triaxial consolidated drained shear test, and 

generally takes the compression modulus; Eur
ref  is the 

unloading and reloading modulus of the triaxial 

consolidated drained unloading and reloading test, which is 

generally three times the elastic modulus. In the above 

table, take Eoed
ref

 and E50
ref

 equal to 0.9 times the compression 

modulus; Eur
ref is equal to 6 times the compression modulus. 

G0
ref

 is the reference initial shear modulus of the small strain  

 

Fig. 3 Plaxis3D model diagram 

Table 2 The value method of soil HSS model parameters recommended by Shanghai 

Soil layer Eoed
ref

/MPa E50
ref

/MPa Eur
ref/MPa G0

ref
/MPa γ0.7/10-4 

Clay 
0.9Es1-2 6Eoed

ref
 (2.5~4.9) * Eur

ref 1.5~9.0 
Powdery clay 
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stiffness test, which is the shear modulus of the smaller 

strain, and generally takes 3 times of the unloading elastic 

modulus; γ0.7 is the corresponding shear strain when the 

secant shear modulus decays to 0.7 times. In the above 

table, G0
ref

 takes 2.5 ~ 4.9 times Eur
ref; take γ0.7 about (1.5 ~ 

9.0) ×10-4. 
 

3.3 Numerical modelling procedures 
 
In the modeling stage, the HSS model is used to 

simulate the soil, and the "beam element" is used to 

simulate the pipeline. They are modeled through the 

"boreholes" option in the "Soil" menu and the "pre-buried 

beams" option in the "Structure" menu, respectively. The 

width of the model is equal to the width of the road, i.e., 

27.5 m. The length of the model is equal to the projection 

length of the pipeline in the road direction, i.e., 787.5 m. 

In order to recreate the real construction process, 10 

stages are set in the "phased construction" menu (the model 

diagram for the key stages is shown in Fig. 4). Including the 

stabilization stage of the old embankment, the slag 

backfilling and grading stage, a total of three filling stages  

 

 

 

and corresponding soil consolidation stages after each 

filling stage, the open-to-traffic stage and the post-

construction settlement observation stage 

It's worth noting that the filling height remains relatively 

consistent across all three filling stages. and it can be seen 

from the figure that the traffic load on the carriageway is 

different from that on the earth and hard shoulder. This 

divergence arises from the prescribed specifications: the 

traffic load on the carriageway is set to 15.06 kN/m2, and 

the traffic load on the earth shoulder and hard shoulder is 

set to 9.6 kN/m2. 

 
 
4. Simulation results 

 
4.1 Verification of the model and analysis 
 
As shown in Fig. 1(a), settlement plates on sites were 

placed in the middle of the road and at the shoulder of the road. 

The settlement of the two settlement plates measured in the 

field will be compared with that of the top of the pipeline in the 

numerical model, as shown in Fig. 5. It is important to note  

  
(a) stabilization stage of the old embankment (b) the slag backfilling and grading stage 

  
(c) the first filling stage (d) the second filling stage 

  
(e) the third filling stage (f) the open-to-traffic stage 

Fig. 4 Model diagrams for different stages 
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Fig. 5 Load settlement relation curve of embankment in graded filling stage 
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that the site construction is divided into three loading stages, 

each approximately 0.25 meters in height. The loading period 

spans 4 days, followed by a consolidation time of 60 days. 

With the graded application of load, the settlement of road 

and shoulder also shows a corresponding upward trend. 

Comparing the simulated results and experimented results at 

the same position, it can be found that the settlement error in 

the road is about 2 mm, and the settlement error of the shoulder 

is about 5 mm. Hence, the established FEM model and 

parameter selection are reasonable. Furthermore, it can be 

found that the settlement value of the pipeline is the smallest, 

approximately 30 mm, followed by the road with a settlement 

value of around 52 mm, and finally, the shoulder exhibits the 

largest settlement value at about 81 mm. This discrepancy can 

be attributed to the pipeline's inherently greater elastic modulus 

compared to the soil, resulting in lesser deformation under the 

same load. Additionally, the older embankment has undergone 

a complete drainage process, causing the soil in the center of 

the road to settle lower than the shoulder soil under identical 

loading conditions. 

 
4.2 Analysis of settlement characteristics in different 

stages 
 
4.2.1 The slope stage 
As mentioned earlier, maintaining access to the existing 

road section is imperative throughout the embankment 

widening procedure. As shown in Fig. 6, with the central 

separation as the symmetry axis, the old and new 

embankments, initially in equilibrium, underwent unloading 

as the topsoil was excavated from the slope. This process 

resulted in an upward bulge at the junction of the old and 

new embankments due to the traffic load on the old road 

however, the rightmost side of the new embankment still 

maintained a downward settlement trend. 

The height of the slope step and the width of the tread 

can be referred to Fig. 2 Assuming a slope period of 3 days, 

we compare the settlement at "point a" located at 2 m from  

 

 

the separation midpoint, and "point b" situated 0.75 m from 

the right shoulder. From Fig. 6, It's apparent that the 

settlement-time relationship during the slope process 

follows an approximately linear pattern. After the slope 

ends, “point a” undergoes an upward rise of around 26mm, 

whereas "point b" settles downward by approximately 

3mm. This discrepancy is due to the proximity of "point a" 

to the consolidated and stabilized side of the old 

embankment, resulting in better soil characteristics and a 

rebound effect caused by the unloading action (slope). On 

the other hand, "point b" is situated on the shoulder of the 

new embankment, where lower soil remains in a looser 

state. Consequently, the traffic load of the old embankment 

causes the soil at "point b" settle larger. 

 
4.2.2 Loading and traffic stages 
In order to explore the settlement variation law of 

subgrade at the height of pipeline center line (Z = 4.78 m) at 

different stages, the three stages of the first loading stage, 

the third loading stage and the post-construction settlement 

of 15 years are shown in Fig. 7. To investigate the 

settlement variation pattern of the subgrade at the height of 

the pipeline center line (Z = 4.78 m) across various stages, 

Fig. 6 illustrates three stages: the initial loading stage, the 

third loading stage, and the settlement observed after 15 

years of construction. In the model, 17 calculation points 

were selected, which were − 2.7 m, − 1.7 m, − 0.7 m, − 0.1 

m (the coordinates of the leftmost point of the pipeline), 0 

m, 0.1 m (the coordinates of the rightmost point of the 

pipeline), 0.3 m, 1.3 m, 2.3 m, 3.3 m, 4.3 m, 5.3 m, 6.3 m, 

7.3 m, 8.3 m, 9.3 m and 10.3 m respectively. 

The settling of the old embankment during construction 

was minimal, measuring less than 10 mm, owing to prior 

consolidation. The application of a 14 kPa-load resulted in 

the settling of the pipe adjacent to the new embankment. 

Raising the load to 42 kPa led to minimal settlement of the 

pipe beneath the central separation, while significant 

settling occurred beneath the new embankment,  
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Fig. 6 Comparison diagram of road pipeline settlement in grading stage 
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reaching a maximum differential settlement of 47 mm.After 

completion of graded filling and 15 years of traffic on the 

new road, compared to the “42 kPa load” curve, the pipe 

beneath the central separation experienced a settlement of 

approximately 2 mm. However, significant settlement 

occurred beneath the new embankment, with greater 

relative settlement as the distance from x=0 m increased, 

reaching a maximum difference of 73 mm. 

This indicates that after widening the embankment, the 

settlement at the center point of the road is relatively small, 

and the settlement at the shoulder is relatively large, 

resulting in an increase in the transverse slope of the road 

after widening (consistent with the conclusion of Jia et al. 

(2024)). 

 

 

5. Theoretical calculation model of stresses in pipe 

sections 

 

In the preceding section, settlement variations across 

various loading consolidation stages were analyzed using 

the finite element method. This section will now establish a 

calculation model to assess the settlement and stress 

changes of the pipeline cross-section. 

 
5.1 Basic assumptions 
 

The following assumptions are provided to simplify the 

mathematical model: 

(1) The old embankment soil shoulder portion as a 

fixed end restraint. 

(2) The central separation section is completely 

unstressed. 

(3) In this section, the Winkler (Zheng et al. 2021) 

foundation model is chosen, and the bed reaction  

 
 
coefficient "k" and the concentration coefficient are 
considered, where "k" takes the value of 3×104 and 
the concentration coefficient takes 1.23. 

 
5.2 Load calculation 
 
The force on the pipe is actually composed of two parts: 

the force "q" at the top of the pipe vertically downward and 

the force "Q" perpendicular to the pipe upward. Where "q" 

is mainly composed of the traffic load generated by the new 

and old embankment and the self-weight load of the soil 

above the pipe, which is calculated as "q=26.2 kN/m2". 

Since the central isolation zone part is not stressed in the 

actual problem, the pipe settlement generated by "q" is 

simplified to "ytl(x)" and "ycl(x)" in Fig. 8, where the 

subscript "tl" is the abbreviation of traffic load; "cl" is the 

abbreviation of central isolation zone load. "Q" can be 

considered as the bed reaction force, and according to 

Winkler's assumption, the magnitude of "Q" is related to the 

settlement of the foundation at that point (∑ 𝑦𝑖
3
𝑖=1 ) is 

proportional, so "Q" is assumed to be a parabolic load. 

The following formula parameters are necessary to 

explain: "a" indicates the width of the load action; "x" 

indicates different locations in the range of [0, a]; "q" 

indicates the uniform load on the top of the pipe under the 

action of the ground vehicle and when the concentration 

factor is considered; "EI" indicates the bending stiffness of 

the pipe; "L" indicates the actual length of the pipe; "Q" 

indicates the bed reaction force and "k" indicates the bed 

reaction force coefficient, however, this formula takes a 

simplified treatment: the variation of "k" values in different 

soil layers is not considered; "Wz" indicates the flexural 

section coefficient 

2 2 2(x 4Lx 6L )
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Fig. 7 Uneven settlement curve of road cross section during embankment construction 
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The derivation of Eq. (1) can refer to the form of the 

deflection curve of a cantilever beam subjected to uniform 

load in the appendix of Mechanics of Materials. The 

derivation of Eq. (2), considering the possible forms of its 

deflection curve, is based on the integration equation of the 

segmental deflection curve when subjected to the 

concentrated load (Zhou et al. 2018). Eq. (3) assumes that 

yfl(x) is generated by "Q" alone and "Q" is independent of 

all variables except "x". So integration of the length of 

action a of the uniform load "Q" gives yfl(x), where "fl" is 

the abbreviation of foundation reaction load 

 
5.3 Theoretical derivation 
 

The Eq. (4) is based on the formula given by the 

Winkler foundation model. By combining Eqs. (1)-(4), the 

yfl(x) generated by the foundation reaction can be obtained, 

as shown in Eq. (5). The the total settlement value Σy of the 

pipeline is shown in Eq. (6). By combining Eqs. (5) and (6), 

the settlement value of the pipeline can be obtained, as 

shown in Eq. (7) 
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(7) 

 

 

Then Eq. (8) is substituted into Eq. (7) to obtain Eq. (9), 

which is the positive stress curve considering the prior 

consolidation of the old embankment and the bed reaction 

force. With this curve equation, the bending positive stress 

values at the top of the pipe at different locations can be 

solved when the pipe length and other material parameters 

are known 
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(9) 

 
5.4 Comparison of results 
 

In this paper, the pipe settlement and the positive stress 

at the top of the pipe at seven points (0.75 m, 4.75 m, 8.75 

m, 12.75 m, 16.75 m, 20.75 m and 26.75 m) were solved by 

finite element software and compared with the calculated 

results of Eqs. (7) and (9). The results are shown in Figs. 9 

and 10, respectively. As can be seen from Fig. 9, the x-axis 

of the settlement value of the pipeline presents a fluctuating 

trend, with the smallest settlement value 129 mm at the 

horizontal position 12.75 m and the maximum settlement at 

the middle of the new embankment (about 20.75 m) and the 

middle of the old embankment (about 4.75 m). 

The central isolation zone is not stressed, and the 

settlement value is small, whereas the new and old 

embankments have undergone settlement due to traffic 

loads. At the central separation zone (12.75 m), the 

theoretical calculation results align with the software-

generated results, both measuring 129 mm. At 5.5 m, the 

theoretical method yields a settlement value of 156 mm, 

closely matching the software-calculated value of 153 mm. 

Similarly, at 22.5 m, the theoretical calculation produces a 

settlement value of 156 mm, consistent with the software-

derived value of 153 mm. It's evident that the theoretical 

method effectively fits the unstressed portion, but its fitting 

effectiveness is lacking for the lower section of the  

 

Fig. 8 Pipeline stress diagram 

Traffic load + soil weight
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Notice:

   1.The full length of the pipeline is L

   2.The soil weight and traffic load are q

   3.The foundation reaction force is Q
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carriageway. The maximum error of 1.9% falls within the 

project's acceptable range. 

Fig. 10 presents a comparison between the theoretical 

method results and the software simulation results for 

pipeline stress at a 2° dip angle. The results demonstrate a 

close correspondence between the theoretical outcomes and 

the simulation results, particularly within a range of 4.75 

meters from the old embankment and within the central area 

of the central isolation zone. For the lane range of old 

 

 

 

embankment and new embankment, the comparison results 

are relatively poor: for the old embankment, the maximum 

difference between the results is about 8.3 m, and the results 

are-356.7 kPa and-382.7 kPa, respectively; for the new 

embankment, the maximum difference between the results 

is about 23.75 m, and the results are -356.6 kPa and-382.8 

kPa, respectively, with an error of less than 7%. In 

summary, the error for settlement between simulation 

method and the theoretical method is 1.9%, and the error for  
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Fig. 9 pipeline settlement comparison curve 
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Fig. 1 Normal stress comparison curve of 2 ° pipe section 
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the normal stress of the pipe top section is less than 7%, 

which can illustrate the applicability of the theoretical 

method to calculate the settlement stress of buried pipelines. 

The comprehensive settlement and stress calculation 

results indicate a notable alignment between the theoretical 

and simulation outcomes, barring minor deviations. In 

practical engineering scenarios, armed with pertinent road 

parameters, the force and settlement of buried pipelines can 

be promptly computed. This obviates the need for 

cumbersome on-site measurements or intricate numerical 

simulations, streamlining the decision-making process in 

practical applications. 

 

 

6. Effects of pipe inclination conditions on 
settlements and stresses 

 

Most of the discussions in the existing articles are based 

on the study of the force and deformation characteristics of  

 

 

 

the pipe at a specific angle However, it's evident that in 

actual engineering scenarios, the angle between the road 

and the pipe can vary widely from 0° to 90°, as shown in 

Fig. 11. Given the issues mentioned above, this section 

delves deeper into the force and deformation characteristics 

of the pipe at 0°, 45°, and 90° angles. These characteristics 

are graphically represented as curves and the results are 

shown in Figs. 12 and 13. 

Fig. 12 shows the variation curves of the top settlement 

and the normal stress of the pipe top section with different 

inclination angles after the completion of the construction. 

It can be found that the settlement and normal stress of the 

pipeline show the same change rule from the old 

embankment to the new embankment side. The settlement 

and stress of the old embankment side are smaller compared 

with that of the new embankment side. 

Further comparison of the influence of pipeline 

inclination angle on settlement curve reveals that on the 

side of the old embankment, the settlement is the smallest  

 

Fig. 11 Pipeline route map 
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Fig. 12 Comparison curves of settlement stress of pipelines with different inclination angles before traffic 
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when the inclination angle is 45°, followed by 0°, and the 

largest at 90°. In the lower part of the central isolation zone, 

the settlement curve gradually reduces to zero when the 

inclination angle is 45°. On the side of the new 

embankment, the settlement curve for a 45° inclination 

angle falls between 0° and 90°, with minimal differences 

among the three curves. It can be found that for the 

settlement of the pipe top with different inclination angles 

after the completion of the construction, when the pipeline 

is perpendicular to the forward direction of the road (90°), 

the pipeline is most affected by the construction and the 

settlement is also the largest. Conversely, when the pipeline 

is parallel to the road (0°), its length within the embankment 

minimizes the construction impact, resulting in negligible 

settlement. At an inclination angle of 45°, the settlement 

change of the pipeline in the perpendicular direction to the 

road is most significant. 

In view of the stress curve, the normal stress on the top 

section of the pipeline remains largely independent of the 

pipeline-road angle. Generally, the stress curves align on the 

old embankment side for different angles, with a slight 

deviation occurring in the lower part of the central isolation 

zone. The largest deviation is observed on the new 

embankment side, although it remains below 20 kPa. 

Notably, the pipe with a 45° angle experiences the highest 

normal stress on the new embankment side, followed by the 

pipe with a 0° angle, while the pipe with a 90° angle 

experiences the lowest stress. This phenomenon suggests 

that the criterion of “greater settlement leads to greater 

stress” is not fulfilled on the new embankment side. The 

reason is that the side of the new embankment is affected by 

the graded filling in the construction, so it has a large 

 

 

settlement, but the pipe top stress is mainly affected by the 

earth pressure and the upper load. The filling height in the 

actual project is small and there is no traffic load, the pipe 

top stress is small. 

Fig. 13 illustrates the settlement and stress variation 

curves of the pipe’s top section with different inclination 

angles after 15 years of opening to traffic. The curves 

exhibit a wave-like pattern beneath the embankment, with 

peaks located at the central isolation belt and troughs at the 

lower part of the carriageway. 

Comparison of the impact of pipeline inclination angles 

on settlement and stress reveals that, the settlement is 

smallest at a 45° angle, followed by 0°, and largest at 90° 

on the old embankment side. This pattern remains 

consistent with the pre-traffic curves. Similarly, the 

settlement curve follows the same trend at the new 

embankment, with the smallest settlement occurring at the 

45° angle, followed by 0°, and the highest at 90°. Notably, 

the settlement difference between different angles is quite 

obvious. In conclusion, when the embankment is widened 

and completely consolidated over time, the settlement of the 

pipeline beneath the central isolation zone remains nearly 

constant regardless of the inclination angle. However, for 

the pipeline situated at the lower part of the carriageway, 

the settlement pattern shows a consistent trend of minimum 

settlement at 45°, followed by 0°, and maximum settlement 

at 90°. Additionally, even after 15 years, the settlement 

difference on the new embankment is still greater than that 

on the old embankment. 

For the stress curve, the new and old embankments are 

completely symmetrically distributed, that is, 0° is the 

largest, 45° is the second, and 90° is the smallest. Among 
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them, the stress difference between 0° and 45° is very small, 

about 15 kPa, and the stress difference between 45° and 90° 

is large, about 40 kPa. In the lower part of the central 

isolation zone, the 45° pipe stress will be slightly larger 

than the 0° pipe stress, but the difference is negligible. That 

is to say, for the consolidated and stabilized embankment 

the normal stress of the section at the top of the buried 

pipeline is almost positively correlated with the angle, in 

which the larger the angle, the greater the normal stress of 

the section at the top of the pipe. 

The variation laws of stress and settlement curves before 

and after opening to traffic are demonstrated in Figs. 12 and 

13. It is found that the curve presents a "single peak and 

valley" type before opening to traffic. The settlement and 

stress on the side of the old embankment are small, while 

those on the side of the new embankment are large. After 

opening to traffic, the curve presents a "bimodal single 

valley" type, the old embankment and the new embankment 

are symmetrical, and the corresponding settlement and 

stress are large, whereas the settlement and stress of the 

central isolation belt are small. In addition, Fig. 13 extracts 

the normal stress of the pipe top section of the pipeline with 

a forward dip angle of 0 ° from Fig, 12 for comparison with 

the curve after opening to traffic. The results show that the 

pipeline on the side of the old embankment is less affected 

by the opening of the new embankment (the shape of the 

curve is the same, and there is a slight difference in value), 

while the pipeline on the side of the central isolation belt 

and the new embankment is greatly affected by the opening 

of the road. Therefore, under the action of traffic load, the 

pipeline on the side of the central isolation zone and the 

new embankment will appear "leverage 

phenomenon"(Echoing the findings of Shi (2019) and 

Zhong (2019)), and the fulcrum is located at the right end of 

the central isolation zone (16.75 m). The normal stress of 

the top section of the pipeline (central isolation zone range) 

to the left of the fulcrum is reduced, while the normal stress 

of the top section of the pipeline (new embankment range) 

to the right of the fulcrum increases. This phenomenon 

exists with the stress curve and the settlement curve, and is 

applicable to all inclination angles of the pipeline. 

 

 
7. Conclusions 
 

Based on a road widening project in Zhejiang Province, 

China, this paper calculates the settlement and stress 

behavior of buried pipelines through finite element software 

and theoretical formula, and verifies the accuracy of the two 

methods through field measured data. Subsequently, the 

entire construction process, with particular focus on the 

settlement and stress variations of pipelines positioned at 

different angles to the road, is meticulously analyzed. The 

following conclusion can be drawn as follows: 

 When widening the embankment and the traffic is 

open, the soil beneath the central separation zone 

uplifts during the slope phase, while the soil on the 

widened embankment side continues to settle 

downward. 

 The settlement changes of the old and new 

embankments during construction were simulated by 

finite element software. Settlement gradually increased 

toward the new embankment side in the cross-

sectional direction. After 15 years of construction, the 

total settlement of the new embankment amounted to 

150 mm, significantly surpassing the 8mm settlement 

observed in the old embankment. 

 A theoretical method has been established to calculate 

pipeline settlement and normal stress, considering 

subgrade reaction forces and consolidation of the old 

embankment. The overall fitting error compared to the 

simulation results is less than 7%. 

 The settlement and stress curves of buried pipelines 

exhibit a "leverage phenomenon" before and after 

traffic flow. The fulcrum, located at the endpoint of 

the central isolation zone, leans toward the new 

embankment side. The curve transforms from a "single 

peak and single valley" to a “double peak and single 

valley” configuration. 

 This study introduces a new method for calculating the 

settlement stress of buried pipelines and the influence 

of angle on pipeline settlement stress, but there are 

several common limitations. In the process of using 

software modeling, the sliding friction between the 

pipe and soil was not fully considered, and the 

theoretical methods and numerical models may need 

further adjustment. In addition, this study is based on 

ordinary pipe diameters and burial depths, and the 

conclusions drawn may differ from those of other 

minority pipe diameters and burial depths. This 

limitation does not diminish the value of the research, 

but rather provides a pathway for further investigation 

and improvement. 
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