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Revised Peck’s formula for 
estimating pipeline’s settlement 
under the coupling effect of 
tunnelling and vehicle load

Shu Peng*

China Railway 18th Bureau Group Corp, Ltd., Tianjing, China

When the pipelines are subjected to shallow tunnel underpassing and ground 
traffic loads, the void effect will significantly amplify the dynamic response 
and safety risks of pipelines. A three-dimensional finite element model was 
established to quantify the adverse impact of tunnelling and vehicle load 
coupling. Then, based on the settlement distribution characteristics, a revised 
Peck formula is established to estimate the pipelines’ settlement in different 
depths and positions. The results reveal that the settlement of soil and pipeline 
caused by tunnelling decreases with decreasing burial depth; the dynamic 
settlement of the sewage pipe and ground surface is decreasing rapidly as the 
burial depth increases. Whether the pipeline is buried close to the surface or 
tunnel, it should be noted that the pipeline’s dynamic settlement or cumulative 
settlement may exceed the safety limit, and the safety risks of pipelines will 
be greatly underestimated by ignoring the dynamic settlement and its adverse 
impacts on the pipeline joints. When the depth is less than 1.5 m or the distance 
apart from the tunnel arch is less than 1.0 m, the pipelines’ settlement would 
exceed the limit.
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 1 Introduction

Subway entrances and ventilation tunnels are usually located in urban core areas with 
busy upper traffic, numerous underground pipelines, and complex environments. In order 
to reduce the impact on ground traffic, the underground excavation method is often used 
for construction. When there is not tunnel or void under the lower part of the pipeline, 
the dynamic response of the pipeline under vehicle load is relatively small (Zhang et al., 
2022; Zhai et al., 2012), the degradation of the pipeline is gradual rather than immediate 
(Wang et al., 2020; Ma et al., 2021). And once a shallow buried tunnel passes under the 
pipeline, not only will tunnel excavation cause settlement and deformation of the pipeline 
(Xu et al., 2022), but the dynamic response of the pipeline under vehicle will also increase 
significantly (Wang et al., 2024; Liu et al., 2020). Especially in soft ground environments, 
when subway tunnels are excavated and buried in ultra-shallow depths and nearby the 
pipelines, the surrounding rock is more challenging to maintain the stability (Hou et al., 
2015), so a series of collapses due to subway construction have been reported (Fang et al., 
2011; Peck, 1969; Li et al., 2024), which should be taken seriously by subway engineers.

In terms of research on deformation of existing pipelines caused by under-passing 
tunnelling, the Peck formula (Peck, 1969) is the most widely used for predicting surface
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settlement caused by tunnelling nowadays. Then a series of 
improvements of the Peck formula are conducted by scholars 
(Li et al., 2024; Zhou et al., 2021; Kong et al., 2021), but these 
formulas mainly focus on the static settlement caused by tunnelling 
only; the formula for estimating a pipeline’s dynamic settlement 
distribution or the coupling effect with tunnelling is rare in literature.

In the aspect of numerical study, Wang et al. (2011) examined 
the tunnelling effects on buried pipelines by using numerical 
simulation, and proposed a method to estimate the maximum pipe 
bending strain which is induced by tunnelling. Sun et al. (2024) 
conducted centrifuge model tests and numerical simulations to 
study the brittle damage of buried pipelines induced by side-by-
side twin tunneling; the results reveal that a pipeline with a smaller 
diameter and shallower burial depth has a higher capacity to resist 
damage under twin tunnelling. Combined with laboratory tests 
and finite element analyses, Wham et al. (2016) investigated the 
pipeline settlement induced by tunnelling; the result reveals that the 
pipeline joint rotations and maximum tensile strains in sand are 
three times larger than those in clay; cast iron pipelines crossing 
the tunnel centerline are most vulnerable to leakage from joint 
rotation. Through numerical simulation, Wang et al. (2023) indicate 
the pipeline settlement is more significant than a single tunnel 
underpass; then a semi-empirical approach is proposed to predict 
on the longitudinal pipe bending behavior under twin-tunneling 
effects. Taking the underground excavation project of Huangzhuang 
Station on Beijing Metro Line 10 as an example, Luo et al. (2007) 
verified through numerical simulation and monitoring data that 
the surface settlement caused by the underground excavation 
tunnel was 94.7 mm. Strong support and grouting reinforcement 
measures must be taken to reduce disturbance to the pipeline. 
Liu et al. (2022) proposed an analytical solution to predict the 
spatiotemporal deformation of the existing pipeline parallel above 
the new shield tunnel. Zhan et al. (2023) used ABAQUS finite 
element software to analyze the settlement of pipelines caused by 
tunnelling; the results showed that the smaller the difference in 
pipe soil stiffness, the more consistent the settlement area between 
the pipeline and the soil. When the difference in stiffness between 
the two is larger, the pipeline will resist the deformation of the 
formation, resulting in greater stress.

Based on numerical simulations and model tests, a series of 
analytical and empirical solutions are proposed to estimate the pipe 
response under tunnelling effects. Based on an improved Winkler 
modulus, Huang et al. (2019) developed a Winkler solution to 
estimate the response of jointed pipelines induced by tunnelling. 
Lin and Huang. (2019); Lin et al. (2020) developed an analytical 
solution to estimate the deflection and bending moment of jointed 
pipes subjected to tunnelling. Yang et al. (2020) analyzed the 
relationship between soil and pipeline stiffness, tunnel diameter, 
pipeline clearance, and pipeline settlement by establishing a three-
dimensional finite element model of pipe soil, and proposed a 
simple calculation formula for the maximum bending moment and 
maximum settlement of pipelines.

In the aspect of safety control standards for pipeline settlement 
when subway tunnel are underpassing, Fang et al. (2011) suggested 
the maximum deflection for pipelines above the tunnel should be 
controlled to be within 2 mm/m and the maximum settlement 
for the pipelines should be less than 30 mm. Yao and Wang. 
(2006) found through extensive investigations that pipeline damage 

FIGURE 1
Settlement trough caused by tunnel excavation.

rarely occurs when the ground settlement value caused by tunnel 
excavation is below 80 mm, and a few pipeline damages also 
occur at the T-shaped interface. Zhu, (2012) proposed a ground 
reinforcement and pipeline suspension protection scheme using 
horizontal rotary jet grouting piles and deep hole curtain grouting 
for the sub-high-pressure gas pipeline under shallowly buried 
tunnels. Although the maximum settlement value exceeded the 
standard limit of 20 mm, stress monitoring data showed that the 
sub-high-pressure gas pipeline was within the safe operating range. 
In soft soil and shallow buried environment, especially subjected 
to heavy vehicle loads, it is very important to choose appropriate 
tunnelling method and reinforcement measures, so as to control 
the risk and settlement induced by tunnelling. Through field 
monitoring and numerical simulation, Zhang et al. (2023) suggested 
that by applying advanced grouting (Xu et al., 2025; Cao et al., 
2025) in shallow buried soft soil tunnel, the effect of the CRD 
(Cross Diaphragm) excavation method on surface settlement can be 
controlled.

The above literature mainly focuses on the research of pipeline 
deformation caused by tunnelling; the formulas for estimating 
a pipeline’s dynamic settlement distribution or the coupling 
effect with tunnelling is rare in literature. When the tunnel 
is buried in a super shallow depth and very close to the 
pipelines, this coupling effect may significantly increase the dynamic 
response of the pipeline, which has adverse effects on pipeline
operation safety.

Based on this engineering background, in order to study the 
dynamic response of adjacent dense pipelines under the coupling 
effect of subway tunnel excavation and vehicle load, and ensure 
pipeline safety, a three-dimensional finite element numerical model 
will be established, to explore the influence of tunnel construction on 
the dynamic response of adjacent pipelines under different vehicle 
axle loads and speeds, and propose a revised Peck formula to 
estimate the dynamic and coupling settlement induced by tunnelling 
and vehicle load. 
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FIGURE 2
Cross-section and profile of underground passage: (a) Layout plan of the tunnel; (b) Section crossing the road; (c) Section crossing the tunnel.

2 Peck’s formula for settlement 
estimation

Based on a large amount of data on surface settlement caused by 
tunnel excavation, Peck (Peck, 1969) believes that surface settlement 
follows a Gaussian distribution and surface settlement is caused 
by geological losses, shown in Figure 1. Then the famous Peck’s 
formula was proposed to estimate surface settlement caused by 
tunnel excavation, shown in Equation 1.

Sx = Smax exp(− x2

2i2) (1)

where: Sx is the surface settlement at a distance of x from the 
centerline of the tunnel (mm); Smax is the maximum settlement of 
the surface; x is the distance from the centerline of the tunnel (m); 
i is the width coefficient of the surface subsidence trough, or the 

distance from the center of the tunnel to the inflection point of the 
settlement curve (m).

The surface maximum settlement Smax is determined by
Equation 2.

Smax =
V
√2πi

(2)

where: V is the geological loss per unit length of tunnel caused by 
construction (m3/m).

i is determined by Equation 3.

i = z
√2πtan(45°−φ/2)

= kz (3)

where: k is the width coefficient of the subsidence trough; z is the 
burial depth at the center of the tunnel (m); φ is the friction angle 
within the soil.
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FIGURE 3
Schematic diagram of the tunnel structure and construction: (a) Tunnel structure; (b) Excavation method.

V is determined by Equation 4.

V = πVlR
2 (4)

where: V l is the loss rate of formation volume (%); R is the diameter 
of the tunnel (m).

When i and V are obtained, the surface settlement caused by 
tunnel excavation can be determined by using the Peck’s formula. 
The parameters of the Peck’s formula can be established by fitting 
the measured settlement curve. 

3 Engineer background

3.1 Horizontal and vertical sections

The entrance tunnel of the subway passes through the 
main urban road. Due to the high traffic, dense underground 
pipelines, and difficulty in relocation, underground excavation 
construction is adopted. The surrounding plane environment 
of the underground excavation tunnel is shown in the
following figure.

According to geological drilling in Figure 2, the construction 
scope of the underground excavation section consists of a 2.6 m 
thick backfill soil layer, a 6.5 m thick silty clay layer, a 6.9 m thick 
medium sand layer, a 12.8 m thick coarse sand layer, and a clayey 
siltstone layer from top to bottom. During tunnel construction, 
the groundwater level is about 6 m below the bottom plate of 
the tunnel structure. Therefore, during the construction period, 
precipitation is not considered, and only ground drainage measures
are taken. 

3.2 Tunnel structure and construction 
methods

The exit section of the shallow buried tunnel is an arch with 
straight walls, constructed by the Cross Diaphragm (CRD) method. 
Large pipe shed and small leading conduits with grouting were used 
to reduce surface subsidence caused by tunnel excavation. The initial 
support of the tunnel consists of a grid steel frame, a φ25 feet-lock 
bolt, and 30 cm thick sprayed concrete. The middle partition and 
temporary arch are temporarily supported by I22a steel, and the 
secondary lining is 60 cm thick C35 reinforced concrete. The tunnel 
structure and construction sequence are shown in Figure 3. 

4 Numerical model

4.1 Three-dimensional model

Using FEM software ABAQUS (Dassault Simulia, Providence, 
RI, United States), a three-dimensional tunnel model was 
established, shown as Figure 4. The overall model is 80 m wide in 
the X direction, 52 m high in the Y direction, and 23 m long in the 
Z direction. The hidden tunnel is excavated along the Z direction, 
and surface vehicles travel along the X direction. The tunnel is 
constructed using the CRD method, with a drilling depth of 2 m per 
excavation cycle and a lag distance of 4 m between each heading. 
The surrounding rock adopts the Mohr-Coulomb elastoplastic 
constitutive model, and the pipeline and support structure are 
simulated using the linear elastic model. The surrounding rock 
and tunnel support structure are simulated using C3D8R solid 
elements, which is an three dimensional eight-node first-order 
linear hexahedral element. The pipe shed and small leading conduit 
are simulated using S4R shell elements, which is a four-node 
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FIGURE 4
Numerical model: (a) Model dimension; (b) Boundary condition; (c) Tunnel support structure; (d) Location relationship between pipelines and tunnels.
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TABLE 1  Physical and Mechanical parameters of tunnel and ground.

Material Density/(kg·m-3) Young’s 
modulus/(MPa)

Poisson’s ratio Cohesion/(kPa) Internal friction 
angle/(°)

Backfill 1,720 3.2 0.32 10 10

Silty clay 1,930 18 0.30 37.7 18.85

Sand 1,970 35 0.27 0.1 33

Initial support 2,400 28,000 0.2 — —

Secondary liner 2,400 31,500 0.2 — —

GX1 2,400 30,000 0.2 — —

GX2 2,400 30,000 0.2 — —

GX3 7,200 127,000 0.3 — —

GX4 2,400 30,000 0.2 — —

TABLE 2  Parameters for solving pipeline dynamic response.

Material kL (MN/m2) kN/(MN/m4) Cd/(kN·s/m) EI/(MN·m2) J/(kg·m) S/(MN) mb/(kg/m)

GX1 44.83 112 × 104 61.27 54.34 4.35 353.43 169.65

GX2 44.83 112 × 104 61.27 4,401.52 352.12 3,180.86 1,526.81

GX3 44.83 112 × 104 61.27 292.9 16.61 580.43 213.89

GX4 44.83 112 × 104 61.27 136 10.88 800 384

TABLE 3  Truck parameters.

Speed/(km/h) Axle load/(kN) Tire spacing/(m) Wheel-base/(m) Wheel action area/(m2)

72 75 1.8 6.6 0.12

reduced integration quadrilateral shell element for thin or thick 
shell structures. The feet-lock bolt is simulated using B31 beam 
elements, which is a two-node unit based on the Timoshenko beam 
theory. To eliminate the reflection effect of dynamic waves at the 
boundary, C3D8I infinite element boundaries are set around the 
model and the bottom surface, and the top surface is a free boundary, 
as shown in Figure 4b. 

4.2 Mechanical parameters

Based on geological survey data and design data (An et al., 2022), 
the mechanical parameters of the surrounding rock are determined. 
The mechanical parameters of concrete pipelines and tunnel 
support structures are sourced from literature (Ministry of Housing 
and Urban-Rural Development of the People’s Republic of China, 
2010), and the parameters of cast iron pipes are taken from the 
specifications (State Administration for Market Regulation, 2019). 

The physical and mechanical parameters of the model are shown in 
Tables 1, 2. 

4.3 Vehicle load

A vehicle load model is derived from the actual types of 
engineering vehicles and the parameters of the heavy-duty truck 
given in the specifications (CCCC Highway Consultants Co, 2015). 
The tires are 295/80R22.5 and the truck is driven on the road surface 
directly above the pipeline. The parameters of the heavy-duty truck 
are shown in Table 3.

Time domain harmonic loads can reflect the dynamic 
characteristics of actual vehicle loads acting in time and space. The 
formula for time-domain harmonic load (Huang, 1998) is shown in 
Equation 5, and the periods of the load is shown in Equation 6:

P(t) = p+ 0.2psin2(πt
T
) (5)
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FIGURE 5
Time history curve of the vehicle load.

T = 12L
V

(6)

where: p is the wheel pressure (MPa), t is the wheel action time, T
is the wave load action period (s), L is the equivalent circle radius of 
the wheel contact area, generally taken as 15 cm, and V is the vehicle 
driving speed (m/s).

According to Table 2 and Equations 1, 2, the vehicle load can be 
obtained from Equation 7:

P(t) = 6.25× 105 + 1.25× 105 sin2(34.9t) (7)

The corresponding vehicle load time history curve 
is shown in Figure 5.

Based on Equation 3, use FORTRAN language to develop a 
subroutine to simulate vehicle loading. 

4.4 Pipeline dynamic response

A simplified calculation model for underground pipelines 
under road traffic loads using Timoshenko beams. The 
dynamic response of pipelines under vehicle loads is shown in 
Equation 8 and Equation 9.

ρA ∂2U
∂t2 +C ∂U

∂t
− κAG ∂2U

∂ ̃x2 + κAG ∂Ψ
∂ ̃x
+ kLU+ kNU3 = −P( ̃x, t) (8)

ρI ∂2Ψ
∂t2 −EI ∂2Ψ

∂ ̃x2 + κAGΨ− κAG ∂U
∂ ̃x
= 0 (9)

where: U is the vertical displacement, Ψ is the rotation angle of 
the cross-section, ̃x is the spatial coordinate along the beam axis, 
kN is the nonlinear part of the foundation stiffness, kL is the linear 
coefficient of the foundation stiffness, kL = ̃k(1+ 2ζj), j = √−1, ζ
is the viscous damping ratio, as well as the Young’s modulus E, 
shear modulus G, density ρ, foundation viscous damping C, cross-
sectional area A, beam moment of inertia I, and shear correction 
coefficient κ. 

4.5 Calculation cases

To study the influence of axle load and vehicle speed on the 
dynamic response of dense pipelines passing under shallow buried 
subway tunnels, the calculation cases are shown in Table 4. 

4.6 Feature point

14 points are arranged to detect the surface settlement above 
the initial excavation face of the tunnel, and 18 points are arranged 
to detect the pipeline settlement. DB represents surface settlement 
monitoring points, GX1 represents sewage pipe settlement feature 
points, GX2 represents storm sewer feature points, GX3 represents 
water supply pipe feature points, and GX4 represents pipe trench 
feature points. There are 5 settlement monitoring points for 
sewage pipes, rainwater pipes, and pipe trenches, and 3 settlement 
monitoring points for water supply pipes, shown in Figure 6.

The maximum dynamic response of the surrounding rock and 
tunnel are not located at the center line of the tunnel, so the following 
feature points are selected to analyze the dynamic response of the 
surrounding rock under vehicle load. The distribution of feature 
point positions is shown in Figure 7. 

4.7 Model verification

The measured maximum settlement of the surface and sewage 
are 12.72 mm and 9.98 mm. The maximum settlement of the surface 
obtained from numerical simulation is 10.89 mm, and the maximum 
settlement of the sewage pipe is 8.25 mm. The simulated settlement 
results are consistent with the measured data, but slightly smaller 
than the measured values, as shown in Figure 8, indicating that the 
established finite element model is reliable. In Figure 8, the measured 
settlement and numerical simulation settlement values are both 
caused by tunnel excavation, without considering the influence of 
surface vehicle loads.

According to the parameters in Table 1 and the 
measured maximum settlement, the Peck formula can be 
established, shown in Equation 10.

Sx = 12.72exp(− x2

27.79
) (10)

The pipelines’ settlement caused by tunnelling also follows a 
Gaussian distribution, a formula was fitted to describe the sewage 
pipe’s settlement in a depth of 3.3 m, shown in Equation 11.

SGx1,x = 1.017− 11.948× exp(−0.5×(x− 0.24
4.244
)

2
) (R2 = 0.964)

(11) 

5 Results

5.1 Settlement of the tunnel and pipeline

According to the measured data and simulation results, when 
there are no vehicles passing through, the maximum surface 
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TABLE 4  Calculation cases.

Case Speed/(km/h) Axle load/(kN) Tire spacing/(m) Wheel-base/(m) Wheel action area/(m2)

1 72 50 1.8 6.6 0.12

2 72 75 1.8 6.6 0.12

3 72 100 1.8 6.6 0.12

4 72 125 1.8 6.6 0.12

5 36 75 1.8 6.6 0.12

6 72 75 1.8 6.6 0.12

7 108 75 1.8 6.6 0.12

8 144 75 1.8 6.6 0.12

FIGURE 6
The monitoring points in the excavated section.

settlement caused by tunnel excavation is 10.89 mm, and the 
settlement of the tunnel arch crown is 22.74 mm, as shown in 
Figure 9a. When a 75 kN axle load vehicle passes through at a speed 
of 72 km/h, it causes a maximum dynamic settlement of 33.58 mm 
at road feature point A and 1.42 mm at arch crown feature point C, 
as shown in Figure 9b.

Figure 10a is the settlement contour of the pipeline which is 
caused by tunnel excavation only. When the vehicle passes above 
the tunnel, the pipeline’s settlement under the combined action of 
excavation and vehicle load is shown in Figure 10b.

The maximum settlement of the pipeline caused by tunnel 
excavation is 8.25 mm. When vehicles with axle loads of 50 kN, 

75 kN, 100 kN, and 125 kN passes through, the maximum 
settlement of the pipeline is 9.08 mm, 9.49 mm, 9.91 mm, and 
10.33 mm, respectively. The larger the axle load of the vehicle, the 
greater the dynamic settlement of the pipeline.

When a 75 kN vehicle load passes through at a speed of 
72 km/h, the settlement time history curves of feature points 
are shown in Figure 11. The surface dynamic settlement is much 
higher than that at the tunnel arch, and decreases with increasing 
burial depth. The maximum dynamic settlement of surface feature 
point A is 33.58 mm, the maximum dynamic settlement of the storm 
sewer with a depth of 2.52 m is 1.62 mm; In depth of 3.31 m,the 
dynamic settlement of the sewage pipe is 1.23 mm. 
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FIGURE 7
Distribution of feature points: (a) Road feature points; (b) Feature points of surrounding rock; (c) Feature point of pipe line.

FIGURE 8
Comparison of settlement measurement and numerical simulation results: (a) Surface settlement; (b) Pipe line settlement.
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FIGURE 9
Settlement contour of surrounding rock: (a) Without vehicle passing; (b) Vehicle passing.

FIGURE 10
Settlement contour of surrounding rock before and under traffic load: (a) Without vehicle passing; (b) Vehicle passing (axle load 100 kN).

FIGURE 11
Settlement time-history curves of feature points: (a) Surrounding rock and tunnel structure; (b) Pipe line.

5.2 The influence of axle load

Due to the cumulative settlement and dynamic settlement of 
sewage pipe may exceed the potential safety allowable value; sewage 

pipes were selected for analysis in order to explore the impact of axle 
load on underground pipelines.

When a vehicle passes through at a speed of 72 km/h, Figure 12a 
shows the settlement distribution of the sewage pipeline above the 
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FIGURE 12
Settlement distribution of sewage pipe under different axle load: (a) Settlement distribution along the cross-section of the tunnel; (b) Settlement time 
history curves; (c) Axle load-dynamic settlement relationship.

underground tunnel under different axle loads, Figure 12b shows the 
settlement time history curve of the feature point L on the sewage 
pipeline under different axle loads. Figure 12c shows the relationship 
dynamic settlement and axle load.

According to Figure 12a, when a vehicle with an axle load of 
50 kN travels at 72 km/h, the dynamic settlement values of the 
sewage pipe at the center line of the tunnel and 8.3 m from the center 
line are 0.81 mm and 0.24 mm, respectively; When the axle load is 
100 kN, the dynamic settlement values of the sewage pipe at the 
center line of the tunnel and 8.3 m away from the center line are 
1.65 mm and 0.48 mm, respectively.

Under the action of vehicle dynamic load, the dynamic 
settlement of the pipeline is significantly increased, and the dynamic 
settlement is higher at the tunnel span than at the unexcavated areas 
on both sides, indicating the existence of the underground tunnel, 
which exacerbates the dynamic response of the pipeline.

According to the dynamic settlement distribution curve in
Figure 12a, it can be seen that the maximum dynamic settlement 

of the pipeline caused by vehicle load is located near the side 
wall of tunnel.

Figures 12b,c shows that the vehicle axle load has a significant 
impact on the dynamic response of the pipeline. When there are 
no vehicles passing through, the settlement value is caused by 
excavation. When vehicles pass through, the dynamic settlement 
increases with the increase of axle load. 

5.3 The influence of speed

Figure 13a shows the settlement distribution of the sewage 
pipeline above the underground tunnel at different vehicle speeds, 
Figure 13b shows the settlement time history curve of the feature 
point L on the sewage pipeline at different vehicle speeds. Figure 13c 
shows the relationship dynamic settlement and speed.

As shown in Figure 13a, the dynamic settlement of pipeline 
increases with the increase of vehicle speed, and the maximum 
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FIGURE 13
Settlement curves of sewage pipe under various speed: (a) Settlement distribution along the cross-section of the tunnel; (b) Settlement time history 
curves; (c) Speed-dynamic settlement relationship.

dynamic settlement is also located near the center diaphragm of 
the tunnel.

When driving at a speed of 108 km/h through the center line of 
the tunnel, the dynamic settlement of the sewage pipe at the tunnel 
center line is 1.43 mm, the dynamic settlement value of the sewage 
pipe at a distance of 8.3 m from the centerline is 0.95 mm. Figure 13b 
shows that when the vehicle speed is below 72 km/h, the dynamic 
settlement of the pipeline is relatively stable. When the vehicle 
reaches 108 km/h, the faster the vehicle speed, the greater the 
dynamic settlement of the pipeline. 

5.4 The influence of pipeline burial depth

When a 75 kN vehicle load passes through at a speed of 72 km/h, 
Figure 14a shows the settlement distribution of the sewage pipeline 

with different burial depths, and Figure 14b shows the settlement 
time history curve of the feature point L on the sewage pipeline 
with different burial depths, and Figure 14c shows the settlement 
variation with the burial depth of the sewage pipe.

According to Figure 14, as the distance apart from the tunnel 
arch increases, the settlement of the sewage pipe and ground 
surface caused by tunnelling is decreasing; the sewage pipe’s 
settlement caused by tunnelling is 8.26 mm at the depth of 4 m, 
and 3.89 mm at the depth of 0.5 m. Meanwhile, as the burial 
depth increasing, the dynamic settlement of the sewage pipe and 
ground surface is decreasing rapidly, the sewage pipe’s dynamic 
settlement is 6.22 mm at the depth of 0.5 m, and 1.23 mm at the 
depth of 3.5 m. At the same depth, the dynamic settlement and the 
settlement caused by excavation of sewage pipelines are both smaller 
than those of soil; the pipeline has a certain resistance effect on
soil settlement. 
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FIGURE 14
Settlement distribution of sewage pipe under different burial depth: (a) Settlement distribution along the cross-section of the tunnel; (b) Settlement 
time history curves; (c) Settlement -depth relationship and fitted formula curve.

5.5 Revised peck formula for settlement 
estimate

The maximum settlement of soil and sewage pipe along the 
depth direction, which is caused by tunnelling, can be calculated by 
using Equation 12 and Equation 13.

Smax ,y = 10.922− 1.188y+ 0.45y2 (R2 = 0.989) (12)

Smax ,Gx1,y = 3.660− 0.442y+ 0.245y2 (R2 = 0.984) (13)

where: Smax,y is the soil’s maximum settlement caused by tunnelling 
at the depth of y (mm); Smax,Gx1,y is the Gx1’s maximum settlement 

caused by tunnelling at the depth of y (mm); y is the depth of soil or 
pipeline (m).

The maximum dynamic settlement of soil and sewage pipe 
are decayed with the depth increasing, can be calculated by using 
Equation 14 and Equation 15.

Smax ,d,y = 1.20+ 32.34exp(
y

0.0474
) (R2 = 0.999) (14)

Smax ,d,Gx1,y = 0.81+ 8.216exp(
y

1.194
) (R2 = 0.999) (15)

where: Smax,d,y is the soil’s maximum settlement caused by vehicle 
load at the depth of y (mm); Smax,d,Gx1,y is the Gx1’s maximum 
settlement caused by vehicle load at the depth of y (mm).
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FIGURE 15
Settlement distribution of sewage pipe: (a) Verticle distribution of dynamic settlement; (b) Horizontal distribution of Coupling settlement; (c) Horizontal 
distribution of dynamic settlement.

TABLE 5  Vertical settlement control standard for pipelines.

Pipe Materials Diameter/side length (mm) Safety standard of 
settlement (mm)

Settlement rate (mm/d)

GX1 Sewage pipe Concrete 500 10–20 2

GX2 Storm sewer Concrete 1,500 10–20 2

GX3 water supply pipe Cast iron 800 10–30 2

GX4 pipe trench Concrete 300 10–30 2

It should be noted that the shallower the pipeline is buried and 
the closer it is to the surface, the greater the dynamic settlement, 
which may cause the pipeline to exceed the safety limit. The deeper 
the pipeline is buried and the closer it is to the tunnel, the greater the 

settlement caused by tunnelling, which will also cause the pipeline 
to exceed the safety limit. Further more, if it is manual monitoring 
rather than automated monitoring, the dynamic settlement caused 
by vehicle loads will be ignored, and repeated dynamic impacts will 
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be very detrimental to pipeline joints. Therefore, the safety risks of 
pipelines will be greatly underestimated, which deserves attention.

So based on Equations 10, 12 and 14, the final formula to 
estimate the coupling settlement of soil is shown in Equation 16.

Sy = [13.957− 1.388y+ 0.525y2 + 32.34exp(
y

0.0474
)]exp(− x2

27.79
)

(16)

Based on Equations 11, 13 and 15, the final formula to estimate 
the coupling settlement of sewage pipe is shown in Equation 17.

SGx1 = [1.017− 11.948× exp (−0.5×(x− 0.24
4.244
)

2
) ]

× [5.237− 0.534 ⁢y+ 0.296 ⁢y2 + 8.216exp (
y

1.194
)] (17)

According to Equations 16 and 17, when x = 0, the maximum 
coupling settlement distribution is shown in Figure 15a; when 
y = 0.5, 1.0, 1.5, 2.5, 3.3 m, the maximum coupling settlement 
distribution is shown in Figure 15b, and the maximum dynamic 
settlement distribution is shown in Figure 15c. 

6 Pipeline safety control standards

The settlement factors of pipelines are closely related 
to their materials. According to references (Fang et al., 
2011; Ministry of Housing and Urban-Rural Development 
of th e People’s Republic of China, 2014; Ministry of Housing and 
Urban-Rural Development of the People’s Republic of China, 2002), 
the settlement standards for pipelines with different materials 
and diameters (side lengths) have been determined, as shown in
Table 5.

According to the coupling and dynamic settlement of the 
pipeline in Figure 15, it is revealed that: When the burial depth of 
the pipeline is less than 1.5 m, the settlement rate would exceed 
the safety limit; When the burial depth of the pipeline is less than 
0.5 m or in the range of [3.0 m, 4.0 m], the coupling settlement of the 
pipeline in the tunnel range would exceed the accumulative limit.

Due to the continuous reciprocating impact of the upper 
vehicle’s dynamic load on the pipeline, the cumulative settlement 
safety allowable value should be taken as 10 mm. The analysis results 
show that: When there is a tunnel below the pipeline, the settlement 
caused by excavation and the dynamic settlement caused by vehicles 
are both relatively large, and both decrease with increasing distance 
from the tunnel center line.

When the axle load is 75 kN and the vehicle speed is below 
108 km/h, without considering the cumulative effect of vibration 
cycles, the maximum settlement of the sewage pipe will not exceed 
the safety allowable value of 10 mm; when the axle weight is 100 kN 
and the vehicle speed is 72 km/h, the settlement is also close to 
the allowable value of 10 mm. At the same time, the dynamic 
settlement of the rainwater pipe caused by the vehicle’s dynamic load 
exceeds the safe allowable deformation rate of 2 mm/d. However, 
the speed of urban roads is generally low, and the increase in 
dynamic settlement of pipelines is limited. The calculation results 
show that when the speed reaches 144 km/h, the dynamic settlement 
of rainwater pipes reaches 2.37 mm, exceeding the allowable limit of 
change rate by 2 mm/d.

Due to the settlement of pipelines caused by tunnel excavation 
and the increased dynamic settlement of pipelines caused by the 
void effect of tunnel excavation, vibration control must be carried 
out in a certain area of the underground tunnel (preferably within 
the 2D range of the tunnel centerline) to ensure the safety of the 
pipeline. Firstly, the axle load of vehicles should be limited to 
below 75 kN, and secondly, the driving speed should be limited to
below 72 km/h. 

7 Conclusion

Based on a subway tunnel that passes through dense pipelines in 
the urban road, combined with measured data, a three-dimensional 
numerical simulation model is established. Using numerical 
simulation methods, the dynamic response characteristics of 
adjacent dense pipelines under the dual effects of tunnel excavation 
and road vehicle loads are analyzed, and proposed a revised Peck 
formula to estimate the pipelines’ settlement caused by tunnelling 
and vehicle load. The main conclusions are as follows. 

1. The settlement of soil and pipeline caused by tunnelling 
decreases with decreasing burial depth. Meanwhile, as the 
burial depth increasing, the dynamic settlement of the sewage 
pipe and ground surface is decreasing rapidly.

2. The dynamic settlement of the pipeline enlarges with the 
vehicle axle load and speed increasing. The pipes’ dynamic 
settlement at the tunnel centerline is the largest, and decay 
towards both sides, indicating that tunnel void significantly 
increases the dynamic settlement of the pipeline.

3. Based on the settlement distribution characteristics, a revised 
Peck formula is established to estimate the pipelines’ settlement 
in different depths and positions. When the depth is less than 
1.5 m or the distance apart from the tunnel arch is less than 
1.0 m, the pipelines’ settlement would exceed the limit. It 
is also recommended to limit the axle load to below 75 kN 
and the speed to below 72 km/h within the 2D range of the 
tunnel centerline, so as to ensure the safety and stability of
the pipeline.

4. Whether the pipeline is buried close to the surface or tunnel, 
it should be noted that the pipeline’s dynamic settlement or 
cumulative settlement may exceed the safety limit. In addition, 
if it is manual monitoring rather than automated monitoring, 
the safety risks of pipelines will be greatly underestimated by 
ignoring the dynamic settlement and its adverse impacts on the 
pipeline joints.
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