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Abstract: The empirical formula is one of the traditional methods used for predicting ground
deformation settlement caused by tunnel excavation. Due to its rationality and simplicity, the Peck
formula is widely used for predicting surface subsidence. However, due to its limitations, it is
necessary to modify it when predicting surface settlement caused by tunnel excavation in different
strata. In this paper, a correction formula for the width coefficient of a tunnel surface settlement slot
is derived from the Peck formula by taking into account the theory of strata slip cracks. Values are
calculated using the correction formula and compared with measured data to verify the effectiveness
of the correction formula. The main conclusions are: (1) The position corresponding to the width of
the settlement in the Peck curve is the point where the formation is most prone to slip cracking. (2) In
the general shallow buried case, the settlement groove width coefficient K and the internal friction
angle ¢ of the ground satisfy the formula K = 1/tan(45° + ¢ /2 + a) + b, and the values of parameters
a and b reflect the average values of the geometric properties of the tunnel based on the measured
data. (3) The prediction of the correction formula is consistent with the measured data, and thus the
correction formula can be applied to problems related to the stability of shallow buried tunnels.

Keywords: shallow tunnel; strata slip crack; Peck formula; settlement prediction

1. Introduction

Shallow buried tunnels are widely used in areas with good soil conditions. However,
with the continuous construction of urban underground transportation systems, excavation
of shallow buried tunnels has become increasingly common in areas where it is difficult for
geological conditions to meet the requirements for stability of the soil structure near the
tunnel. Additionally, during excavation of shallow tunnels, additional stress is generated
in the soil, leading to deformation and even failure of the original soil. The soil undergoes
complex stresses such as compression, shear, and torsion, resulting in settlement. The
mechanism of ground settlement caused by tunnel construction mainly comes from the
elastic—plastic deformation of the strata caused by stress release and additional stress
on the excavation surface. Surface subsidence may cause displacement and rupture of
surrounding pipelines, cracking and collapse of road surfaces, and damage to inclined
structures of surrounding buildings, posing a great threat to people’s lives and the safety
of properties. Therefore, accurate prediction of surface settlement, targeted improvement
of construction techniques, optimization of construction parameters, and maintenance of
ground settlement values within a safe range can greatly improve construction safety.

Surface settlement prediction is an important area of tunnel excavation research and
has been studied by many domestic and foreign scholars [1-3]. The Peck formula and
its various empirical corrections are some of the most widely used methods. Peck [4]
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considered that the shape of a lateral settlement trough of a tunnel approximates a normal
distribution and proposed an empirical formula for ground settlement. Tang et al. [5] used
Peck’s formula to study surface displacement in the construction of group pipe jacking
using the pipe curtain method and proposed empirical formulas for the settlement slot
width coefficient and ground loss rate during pipe jacking; these formulas can be applied
to predict surface settlement. Additionally, Tang et al. [6] modified Peck’s formula and
studied tunnel surface settlement in low-permeability soils. Wang et al. [7] used Peck’s
formula to fit tunnel surface settlement data obtained in Beijing and discussed the effects
of construction methods, tunnel burial depth, support stiffness, and other factors, on the
empirical parameters of the formula and then gave a correction formula for the empirical
parameters. Han et al. [8] suggested values for the empirical parameters in the Peck
formula by studying tunnel surface settlement data obtained in Beijing and Shanghai
and pointed out the limitations of the applicability of the Peck formula to ultra-shallow
buried tunnels. In addition, many other predictive methods have been studied in detail.
The stochastic medium theory proposed by Litwinszyn [6], which is based on coal mine
excavation, is based on the assumption that the ground settlement trough is caused by
uniform convergence of the tunnel and can be used to calculate the surface settlement
caused by the tunnel excavation. Li et al. [9,10] analyzed the influence of shear stress on
soil settlement deformation through direct shear tests and numerical simulation. Han
etal. [11] further studied the deformation pattern of uneven convergence of a tunnel and
proposed a predictive model for the settlement of tunnels with various section shapes. Lu
et al. [12] used a Fourier series to model the deformation of a shallow buried tunnel section
and proposed a method for combining section convergence values to determine ground
displacement. Wu et al. [13] proposed a machine learning method for modeling soil particle
constitution and predicting settlement deformation using the tunnel soil constitutive model.

As shown in the above studies, predictive methods that consider various factors,
including geological conditions, construction techniques, and tunnel cross section shapes,
are well known. However, there is limited research on the effect of strata slip cracks on
surface settlements. Strata slip cracks are geological formations that occur when layers of
rock or soil move past each other due to pressure and other forces. Strata slip cracks are often
induced by tunneling in landslide areas [14]. If a strata slip crack is not correctly identified
during the tunnel survey and design process, it may affect tunneling efficiency [15] and may
even endanger the safety of the tunnel [16]. Therefore, focus was placed on the analysis of
ground slip cracking prior to tunnel excavation. The common method for analyzing the
effect of stratigraphic slip fractures is numerical simulations; however, due to the influence
of geological conditions and the lack of human knowledge of objective facts, simulation
results often do not correlate with the real situation [17].

Damage to strata slip cracks usually affects the surface settlement, and with increasing
surface settlement, the impact on engineering safety is not negligible, thus it is important
to explore the impact of strata slip crack on surface settlement [18,19]. Recently, settlement
monitoring equipment have been gradually used in the tunnel excavation process. The
actual state of the current ground settlement can be determined by monitoring the set-
tlement. Many experts have analyzed ground deformation using settlement monitoring
data [20-22].

Although many scholars have proposed prediction methods and failure theories for
surface settlement of shallow buried tunnels, there is little research on the consideration
of geological sliding cracks in the Pick formula. Therefore, the theory of strata slip cracks
was applied to the analysis of ground deformation and the prediction method was applied
to shallow buried tunnel construction. We proposed a correction formula for the width
coefficient of the settlement slot and compared the predicted results with measured data to
verify the proposed correction formula.
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2. Methodology
2.1. Theory of Strata Slip Cracks

Shallow buried tunnels generally occur due to small burial depths and deviations in
surrounding rock conditions. Therefore, after tunnel excavation, the self-bearing capacity of
the surrounding rock is limited and cannot form a stable supply, resulting in the occurrence
of landslides. This not only endangers the safety of the construction, but also has an adverse
impact on ground structures in severe cases. In shallow buried tunnel collapse accidents, a
clear sliding failure surface is usually formed on both sides of the tunnel and the overlying
surrounding rock, which is called the sliding fracture surface. According to the conclusions
of Wang et al. [23], the slip fracture surface is simplified to an oblique straight line and the
angle between the slip fracture surface and the horizontal surface is defined as the slip
fracture angle S.

As shown in Figure 1, the oblique lines on both sides of the tunnel in the figure
represent the simplified sliding surface, which is the connecting line between the tunnel
wall corner and the critical displacement point of the surface on that side. The fracture
angle corresponds to sliding surface f. It can be obtained using the trigonometric function.
Here, H represents the thickness of the soil covering the upper part of the tunnel, which
is the burial depth of the tunnel; & represents the height of the tunnel; L represents the
horizontal distance between the critical displacement point on the surface and the corner
of the tunnel wall on that side, which is correlated with the geometric parameters of the
tunnel, surrounding rock conditions, and construction methods.

H

Collapse body

slip fracture surface slip fracture surface

h

Figure 1. Vertical view of the strata slip crack.

For classic loose accumulation bodies, the slip angle calculated by Terzaghi and
Rankine earth pressure is 45° + ¢ /2. Obviously, for complex surrounding rock situations,
this idealized calculation cannot accurately meet the actual engineering needs. Yi et al. [24]
proposed a method for deriving slip angle, taking into account tunnel geometric parameters,

as follows:
H D

H+ha(H+h) - @)

Kj(cot ¢ + tan )
Ki+ (1—-Kp)tang

tan(20) = —cot¢ + 2)
where Kj is the geometric shape parameter of the tunnel, which is determined by the
surrounding rock coverage ratio (H/D) and the cross-sectional flatness ratio (h/D), and Kg
is the side pressure coefficient. In most shallow burial cases, Ky < 1, which means that
tan (26) > —cot ¢, > 45° + ¢/2.
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The formula shows that the shallower the burial depth and the larger the span of a
tunnel, the more obvious the damage to the stratum. The slip crack angle can exceed the
result obtained using the traditional method (i.e., 45° + ¢/2) by more than 15°. The results
of the classical slip crack angle and the range of the new slip crack angle for each soil (rock)
type based on the classical Terzaghi theory and the analysis of new slip crack angles by Yi
et al., are shown in Table 1.

Table 1. Recommended values of the shear strength of soils and weathered rocks.

Category Internal Friction Angle ¢/° Conventional Slip Crack Angle 6/° New Slip and Crack Corner /°
Clay 15-18 52.5-54 70.5-72
Silty clay 17-24 53.5-57 71.5-75
Silt 23-30 56.5-60 74.5-78
Sandy clay 28-42 59-66 77-84
Fully weathered granite 2645 58-67.5 67.5-76-85.5
Strongly weathered granite 39-46 64.5-68 82.5-86
Partially weathered granite 51-62 70.5-76 88.5-90

The area of the line between the slip crack surface, the ground surface, and the tunnel
sidewalls is considered the collapse body, as shown in Figure 2. The strata within the
collapse body are the main areas where deformations occur. The larger the friction angle
within the stratum, the larger the slip crack angle, and the smaller the range of the collapsed
body, the smaller the influence of the tunnel on the deformation of the stratum.

Ground settlement tank

Ground surface ™ i

/

/

[ / Slip fracture surface of medium

Collapse body

weathered granite

‘s"‘ \ Slip fracture surface of strong
/ \ weathered granite

/ Slip fracture surface of powdered

/ soil
Clay slip fracture surface

Tunnel Location

Figure 2. Range of influence of slip fracture surface parameters on ground settlement.

2.2. Correction of the Surface Settlement Prediction Equation Considering Strata Slip Cracks
2.2.1. Surface Settlement Pattern

At present, the empirical formula for predicting surface settlement during shield
tunnel construction mainly utilizes on-site engineering measured surface settlement data
and a series of strata deformation calculation methods developed based on the Peck
empirical formula. In 1969, Peck [1] proposed an empirical formula for predicting surface
settlement caused by tunnel construction. Assuming that the soil is not drained and
consolidated, it is believed that the cross-sectional settlement curve of the ground caused
by shield tunnel construction is a Gaussian curve and the volume of ground loss can be
represented by the volume of settlement slots. The Peck empirical formula for predicting
surface settlement is proposed as follows:

According to Peck’s theory, the main cause of soil deformation is soil loss during the
tunnel excavation process. The surface transverse settlement trough is normally distributed
and its volume is equal to the soil loss volume. The formula for estimating lateral ground
settlement caused by tunnel construction is:

—]/2
S= Smaxexp[?} 3)
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where Smax is the surface settlement directly above the tunnel axis, the theoretical maximum
surface settlement value; y is the horizontal distance from the ground point corresponding
to the tunnel centerline to the calculation point; and i is the settlement trough width, the
horizontal distance from the tunnel axis to the inflection point of the settlement curve.
Accurately quantifying the parameters in the Peck formula is the determining factor
in accurately predicting surface subsidence using this formula. A large number of domestic
and foreign scholars have conducted in-depth research on the empirical parameters of
the empirical Peck formula. New BM [25] analyzed the measured values of maximum
surface settlement and settlement trough width and volume for clayey, backfill, and sandy
soils in the UK and concluded that the tunnel burial depth greatly affects the settlement
trough width. The relationship between tunnel burial depth and settlement trough width
is defined as:
i=KZ 4)

where i is the settlement slot width, K is the settlement slot width coefficient, and Z is the
tunnel burial depth.

Han et al. [11] summarized the suggested preliminary values of the settlement trough
width coefficient caused by tunnel excavation in some areas of China: K is 0.50 in Shanghai,
0.60-0.80 in Guangzhou and Shenzhen, and 0.30-0.60 in Beijing, where the soil conditions
are relatively complex.

2.2.2. Derivation of the Correction Formula

The functional form of Peck’s formula is essentially a Gaussian distribution curve, and
derivation of the function of Peck’s formula yields:
2
s’ = _i% exp[%] (5)
where s’ is the rate of change of curve S in Equation (3).

From Formula (5), the rate of change of the value of stratum settlement along the y
direction is largest when y = i. This point is the most obvious point of uneven ground
settlement and the most likely point of stratum slip crack. As the stratum deepens, the
value of the settlement trough width gradually decreases and the most dangerous slip-
cracking point gradually gets closer to the center of the tunnel. The most dangerous
slip-cracking point of each stratum is correlated with a smooth curve, which constitutes the
most dangerous slip-cracking surface of the tunnel.

As shown in Figure 3, when the dimensional parameters of the tunnel are disregarded
and only the depth of tunnel burial is taken into account, the relationship between the sink
width and the slip crack angle is:

_h—z
~ tan®

2

(6)

Settling tank curve

Slip fracture surface

Figure 3. Relationship between strata slip crack surface and settlement trough.
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According to the formula developed by the British scholar Mair [26] and others,
iy = (h — z)/tan 6, the following equation can be obtained:

1 1

k= tanf tan(45° + ¢/2) @

where £ is the tunnel burial depth, i, is the depth of z at the stratum sink width, ¢ is the
tunnel slip crack angle, K is the depth of z at the sink width coefficient, and ¢ is the internal
friction angle of the stratum’s geotechnical body.

Based on the above analysis, and considering the tunnel dimension parameters, i.e.,
height H and span D, Equations (6) and (7) take the following forms:

) h+H—-z D
= Tane +§ ®)

h+H—z D
K= (h—z)tan9+2(h—z) ©)
where H is the tunnel height, D is the tunnel span, and / is the distance from the top of the
tunnel to the ground surface. Excluding the case of super-shallow burial, it is generally
considered that the depth of burial of the tunnel is greater than the height of the tunnel, i.e.,
(h + H)/h = 1. Only when considering the width coefficient of the settlement trough on the
surface, i.e., z = 0, is Equation (9) simplified as follows:

1 D
K_tan9+ﬂ

(10)

Since the actual slip crack angle in shallow buried tunnels is generally larger than that
calculated by the conventional method (45° + ¢/2), it is assumed that the magnitude of
the actual slip crack angle is 6 =45° + ¢/2 + a and D/2h = b. K; is then transformed into a
function of the internal friction angle ¢ of the soil layer as follows:

1

k= tan(45° 4+ ¢/2 +a) b (1

where a and b are parameters. The size of a is determined by the formation slip fracture
angle, which indicates the part of the actual formation slip fracture angle that is larger than
the value calculated by the conventional method, and the size of b is determined by the
overburden-to-span ratio of the surrounding rock.

3. Results
3.1. Fitting Real Data

To verify the applicability of the proposed correction formula, 18 sets of publicly
available measured data for ground settlement caused by the construction of shallow
buried tunnels across the world were collected and analyzed in this study. Most of the
data were collected during construction of urban subway tunnels; however, some shallow
buried tunnels were excavated in the soil for other purposes, such as to lay sewage pipes.
The main focus of this study was to fit the measured ground settlement curve using Peck’s
formula to obtain the value of i and then to calculate the value of K according to O'Reilly’s
formula, and to obtain the average internal friction angle of the overlying and crossing soil
layers of the tunnel according to the weighted average of the soil distribution. The results
are shown in Table 2.
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Table 2. Results of Gaussian curve fitting of ground deformation caused by construction of shallow buried tunnels.

Name

Source

Overlying and Crossing Strata

Tunnel Radius/m

Burial Depth/m

i/m

Average Internal

Friction Angle/°
Heathrow Tunnel Deane [27] London Clay 4.25 19 8.5 0.447 20
Thunder Bay Tunnel Palmer [28] Clay 1.235 10.7 45 0.421 15
Shanghai Furong River Sewage Yi [29] Saturated powdery clay 2.165 56 2.77 0.494 2
Shanghai Tunnel Line 2 Lee [30] Silty clay, chalky clay 3.17 15.0 6.3 0.420 14.68
Shanghai Tunnel Line 2 . .
(Longdong Road-Central Park) Yi [31] Silty clay 3.215 6.09 4 0.656 9.0
8.37 52 0.599 7.3
9.78 5.4 0.552 11.82
10.37 59 0.569 12.34
13.8 6.35 0.477 16.5
Nanjing Metro Line 1 . .
(Xuan-Xu-Nan) Li [32] Powdery clay, fine sand 3.17 14.0 6.8 0.485 15.5
13.0 4.85 0.373 28.9
Tianjin subway tunnel Li[33] Chalky clay, powdered clay 3.195 11.848 5.45 0.460 21.2
Beijing Metro Line 10 Chu [34] Powdery clay 3.125 17.34 7.9 0.459 16.0
(San-Liang)
Beijing Metro Line 10 Heng [35] Powdery clay, chalky clay 3.0 15.15 8.1 0.468 15.4
Beijing Metro Line 10 (Bei-Shao) Zhang [36] Powdery clay, chalky clay 3.0 15.15 5.85 0.386 25.0
14.41 6.0 0.416 20.0
Beijing Liang Shui River south Fill soil, fine sand, chalk, sand
bank sewage trunk line Guo [37] and pebbles 1665 8415 316 0375 295
Guangzhou Metro Line 3 Hard plastic residual soil, fully
(Ke-Da) Xu [38] weathered rock layer 3.125 14.1 6 0.425 27.5
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Since burial depths and soil distribution can change in different sections of the same
project, multiple results may be obtained by fitting data for the same project, for example,
Shanghai Tunnel Line 2 and Nanjing Metro Line 1 in Table 2.

The data in Table 2 are fitted based on the proposed correction formula to obtain the
fitted curve of K versus ¢, as shown in Figure 4.

0.65 | Form 1/tan((45+x/2+A)*3.14159/180)+B
Iy 18. 88155
0.60F m B 0. 15255
o . R2(COD) 0. 67369
~ 0.55F ®
5 u Measured data
‘g -
& 50 b Fitting curve
= =
- |
E; - L Ban -
'é 0.45 -
3 - ]
20.40 | -
g -
= [
= an
(]
9 o.35
O 30 L 1 1 1 1 1 L 1 1 1 1 1 L

6 8 10 12 14 16 18 20 22 24 26 28 30
Mean internal friction angle of the stratum /¢ (°)

Figure 4. Fitting curve for the width coefficient of the settlement tank.

As shown in Figure 4, the R? = 0.67 of the fitted curve and the relationship between K
and ¢ can satisfy the proposed correction formula, indicating that the model and formula
established in this paper have some applicability. When ¢ is between 5° and 30°, the
relationship between K and ¢ is roughly linear, i.e., K decreases linearly as ¢ increases. The
values of parameters a and b reflect the engineering characteristics of different tunnels. The
average value of parameter a is 18.88, which means that the actual slip crack angle of the
shallow buried tunnel strata exceeds the results calculated by the conventional method (i.e.,
45° + ¢ /2) by approximately 18.88°, which is also consistent with the results of the new slip
crack angle formula derived by Yi et al. [24] and verifies the validity of the modified formula
from another perspective. The average value of parameter b is 0.15, reflecting an average
overburden-to-span ratio of approximately 3 in the collected tunnel engineering data.

There is a certain dispersion between the measured data and the fitted curves in
this paper because the ground slip angle is also influenced by the tunnel cover-to-span
ratio, the sagittal-to-span ratio, and geological and construction parameters. When the
selected tunnel geometry parameters vary considerably, the fitted parameter values a and
b change accordingly.

3.2. Instance Verification

A subway tunnel in Shenzhen is used as an example to verify the correction formula.
The typical section of the tunnel has a height of 12.7 m and a span of 8.1 m, with the top
arch 5.6 m from the surface. The detailed parameters of the section are shown in Figure 5.
First, the Peck formula is fitted to the surface settlement results after tunnel construction.

The results of fitting the Peck curve to the results of the numerical simulation are
shown in Figure 6. The results show that the surface deformation pattern during the tunnel
construction period conforms to the normal distribution curve, with a maximum surface
settlement value of 3.1 mm and a settlement trough width i = 4.7 m. When the geometric
parameters of the tunnel are input in the correction formula, the tunnel slip crack angle 6
is found to be 84°, exceeding the value of 45° + ¢/2 (where ¢ is taken as 34°) by 22°. It is
close to the fitted curve of a = 18.8° and is consistent with the overall sliding characteristics
of the overlying strata of the shallow buried tunnel.
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Figure 6. Fitting curve of surface settlement of the relying project.

In addition, based on various methods of calculating the surrounding rock pressure,
including Proctor’s theory and Terzaghi theory, the modified model proposed in this paper
can be applied to the shallow buried cavern stability problem. Therefore, the results of the
modified formula are substituted into the surrounding rock pressure formula proposed by
Yu Li et al. [39]:

1 1 1 sinf—tangcosp ¢
Pq_A{{’yh(ZK+tanﬁ) ¢ Xtanq)sinﬁ+cosﬁ tanﬁ} (12)

Pe =APq (13)

where Pq is the vertical pressure, Pe is the horizontal pressure, A is the lateral pressure
coefficient, / is the distance from the top arch of the tunnel to the ground, K is the tunnel
vector-to-span ratio, and f is the slip crack angle.

The value of the lateral pressure coefficient A is 0.304, based on the Highway Tunnel De-
sign Code. The results obtained from the modified model are added to Equations (12) and (13)
to obtain a vertical pressure of 144.25 kPa and a lateral pressure of 42.85 kPa. Then, the simpli-
fied formula in the Highway Code is used to calculate a vertical pressure of 99.48 kPa and a
lateral pressure of 17.02 kPa. The results show that the pressure value calculated using the
modified model is larger than that of the specification and has a certain safety reserve.
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4. Conclusions

By considering the characteristics of stratum slip fractures, the influence of slip fracture
surface parameters on stratum deformation is studied, the theoretical formula for the width
of the surface settlement trough is modified, and the applicability of the modified formula is
verified by comparing it with measured data. The main conclusions obtained are as follows:

1. The location corresponding to the width of the settlement trough in the Peck curve is
the point where the most obvious uneven settlement of the ground surface occurs and
the point where slip cracking of the strata is most likely to occur. The most dangerous
slip-crack points of each stratum are connected by a smooth curve, which constitutes
the most dangerous slip-crack surface of the tunnel.

2. By considering the ground slip crack and the tunnel dimension parameters, an
equation is derived for the width coefficient K of the sinkhole and the internal
friction angle ¢ of the soil. The equation is considered to satisfy the equation
K=1/tan (45° + ¢/2 + a) + b in the general shallow burial case, and the values of
parameters a and b reflect the average values of the geometric properties of the tunnel
project based on the measured data.

3. The formula derived in this article was evaluated using measured data of surface
settlements caused by tunnel excavation both domestically and internationally. The
width coefficient K of the settlement groove varied with the internal friction angle of
the ground ¢. The increase showed an approximate linear decreasing trend and the
fit was good. Finally, the improved model was used to calculate the pressure of the
surrounding rocks.
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