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Gravity anchor blocks are a common type of ground anchor used for
suspension bridges, whose bearing depends on its large body and gravity.
As there is no stratum requirement, the safety of the anchor block is important
for bridge stability. This study summarizes all available estimation indexes,
calculating methods, and evaluation criteria for gravity anchor block safety for
the Ruili bank of the Banjin Dam grand suspension bridge. The anti-overturning,
anti-sliding, base stress, and deformation safeties were comprehensively
evaluated using methods including the suggested specification method
(SM), simplified mechanical method (SMM), and finite element method
(FEM), the results of which were compared and analyzed. The reasons for
errors and improved formulas and working conditions were presented. The
main conclusions were as follows. 1) The methods for calculating different
evaluation indexes according to specifications lack consistency. Moreover,
FEM requires that designers have good computer skills and has low
feasibility in practice. 2) The SMM for gravity anchor block safety estimation
as described in this study, whose indexes cover systematic and overall, the
computational formula is simple and speedy, with relatively conservative
results and good practicability. 3) SM, SMM, and FEM were all used for the
safety estimation of gravity anchor blocks in Ruili bank. The anti-overturning
and anti-sliding stability coefficients must all meet the specification
requirements of 2.0. SM cannot be used to estimate the base tensile stress
under limited conditions. SMM denoted tensile stress at 2.5 times the main
cable design force, compared to 3.2 P for FEM. Deformation calculation
methods are not given by SM, but can be suggested by SMM based on the
elastic mechanics. The horizontal displacements under design load conditions
were 122 mm (SMM), 108 mm (FEM), and 44 mm (composite foundation treated
by root piles), with a safety standard of <80 mm. The vertical displacements
were 338 mm (SMM), 110 mm (FEM), and 123 mm (composite foundation
treated by root piles), with a safety standard of <160 mm. These findings
proved the feasibility of SMM for the safety design of gravity anchor blocks
in cases lacking regional experience.

KEYWORDS

gravity anchor block, anti-overturning stability coefficient, anti-sliding stability
coefficient, base stress, ground bearing capacity, deformation stability

OPEN ACCESS

EDITED BY

Naifei Liu,
Xi’an University of Architecture and
Technology, China

REVIEWED BY

Ning Li,
Xi’an University of Architecture and
Technology, China
Gaochen Sun,
Xi’an Shiyou University, China

*CORRESPONDENCE

Min Yang,
yangmin0069@126.com

RECEIVED 03 March 2023
ACCEPTED 04 April 2023
PUBLISHED 09 May 2023

CITATION

Li H, Yang M and Yin X (2023), Study on
safety assessment methods of gravity
anchors based on a simplified
mechanical model.
Front. Earth Sci. 11:1178622.
doi: 10.3389/feart.2023.1178622

COPYRIGHT

© 2023 Li, Yang and Yin. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Earth Science frontiersin.org01

TYPE Original Research
PUBLISHED 09 May 2023
DOI 10.3389/feart.2023.1178622

https://www.frontiersin.org/articles/10.3389/feart.2023.1178622/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1178622/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1178622/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1178622&domain=pdf&date_stamp=2023-05-09
mailto:yangmin0069@126.com
mailto:yangmin0069@126.com
https://doi.org/10.3389/feart.2023.1178622
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1178622


1 Introduction

Gravity anchors are a traditional anchorage type used for both
sea and land, including ground-anchored suspension bridges in
areas with open terrain and general strata. With increasing
construction of long-span suspension bridges, the contradiction
between anchorage safety and environmental protection
requirements has become increasingly prominent. The accurate
evaluation of the safety of gravity anchors is an urgent challenge
in the context of the goals of economy and environmental
protection.

At present, safety evaluation indexes and methods of gravity
anchorage are mainly based on the Design Specification for Highway
Suspension Bridge (JTG/T D 65-05-2015) and the Specification for
Design of Foundation of Highway Bridges and Culverts (JTG D63-
2007). These indexes mainly consider anti-overturning and anti-
sliding stability coefficients, maximum foundation stress,
foundation bearing pressure, and deformation control standard
determined by the main span. Research has mainly focused on
safety evaluation. 1) The design of gravity anchorage mainly relies
on the friction provided by the structure–foundation to resist
sliding; thus, the friction test of concrete-foundation soil is the
basic design parameter to ensure the safety of gravity anchorage
(Ran et al., 2018; Tan et al., 2015, Ji et al., 2003; Liu et al., 2011; Liu
et al., 2022a). 2) The indoor model test (Li et al., 2005; Li et al., 2018),
field scale test (Li, 1995), and numerical experiment (Li et al., 2016;
Huang et al., 2014; Liu et al., 2020) are used to determine whether
the anti-sliding stability of gravity anchor-foundation, base stress,
and deformation meet the design and specification requirements. 3)
The parameters obtained from these investigations are inserted into
the theoretical formula to estimate the evaluation indexes of the
anchorage and evaluate its safety (Yin et al., 2017a; 2017b; Liu and
Lin, 2014; Zhu, 2011; Liu, 1999; Liu et al., 2022b).

In this study, according to the specifications for suspension
bridges and bridge culverts, the indexes, methods, and evaluation
standard of safety evaluation of gravity anchors were systematically
summarized. A corresponding simplified mechanical model of the
anchorage was established based on the gravity anchor block project
of the Ruili bank of the Banjin Dam suspension bridge. The safety of
the anchorage was comprehensively evaluated using standard,
simplified mechanical, and finite element methods. The physical
and mechanical mechanisms of the mechanical model method were
identified, and the differences improved. This study aimed to
establish a simple and systematic safety evaluation method and
index system for gravity anchors.

2 Safety evaluation index and
calculation method for gravity anchors

2.1 Anti-overturning stability coefficient

According to the provision of Article 8.4.1 for the Design
Specification for Highway Suspension Bridge (JTG/T D 65-05-
2015), the anti-overturning stability coefficient of the pier
foundation is not less than 2.0.

According to the provisions of Article 4.4.1 for the Specification for
Design of Foundation of Highway Bridges and Culverts (JTGD63-2007),

the anti-overturning stability coefficient and eccentricity of the pier
foundation are calculated according to the following formula:

k0 � s

e0
, (1)

e0 � ∑Piei + ∑Hihi
∑Pi

, (2)

where k0 is the anti-overturning stability coefficient of the pier
foundation, s is the distance from the center of gravity of the section
to the overturning axis (m), e0 is the eccentricity from the action
point of the external force R to the center of gravity axis of the base
(m), Pi is the vertical force (kN), ei is the arm of the vertical force to
the center of gravity of the section (m), and hi is the arm of
horizontal force to the center of gravity of the section (m).

2.2 Anti-sliding stability coefficient

According to the provision of Article 8.4.1 for the Design
Specification for Highway Suspension Bridge (JTG/T D 65-05-
2015), the anti-sliding stability coefficient of the pier foundation
is not less than 1.6 in the construction stage and not less than 2.0 in
the use phase.

According to the provisions of Article 4.4.2 for the Specification
for Design of Foundation of Highway Bridges and Culverts (JTGD63-
2007), the formula to calculate the anti-sliding stability coefficient of
the pier foundation is as follows:

ka � μ∑Pi +∑TiP

∑Tia
, (3)

where ka is the anti-sliding safety factor of the pier foundation,∑Pi is
the sum of vertical force, ∑TiP is the sum of anti-sliding horizontal
force,∑Tia is the sum of sliding horizontal force, and μ is the friction
coefficient between the base and foundation.

2.3 Safety control standard of base stress
and foundation load

According to the provision of Article 8.4.2 for the Design
Specification for Highway Suspension Bridge (JTG/T D 65-05-
2015), tensile stress is not allowed in the anchorage base during
construction and operation, and the maximum stress value satisfies
the following formula:

P max ≤ γR fa[ ], (4)
where γR is the base resistance coefficient and is generally taken as
1.00 in the use stage and 1.25 in the construction stage, referring to
Article 3.3.6 of the Specification for Design of Foundation of Highway
Bridges and Culverts (JTG D63-2007), and [fa] is the allowable bearing
capacity of subsoil, referring to Article 3.3 of the Specification for Design
of Foundation of Highway Bridges and Culverts.

According to the provisions of Article 4.2 for the Specification for
Design of Foundation of Highway Bridges and Culverts (JTG D63-
2007), the bearing capacity of the foundation satisfies the following
formula under the condition of uniaxial eccentric of foundation
base:
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p max � ∑Pi

A
+ M

W
≤ γR fa[ ], (5)

0≤p min � ∑Pi

A
− M

W
≤ γR fa[ ], (6)

where A is the base area (m2), M is the bending moment of
horizontal force and vertical force on the center of gravity axis of
the base (kN·m), W is the sectional resistance moment in the
eccentric direction of the base, and the formula is BL2/6, where B
is the transverse width and L is the axial length.

2.4 Deformation control criteria

According to the provision of Article 8.4.1 for the Design
Specification for Highway Suspension Bridge (JTG/T D 65-05-
2015), the allowable horizontal deformation of the anchorage
should not be greater than 0.0001 times the main span and the
vertical displacement should not be greater than 0.0002 times the
main span during the operation stage.

3 Introduction of the super large
suspension bridge anchorage and
Banjin Dam engineering

The super large suspension bridge anchorage for Banjin Dam is
a single-span, double-hinged, steel truss girder, double-tower
ground-anchored suspension bridge with a main span of 800 m.

The Ruili and Menglian banks both contain embedded gravity
anchorages. The foundation of Ruili bank is a loose, slightly
dense gravel soil layer. The allowable bearing capacity of the
foundation is 250 kPa, and the coefficient of friction on the basis
is 0.40. The foundation of the Menglian bank is strongly weathered
dolomite. The allowable bearing capacity of the foundation is
500 kPa, and the coefficient of friction on the basis is 0.45. The
parameters of the rock soil mass and structural materials are shown
in Table 1.

The anchorage of Ruili bank is located on the top of a small hill.
Most of the cover soil on the surface is adobe soil of the quaternary
system. The soil thickness is 1.40–55.30 m by drilling. The underlying
bedrock is limy dolomite of the Middle Triassic Hewanjie Formation
with large thickness, which has good mechanical properties. Therefore,
it can be used as the bearing strata for anchorage. After construction
according to the anchorage design scheme, a temporary slope is formed
around the anchorage foundation pit.

Taking the gravity anchor block in Ruili bank with relatively
poor stability as an example, the sizes of the left and right anchor
blocks are 71 m long × 25 m wide in the horizontal projection. The
prestress is applied to the front and rear anchor surfaces at
377,788.7 kN, which is obtained according to the weight of a
single abutment and anchor. The design diagram of the gravity
anchor block on Ruili bank is shown in Figure 1.

The control elements of the safety evaluation of the gravity
anchor block on Ruili bank are as follows:

(1) Structural safety index

TABLE 1 Physical and mechanical parameters of rock soil mass and anchor materials in engineering.

Material Unit weight γ
(kN/m3)

Cohesion
c (kPa)

Internal friction angle
φ (°)

Elastic modulus
E (MPa)

Poisson
ratio (μ)

Gravel
soil

Natural 17.3 23.6 36.0 30 0.33

Saturated 18.6 22.3 35.5 25 0.34

Rock
mass

Natural 26.0 500.0 38.0 8,000 0.23

Saturated 26.5 400.0 36.0 7,500 0.22

Anchorage concrete 25.0 1,000.0 45.0 25,500 0.20

FIGURE 1
Design drawing of gravity anchor blocks in Ruili bank. (A) The vertical view of gravity anchor. (B) The cross section of gravity anchor.
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The anti-sliding stability coefficient Ka of the gravity anchor
block is >2.0 and the anti-overturning stability coefficient Kc is >2.0.

(2) Safety of the foundation bearing

The base stresses in the construction and operation stages must
be less than the modified allowable bearing capacity of gravel soil
foundation, with no tensile stress.

According to the safety evaluation standard for foundation
bearings, taking the axis section of Ruili bank as an example, the
excavation depth of abutment is approximately 25.0 m from the
natural ground to the basement. The anchorage basement is
approximately 35.0 m from the natural ground. According to the

Specification for Design of Foundation of Highway Bridges and
Culverts (JTG D63-2007), the correction coefficient of loose-
slightly slightly dense gravelly soil is 50% of the correction
coefficient of dense gravel soil; thus, k1 = 3.0/2.0 = 1.5 and k2 =
5.0/2.0 = 2.5. The natural unit weight γ1 of basal gravel soil is
17.3 kN/m3. The unit weight γ2 of backfilling soil is 16.3 kN/m3. The
correction of the bearing capacity of the gravelly soil foundation is as
follows:

fa � fa0 + k1γ1 b − 2( ) + k2γ2 h − 3( ), (7)
where k1 and k2 are the correction coefficients of dense gravel soil; b
and h are the width and depth of the foundation, respectively; and fa0
is the bearing capacity of the gravelly soil foundation.

FIGURE 2
Simplified diagram of forces acting on gravity anchor blocks on Ruili bank.

FIGURE 3
Simplified diagram of forces acting on the gravelly soil foundation on Ruili bank.
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The bearing capacity of the gravel soil with depth and width
corrections of 1,354 kPa (abutment base) and 1,762 kPa (anchorage
base) can be used to determine the bearing safety of the gravel soil
foundation under the condition that considers depth and width
correction.

(3) Deformation stability

The allowable horizontal deformation of the anchorage should
not be greater than 0.0001 times the main span, while the horizontal
deformation should not be >80 mm. The vertical deformation
should not be greater than 0.0002 times the main span, while the
vertical deformation of this project is not >160 mm.

4 Safety evaluation of the anchorage
based on the simplified mechanical
model

The coordinate system 0 point of the simplified mechanical
model is the geometric center of the horizontal projection of the
bottom surface. The weight of the anchorage G is approximately
1,072,207.0 kN, and its action point coordinates are (−2.5, 0.0).
The design load P of a single cable is 214,000.0 kN. The

horizontal angle at the top of the cable abutment is 22.23°,
with action point coordinates of (14.2, 34.0). The pile load of
the approach bridge P20 is 9,777.0 kN, with action point
coordinates of (−14.8, 0.0). The pile load of the approach
bridge P21 is 24,334.0 kN, with action point coordinates of
(26.7, 0.0). The simplified diagram of forces acting on the
gravity anchor blocks on the Ruili bank is shown in Figure 2.

The forces and their parameters in Figure 2 are inserted into
Formula 1, Formula 2, Formula 3, Formula 4, Formula 5, Formula 6.
The anti-sliding stability coefficient, anti-overturning stability
coefficient, and base stress of the anchorage structure are listed
in Table 2. The foundation force analysis is simplified, as shown in
Figure 3. The forces and their parameters in Figure 3 are inserted
into Formula 8 of the elastic mechanical shear strain and Formula 9
of the compression deformation to simply estimate the horizontal
displacement and vertical displacement of the foundation. The
calculated displacement is smaller than the actual displacement.
The safety estimation results of the gravity anchor blocks on Ruili
bank based on simplified mechanical models are shown in Table 2.
The thickness of gravel soil is 30.0 m.

γ � 2 1 + μ( )
E

τ, (8)

ε � 1 − μ( )
E

σ. (9)

TABLE 2 Safety estimation results of the gravity anchor blocks on Ruili bank based on simplified mechanical models.

Index Anti-sliding stability
coefficient ka

Anti-overturning stability Base stress/kPa Deformation/mm

Eccentricity
e0/m

Coefficient
k0

Construction
stage

Operation stage Horizontal Vertical

Center Off-
center

Center Off-
center

Calculated
results

2.1 2.1 16.7 604.1 819.3 577.7 793.0 122.2 337.7

Normative
standard

2.0 - 2.0 1,354.0 80.0 160.0

FIGURE 4
Numerical model of the Ruili bank.
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The calculation of anti-sliding and anti-overturning stability
coefficients considers the weight of anchorage, the pile load of the
approach bridge, and the cable force in Table 2. The calculation of
the base stress only considers the weight of the anchorage in the
construction stage, while the calculation of the eccentric bending

moment considers all the forces. The calculation of the base stress
and eccentric bending moment considers all the forces in the
operation stage. Table 2 shows that the anti-overturning stability
of the Ruili bank calculated using the simplified mechanical
model meets the normative standard. The anti-sliding stability

FIGURE 5
Vertical stress curve of the Ruili bank base floor under the one-time design load condition. (A) The vertical stress in the natural state. (B) The vertical
stress in saturated state.

FIGURE 6
Displacement contours of Ruili bank anchors under the one-time design load condition.
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also meets the normative standard. The average and maximum
stresses of the base stress are less than the bearing capacity of
foundation gravel soil with depth and width correction in the
construction and operation stages, and the bearing capacity of the
gravel soil foundation is safe. The horizontal and vertical
deformations of the anchorage-foundation do not meet the
deformation stability standard.

5 Safety evaluation of anchorages
based on finite element numerical
analysis

According to the terrain survey and anchorage design data, the
numerical model size was 200 m from the foundation boundary
along the x and y directions respectively, and the z direction is 200 m
down from the bottom of the foundation based on the Abaqus
calculation software. The numerical model of Ruili bank is shown in
Figure 4.

The numerical model was divided into 170,901 elements and
233,400 nodes. The calculation adopted an elastic–plastic
constitutive. The calculation parameters are shown in Table 1.
The model was surrounded by normal constraints and the
bottom was fully constrained.

The simulation of the construction process mainly comprised
two parts. 1) The numerical loading test at the full design load,
which is the initial geo-stress balance, followed by the excavation

of 1–4 layers of soil, application of the anchor and prestress,
application of the full large design load, and foundation pit
backfill. 2) The numerical overload test, which continues
loading at the full design load test until the tensile stress,
connectivity of plastic zone, or 20 times the design load
appears on the base.

5.1 Design load tests

To evaluate the bearing safety characteristics of gravel soil under
the design load, the vertical stress of a single anchor base along the
bridge direction axis under natural and saturated parameters is
extracted and organized, as shown in Figure 5.

Figure 5 shows that the maximum at the toe of the abutment is
1,072 kPa, which is less than the bearing capacity of foundation
gravel soil with a depth and width correction of 1,354 kPa (abutment
base) in the natural state. The maximum postmedian anchorage is
970 kPa, which is less than the bearing capacity of foundation gravel
soil with a depth and width correction of 1,762 kPa (anchorage
base). The maximum at the toe of the abutment is 1,036 kPa, which
is less than the bearing capacity of foundation gravel soil with depth
and width correction of 1,354 kPa (anchorage base) in the saturated
state. The maximum postmedian anchorage is 988 kPa, which is less
than the bearing capacity of foundation gravel soil with a depth and
width correction of 1,762 kPa (anchorage base). Therefore, the
bearing capacity of the foundation gravel soil is safe.

FIGURE 7
Monitoring point diagram.

TABLE 3 Maximum and minimum displacement of Ruili bank anchors under the one-time design load condition.

Stage State

Displacement/mm

Maximum Minimum

Horizontal Lateral Vertical Horizontal Lateral Vertical

Construction Natural 98.7 5.0 83.9 64.1 −46.5 −11.4

Operation Saturated 107.8 5.6 110.3 68.9 −52.3 3.5
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To evaluate the corner dislocation characteristics of the
anchorage structure under the design load, the displacement
calculation results of the anchorage structure under the final
force of the foundation pit excavation, anchorage construction
completion, cable hanging, prestress application, backfill
foundation pit, and normal use are shown in Figure 6. The
maximum and minimum displacements of the Ruili bank anchor
at the full design load are shown in Table 3.

According to Figure 6 and Table 3, the maximum horizontal
displacement along the bridge appears at the top of the abutment,
which is 98.7–107.8 mm. The lateral displacement appears on
both sides of the top of the abutment, with a maximum
displacement of 5.0–52.3 mm. The maximum vertical
displacement appears at the top of the abutment, with a
maximum settlement of 11.4–110.3 mm. The maximum
horizontal displacement of the anchorage structure is
107.8 mm, which is greater than 80.0 mm; thus, it does not
meet the safety standard for horizontal displacement of the
structure. The maximum vertical displacement of the
anchorage structure is 110.3 mm, less than 160.0 mm, which
meets the safety standard for the vertical displacement of the
structure.

The normal and tangential forces of the anchorage base are,
respectively, used by surface integral and multiplied by the designed
concrete-gravel soil friction coefficient of 0.40 to obtain the anti-
sliding force. The safety factor against sliding is calculated as follows:

Fa � Fanti−sliding force

Fhorizontal force
. (10)

Natural state:

Fs � 0.4 × 1.603 × 109

3.136 × 108
� 2.045> 2.0. (11)

Saturated state:

Fs � 0.4 × 1.603 × 109

3.148 × 108
� 2.037> 2.0. (12)

The anti-sliding stability coefficient of the gravity anchorage of
the Ruili bank is 2.05 in the natural state and the anti-sliding stability
coefficient is 2.04 in the saturated state under the full design load,
which are both greater than the 2.00 in the specification, thus
meeting the requirements for anti-sliding stability.

5.2 Overload test

(1) Determination of the ultimate bearing capacity of the
anchorage-foundation system

The monitoring point diagram is shown in Figure 7. The
ultimate bearing capacity of the anchorage-foundation system
was determined by the P–S curve of the load test. The
displacement and loading amounts of the different geometric

FIGURE 8
Load-settlement curve of the monitoring point of the anchorage under overload on Ruili bank.
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corners of the anchorage structure are drawn in the load–settlement
curve as shown in Figure 8. The ultimate bearing capacity at the
inflection point of the curve is 3.20 P overload in the natural state
and 3.15 P overload in the saturated state, where P is the design load.

The connectivity of the plastic zone was taken as a diagnostic
criterion for system instability. The plastic zone cloud diagram on
the anchorage-foundation axis section under the overload test is
shown in Figure 9. Figure 9 and Table 4 show that the plastic zone is

connected at a load of 3.20–3.75 P, and that the maximum plastic
strain is multiplied in the natural state. The plastic zone is connected
at the load of 3.15 P–3.30 P, and plastic strain increased dramatically
in the saturated state. The ultimate bearing capacity obtained by
plastic strain is 3.20 P load in the natural state and 3.15 P load in the
saturated state.

As an important index of safety evaluation of gravity anchors,
the vertical stress of the basement axis under overload is shown in

FIGURE 9
Plastic zone cloud diagram of the anchorage axis section of the Ruili bank under overload conditions.
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Figure 10. Figure 10 shows that most of the base stress is tensile
stress under the action of 3.20 P overloading in the natural state. The
maximum vertical stress of the abutment base is 1.07 MPa under the
action of 1 P overloading, 1.38 MPa under 1.5 P overloading,
1.43 MPa under 2.0 P overloading, and 1.73 MPa under 2.5 P

overloading. Most of the base stress is tensile stress under the
action of 3.15 P overloading in the natural state. The maximum
vertical stress of the abutment base is 1.04 MPa under the action of
1 P overloading, 1.52 MPa under 1.5 P overloading, 1.69 MPa under
2.0 P overloading, and 1.84 MPa under 2.5 P overloading. The

FIGURE 11
Displacement cloud diagram along the bridge of anchor of Ruili bank in the limit state.

FIGURE 10
Vertical stress curves of the Ruili bank base floor under overload conditions.
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allowable bearing capacity of the gravel soil foundation with
modified abutment depth and width is 1,354 kPa. The ultimate
overload of the foundation with the maximum stress value of
1,450 kPa exceeding the bearing capacity of 1,354 kPa is 3.5 P,
which is larger than the overload of 1.5 P revealed by the finite
element based on the bearing capacity. Through the specification
calculation, the ultimate overload of the maximum base exceeding
the foundation bearing capacity of 1,354 kPa is 3.5 P, which is larger
than the load of 1.5 P obtained by the finite element based on the
bearing capacity.

The ultimate bearing capacities of the anchor rock systems in the
Ruili bank are 3.20 P in the natural state and 3.15 P in the saturation
state. When the bearing capacity is less than the critical value, the
structure is safe, and the base tensile stress zone can be controlled.
According to Formula 6, the tensile stress zone appears on the

substrate when the load is 2.0–2.5 P, which is smaller than the finite
element results.

(2) Safety evaluation of the gravity anchor block in the limit state

The maximum vertical stress appears at the toe of the
abutment, which is also the maximum stress position under
eccentric action. When the load exceeds 1.5 P, the maximum
vertical stress is greater than the bearing capacity of
foundation gravel soil with a depth and width correction,
and the remaining parts are safe. The displacement cloud
diagram along the bridge anchor of the Ruili bank in the
limit state is shown in Figure 11. The maximum and
minimum displacements of the anchors of Ruili bank in the
limit state are shown in Table 5.

Figure 11 and Table 5 show a maximum horizontal
displacement of the anchorage structure along the bridge of
845.3 mm at the top of the abutment in the limit state, which
is >80.0 mm; thus, it does not meet the safety standard for the
horizontal displacement of the structure. The lateral displacement
occurs on both sides of the top of the abutment, with a maximum
displacement of 61.8 mm. The maximum vertical displacement was
150.2 mm at the top of the abutment. This value was <160.0 mm,
which met the safety standard for vertical displacement of the
structure.

FIGURE 12
Failure mode of gravity anchor-foundation.

TABLE 5 Maximum and minimum displacement of anchors in Ruili bank in the limit state.

Stage State
Maximum displacement/mm Minimum displacement/mm

Horizontal Lateral Vertical Horizontal Lateral Vertical

Overload Natural 808.1 7.4 105.7 644.3 −55.8 −147.6

Saturated 845.3 7.7 116.8 673.9 −61.8 −150.2

TABLE 4 Maximum equivalent plastic strain of the Ruili bank under overload
conditions.

State 1.0 P 2.0 P 3.0 P 3.2 P 3.375 P 3.4 P

Natural 0.03491 0.03507 0.03583 0.03613 0.06016 0.07944

State 1.0 P 2.0 P 3.0 P 3.15 P 3.3 P 3.4 P

Saturated 0.03612 0.03625 0.03701 0.03734 0.05178 0.08006

Frontiers in Earth Science frontiersin.org11

Li et al. 10.3389/feart.2023.1178622

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1178622


6 Problems and improvement
measures

6.1 Anti-sliding bearing mechanism

The failure mode of the stepped gravity anchorages is shown in
Figure 12. The anchorage base is friction bearing. The abutment base
is the stepped shear bearing, which differs from the friction bearing
alone considered in the traditional design.

ka � uPanchor + Pabutmenttgφ + CSabutment + ∑Tip

∑Tia
, (13)

where Panchor and Pabutment are the vertical force, which is obtained
as uniformly distributed stress multiplied by their respective area
(kN), c is the cohesion of rock–soil mass with stepped (kPa), φ is the
internal friction angle of rock–soil mass with stepped (°), and
Sabutment is the undersurface projection area of the abutment. The
other parameters are the same as in Formula 3.

6.2 Effect of soil backfilling

After excavation of the anchorage foundation, it is generally
backfilled, which causes the upper part of the valve base of the
abutment to cover the backfill soil to a certain thickness. The
effective weight of the backfill soil Gbackfilling soil can be used as a
safety margin.

ka �
μPanchor + Pabutment + Gbackfilling soil( )tgφ + CSabutment +∑Tip

∑Tia
.

(14)
The anti-sliding stability coefficient calculated by the formula

method was relatively large, while the finite element result was
relatively small as the base stress was only larger in the local part, and
most parts were less than the average stress. The stress distribution
obtained by the finite element method was closer to the real
situation. This demonstrated the need to distinguish the safety
standards of the two methods.

6.3 Deformation stability

The deformation results obtained by finite element calculation
were smaller than those calculated by simplified Formula 8, Formula
9. This difference may be attributed to the fact that the simplified
formula did not consider the lateral restraint of the foundation. The
formula method can be used as a valuation method for preliminary
design and lack of regional experience. The finite element method
can be used as a valuation method in the construction organization
design stage.

The structural deformation of the gravel soil foundation of the
Ruili bank did not meet the safety control standards; thus,
foundation reinforcement is required. The composite foundation
treatment method mainly aims to improve the density and overall
stiffness of the gravel soil. Considering the uneven distribution of the
gravel soil layer and the borehole wall stability of the gravel soil in
the construction stage, the root pile should be used for foundation

reinforcement. The concrete construction method should be
determined according to the on-site situation.

Assuming root pile diameter D of 0.3 mm, the pile is arranged in
a square, with a pile spacing twice the pile diameter of 0.60 m fcu
which is generally taken as the average value of cubic compressive
strength of the indoor reinforced soil standard test block following
the standard 90 days of curing, which is considered 3.0 MPa. Ep is
generally preferred 100–200fcu, which is considered 100fcu.

de � 1.13s � 0.68, (15)
m � d2

d2
ee

� 0.302

0.682
� 0.1946, (16)

Ep � 100fcu � 300MPa, (17)
Esp � mEp + 1 −m( )Es � 0.1946*300 + 0.8054*30 � 82.5MPa.

(18)
The aforementioned parameters are based on experience, and the

specific calculation parameters of the project are based on actual
construction. By inserting the modulus of the composite foundation
into Formula 8, Formula 9, the horizontal displacement was 44.4 mm
(< 80.0 mm), and the vertical deformation was 122.8 mm (<160.0 mm).
The bearing capacity and deformation of the gravel soil foundation after
composite foundation treatment met the requirements.

The use of the aforementioned improved simplified formula
methods conveniently allowed the comprehensive and systematic
evaluation of anti-sliding stability and anti-overturning stability
coefficients of gravity anchors, in addition to base stress checks,
foundation bearing capacity, and deformation stability.

7 Conclusion

This study established a corresponding simplified mechanical
model of anchorage based on the gravity anchor block project of the
Ruili bank of the Banjin Dam suspension bridge. The safety of the
anchorage was comprehensively evaluated using the standard
method, simplified mechanical model, and finite element method,
with the following conclusions:

1) The specifications comprehensively stipulated all aspects of the
safety evaluation of the gravity anchors (anti-overturning stability, anti-
sliding stability, foundation bearing safety, and deformation stability)
but inconsistent calculation methods and models were applied for each
index, especially for horizontal deformation. The evaluation of
horizontal deformation only recommends the finite element method;
however, the operability of the method is greatly limited.

2) The calculation and evaluation methods of anti-overturning
stability, anti-sliding stability, base stress control, and deformation
stability were established based on the simplified mechanical model
according to the original formula of the specification. Compared with the
finite element calculation results, the anti-overturning stability coefficient,
anti-sliding stability coefficient, horizontal displacement, and vertical
displacement obtained by the simplified mechanical model were larger
than those of the finite element calculation results, and themaximumand
minimum stresses to the foundation were smaller.

3) The improved gravity anchor block safety evaluation index
for the physical and mechanical mechanisms was clear, and the
calculation was fast. This formula method can be used for the
valuation of gravity anchors during preliminary design and in
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cases lacking regional experience, or as a supplementary benchmark
for the finite element method.
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