Rock and Soil Mechanics

Volume 44 | Issue 6 Article 6

10-3-2023

Three-dimensional unified mechanical model and calculation
method of uplift capacity of horizontal rectangular anchor plate in
the whole region in sand

Wei HU

Hunan Province Key Laboratory of Geotechnical Engineering Stability Control and Health Monitoring,
Hunan University of Science and Technology, Xiangtan, Hunan 411201, China; School of Civil Engineering,
Hunan University of Science and Technology, Xiangtan, Hunan 411201, China,
yilukuangben1982@163.com

Hui WANG

Hunan Province Key Laboratory of Geotechnical Engineering Stability Control and Health Monitoring,
Hunan University of Science and Technology, Xiangtan, Hunan 411201, China; School of Civil Engineering,
Hunan University of Science and Technology, Xiangtan, Hunan 411201, China

Chen YAO
China Railway Major Bridge Reconnaissance & Design Institute Co., Ltd. Chongqing Branch, Chongging
400020, China

Dong-xue HAO
School of Civil Engineering and Architecture, Northeast Electric Power University, Jilin, Jilin 132012, China
Follow this and additional works at: https://rocksoilmech.researchcommons.org/journal

bPart f the Geotechnic
£iahe Fsotegh

al Enghneering Commons
See next pageé for additional authors

Recommended Citation

HU, Wei; WANG, Hui; YAQ, Chen; HAQ, Dong-xue; and SHI, Dan-da (2023) "Three-dimensional unified
mechanical model and calculation method of uplift capacity of horizontal rectangular anchor plate in the
whole region in sand," Rock and Soil Mechanics: Vol. 44: Iss. 6, Article 6.

DOI: 10.16285/j.rsm.2022.5995

Available at: https://rocksoilmech.researchcommons.org/journal/vol44/iss6/6

This Article is brought to you for free and open access by Rock and Soil Mechanics. It has been accepted for
inclusion in Rock and Soil Mechanics by an authorized editor of Rock and Soil Mechanics.


https://rocksoilmech.researchcommons.org/journal
https://rocksoilmech.researchcommons.org/journal/vol44
https://rocksoilmech.researchcommons.org/journal/vol44/iss6
https://rocksoilmech.researchcommons.org/journal/vol44/iss6/6
https://rocksoilmech.researchcommons.org/journal?utm_source=rocksoilmech.researchcommons.org%2Fjournal%2Fvol44%2Fiss6%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/255?utm_source=rocksoilmech.researchcommons.org%2Fjournal%2Fvol44%2Fiss6%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages
https://rocksoilmech.researchcommons.org/journal/vol44/iss6/6?utm_source=rocksoilmech.researchcommons.org%2Fjournal%2Fvol44%2Fiss6%2F6&utm_medium=PDF&utm_campaign=PDFCoverPages

Three-dimensional unified mechanical model and calculation method of uplift
capacity of horizontal rectangular anchor plate in the whole region in sand

Authors
Wei HU, Hui WANG, Chen YAOQ, Dong-xue HAO, and Dan-da SHI

This article is available in Rock and Soil Mechanics: https://rocksoilmech.researchcommons.org/journal/vol44/
iss6/6


https://rocksoilmech.researchcommons.org/journal/vol44/iss6/6
https://rocksoilmech.researchcommons.org/journal/vol44/iss6/6

HU et al.: Three-dimensional unified mechanical model and calculation method

Rock and Soil Mechanics 2023 44(6): 1811-1825
https: //doi.org/10.16285/j.rsm.2022.5995

ISSN  1000-7598

http://rocksoilmech.researchcommons.org/journal

Three-dimensional unified mechanical model and calculation method of uplift
capacity of horizontal rectangular anchor plate in the whole region in sand
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Abstract: Uplift of the horizontal rectangular anchor plate is a typical three-dimensional problem. However, it is difficult to characterize
the sliding surface of soil around the anchor plate in the limit state for its shape is affected by a combination of the length-width ratio
and embedment ratio of the anchor plate. Combining the results of ABAQUS 3D numerical simulation and 2D sliding surface analysis,
it is found that the geometric form of the 3D sliding surface in any horizontal section within its buried depth range can be described by
a closed graph, including four segments of straight lines parallel and equal to the long and short sides of the anchor plate respectively
and four segments of 1/4 arc. The horizontal distance between the straight line and the corresponding anchor edge is determined by the
2D sliding surface in the vertical symmetric plane in the center of the long edge. The shape of this 2D sliding surface depends only on
the embedment ratio, and it can be characterized by the logarithmic spiral morphological function. Based on these understandings, a
three-dimensional mechanical analysis model of uplift bearing capacity of the horizontal rectangular anchor plate was constructed for
the first time, and four cases of the model were analyzed. Combining the decomposition and merging of the model, the mechanical limit
equilibrium analysis of the isolation body was carried out. Then, the calculation method of uplift bearing capacity of the horizontal
rectangular anchor plate was deduced. It is applicable in the whole range of the length-width ratio and embedment ratio. Compared
with five test cases and three other calculation methods, the results show that the proposed method has the best performance in all kinds
of sand ground with various relative densities, which shows good applicability.

Keywords: rectangular anchor plate; vertical pullout; sliding surface; mechanical model; bearing capacity

1 Introduction is generally not so large!'>l. Therefore, it is more reasonable

to regard the anchor plate used in engineering as a rec-

The mechanical analysis model of the excavated tangular anchor plate except the circular anchor plate,

foundation of the transmission linel'l, the plate and ball . . . . . .
’ P and its three-dimensional effect is obvious, which has

16-18]

foundation connected by the anchor cable!?), the screw . . :
been confirmed by the numerical simulation results .

anchor pile of the photovoltaic plate structure’®!, and the

4 The theoretical analysis of the three-dimensional problem

is difficult. To date, only a few scholars, such as Meyerhof!"”),
Zhao?, Sahoo et al.”!l, Deshmukh et al.??! and Mokhbi
et al.?*] have been involved in this research. However,

anchoring foundation of the marine structure® can be
simplified as a horizontal anchor plate transferring the
vertical pullout load to the surrounding soil. It relies on

the pullout capacity provided by the gravity and shear

strength of soil to balance the pullout load. It is called
the vertical pullout problem of the horizontal anchor plate.
The core is the pullout capacity analysis model and its
calculation method>~7!. At present, the research of this
problem is developed generally based on the strip anchor
plate which conforms to the plane strain condition'! ™%
or the circular anchor plate with axisymmetric characteri-
stics!"""13), Murray et al.'¥ stated that the length—width
ratio of the strip anchor plate should be generally greater
than 10 or at least 5 for the small size anchor plate, while

the length—width ratio of the anchor plate used in engineering

Received: 29 June 2022 Accepted: 20 October 2022

Meyerhof et al.l'! did not establish a three-dimensional
analysis model, but introduced the shape coefficient to
consider the three-dimensional effect of the rectangular
anchor plate based on the two-dimensional problem solution
of the strip anchor plate. Zhao et al.”” and Sahoo et al.l*!!
extended the two-dimensional analysis model constructed
by Murray et al.'¥ to rectangular anchor plates, where
the sliding surface in the plane consisted of circular arcs
at the corners and straight segments at other parts. In the
model of Deshmukh et al.*?!, the shape of the sliding surface
in the plane was a rectangle composed of four straight
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lines parallel to the length and width of the anchor plate.
In the mechanical model of the square anchor plate of
Mokhbi et al.?]; the sliding surface was an oblique line
at the corners, as shown in Fig. 1. It can be seen that there
are various assumptions about the shape of the sliding
surface at the corners of the rectangular anchor plate in
the plane parallel to of the anchor plate, and no corres-
ponding construction basis is provided. The understanding
is not yet unified.

In addition, the common feature of the above research
results is that the sliding surface is an oblique line in the
vertical plane, which is only suitable for shallow burial
anchor plates. Yao et al.!'% pointed out that the current
research on the anchor plate had the problem of artificially
distinguishing shallow and deep burial conditions without
unified criteria for the critical embedment ratio of the
distinguishing index. It was emphasized that the continuous
evolution of the pullout failure mechanism of the anchor

plate from shallow burial to deep burial should be viewed
from a unified perspective, and a morphological function
that could uniformly describe the continuous evolution
process of the two-dimensional sliding surface with the
buried depth ratio was proposed. Then, a unified mechanical
model for the vertical pullout of the strip anchor plate was
constructed, and the corresponding unified calculation
method of bearing capacity was derived. In this paper,
the research on the three-dimensional problem of the
rectangular anchor plate also starts from the viewpoint
of continuous evolution of the sliding surface. First of
all, the three-dimensional mechanical model of pullout
capacity of the horizontal rectangular anchor plate with
arbitrary embedment ratio and length—width ratio is analyzed
and constructed. Then, a calculation method of bearing
capacity is deduced and established. Finally, the calculation
results are compared with results of test cases and other
calculation methods.
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(a) Zhao’s modell?] (b) Deshmukh’s model!??! (c) Mokhbi’s model?*]

Fig.1 Shapes of slip surface in horizontal section

2 Unified description of sliding surface shape

According to the symmetry, in the two vertical symmetric
planes of the rectangular anchor plate, the shape of the
sliding surface of soil around the anchor under the limit
state is the consistent with that of the sliding surface of
the two-dimensional problem of the strip anchor plate.
That is, the sliding surface extends to the surface in a
straight or curved shape under the shallow burial condition,
while it is confined to the soil interior in a “bulb” shape
under the deep burial condition*2°, as shown in Figs. 2(a)
and 2(b), respectively. Within the above two-dimensional
sliding surfaces, a parallel plane with distance 4 from the
surface of the anchor plate is taken, and there are two
intersection points between this plane and the sliding
surfaces on the left and right sides symmetrically about
the centerline of the anchor plate. Let the distance between
the two intersection points and the centerline of the anchor
plate be /. Then, the shape change of the sliding surface

https://rocksoilmech.researchcommons.org/journal/vol44/iss6/6
DOI: 10.16285/j.rsm.2022.5995

is actually a reflection of the change of / with 4. For the
shallow burial condition, / increases linearly with 4. For
the deep burial condition, the change is nonlinear and
there is a certain value of 4 that makes the two intersection
points coincide (i.e., / = 0). It means that the apex of the
sliding surface is located below the ground surface.
For rectangular anchor plates with the same burial
depth, when / is equal, due to the mutual influence between
the long side and the wide side, / will have different values
in other vertical planes except the vertical symmetry plane,
and gradually transit from /. in the vertical symmetry
plane of the long side to /g in the vertical symmetry plane
of the wide side. In Zhao’s model shown in Fig. 1(a), /L
of the long side and /g of the wide side are equal and the
comers are circular arcs (i.e., 1= I.= [g). In Deshmukh’s
model shown in Fig. 1(b), the shape of the sliding surface
is rectangular and it also satisfies /= /s. However, the
sliding surface at the corner is bounded by 45°, which
is the extension line of the long side or wide side sliding
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Fig.2 Shape of slip surface in vertical section

surface. That is, /g increases from /i to /2 /. of the long

side and then gradually decreases to /g of the wide side.

In Mokhbi’s model shown in Fig. 1(c), it also satisfies
I= Ig. However, the sliding surface at the corners are
directly composed of oblique lines connecting the long
side and the wide side. In contrast to Deshmukh’s model,
Is in the Mokhbi’s model decreases from /. to /2 /1/2
of the long side and then gradually increases to /g of the
wide side. Overall, there is one unified understanding
among the three models. That is, /. of the long side and
s of the wide side are equal. However, the value and
variation of /i g at the corner are different among the three
models. In terms of the area and perimeter enclosed by
three types of sliding surfaces, Deshmukh’s model is the
largest, and Mokhbi’s model is the smallest, and Zhao’s
model is the middle one. The maximum difference in the
area of the corner is up to 2 times, and the maximum
difference in the perimeter is up to /2 times. Since the
bearing capacity of the anchor plate depends on the gravity
and the shear strength of soil on the sliding surface, if the
shape of the sliding surface in the vertical plane is the
same, the bearing capacity of the anchor plate actually
depends on the length of the sliding surface in the plane
and the enclosed area. The length of the sliding surface
corresponds to the bearing capacity provided by the shear
strength of soil, and the area enclosed by the sliding surface
corresponds to the bearing capacity provided by the gravity
of soil. Therefore, the geometry of the sliding surface will
have a significant impact on the calculation of the bearing

Published by Rock and Soil Mechanics, 2023

capacity. However, it is obviously not fully recognized
in current research results. There is no unified understanding,
and the assumptions adopted are not well-founded. Therefore,
in this paper, finite element software ABAQUS is used to
establish the vertical pullout numerical model of horizontal
rectangular anchor plates with different length—width
ratios and embedment ratios. Then, the sliding surfaces
of soil around the anchor in the horizontal and vertical
sections under the limit state are identified, and the variations
of the shape with the length—width ratio and embedment
ratio are analyzed. Finally, the theoretical characterization
is investigated.

3 Analysis of sliding surface shape
characteristics in horizontal sections

Finite element software ABAQUS is used to establish
a 1/4 three-dimensional model of uplift of the horizontal
anchor plate. The material of the anchor plate is linear
elastic. The elastic modulus is £ = 210 GPa and the
Poisson’s ratio is vi = 0.2. The Mohr-Coulomb elastic-
plastic model is used to simulate the sand. The elastic
modulus £ ranges from 10 to 100 MPal*”), The Poisson’s
ratio is v2= 0.3. The internal friction angle is 20°, and the
soil unit weight is =17 kN/ m®. The anchor plate—soil
contact is set to hard contact with the friction coefficient
f=0.5, and the anchor plate and soil can be separated.
The thickness of the anchor plate is 10 cm and the width
is B = 0.4 m. Based on the definition of the strip anchor
plate (length—width ratio L/B=10)"""], to consider the
value of the embedment ratio H/B in engineering!'’! and
cover shallow and deep burial conditions, L/B in this
study is setto 1, 2, 3, 5 and 10 for a total of 5 conditions.
H/Bis setto 2,4, 6 and 10 for a total of 4 conditions. The
distances between the boundaries of the three directions
of the model and the edges of the anchor plate is more
than 15 times larger than the size of the anchor plate in
the corresponding directions. Fixed boundary conditions
is adopted and the boundary effect can be ignored!®],
The anchor plate and soil adopt the three-dimensional
solid element C3D8R. A representative numerical model
is shown in Fig. 3.

Soil element M Anchor plate element _
W

Fig.3 Finite element numerical model (H/B =4, L/B = 3)
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The embedment ratio H/B = 4 and the aspect ratio
L/B =5 are presented as an example. The equivalent plastic
strain nephograms in the planes with distances of 0.55,
B, 2B, and 3B to the upper surface of the anchor plate are
extracted, and the nephogram of a representative working
condition (4 = B) is shown in Fig. 4. The area with the
plastic deformation = 0.01 is regarded as the damage
region® (i.e., the gray area in Fig. 4). Its boundary is the
sliding surface. It is found that when the elastic modulus
E» varies within the range of 10—100 MPa, the shapes
of the sliding surface are almost unaffected. The shapes
of the sliding surfaces in different depth planes are similar.
The length of the sliding surface and its horizontal distance
to the anchor plate are proportional to the distance from
the selected plane to the anchor plate. The sliding surface
in the long-side direction of the anchor plate can be app-
roximated as a straight line parallel to the long side of
the anchor plate, and it starts to transit to the wide-side
direction along a curve at the intersection with the extension
line of the short- side projection of the anchor plate in
the plane. Compared with the long side, the curved shape
of the sliding surface in the wide-side direction is relatively
obvious. According to the above characteristics, the sliding
surface in the horizontal plane is simplified as follows.
The sliding surface of the long side is taken as a straight
line with a length equal to the long side of anchor plate
and a horizontal distance /., where I is the horizontal

Equivalent plastic strain
(average: 75%

2.862

1.000x107!
9.167x1072
8.333x1072
7.500x1072
6.667x1072
5.883x1072
5.000x1072
4.167%1072
3.333x1072
2.500x1072
1.667x1072
8.333x1072

Anchor plate

Original sliding surface

distance /1o from the sliding surface to the long side of
the anchor plate in the symmetry plane of the long side
centers of the anchor plate. The sliding surface of the wide
side is taken as a straight line with a length equal to the
wide side of the anchor plate and a horizontal distance
I, where [g is the horizontal distance /gy from the sliding
surface to the short side of the anchor plate in the symmetry
plane of the wide side centers of the anchor plate. The
sliding surface at the corner is a 1/4 arc of the ellipse with
the long axis 2/ and the short axis 2/, and the radius of
the arc corresponding to any angle is /i, as shown in
Fig. 4.

The /1o and /o corresponding to the sliding surfaces
in the planes under each length—width ratio and embedment
ratio are extracted and calculated, and the ratio of the two
are calculated as well. The variation of the ratio with the
embedment ratio under different length—width ratios is
shown in Fig. 5. It can be seen that the mean u of the ratio
is distributed in the range of 0.9—1.1 with the maximum
value 1.08, the minimum value 0.97, and the maximum
standard deviation o= 0.1. The statistical average of ratios
of all data points is u = 1, and the standard deviation is
o= 0.08. It suggests that it is feasible to take /o of the
wide side equal to /o of the long side. In addition, increasing
the length of the anchor plate has almost no impact on
the sliding surface of the wide side of the plate under the
determined plate width and embedment ratio.

Hypothetical sliding surface]

Anchor plate

0.000

4

Fig.4 Shape of sliding surface in horizontal section of » = B (H/B =4, L/B =5, E>=30 MPa)

1.5

= [/B=1 e L/B=2 4 [/B=3
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2 13
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17} v ™
z 10 . .
=l
2 °* B w o
= 1 0.97 0.04
£ 08 2 1.08 0.10
2 3 1.04 0.09
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Embedment ratio H/B

Fig.5 Variation of /Lo/lso with embedment ratio
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The length Cp and the enclosed area Sp of the original
sliding surface in the plane of distance /# = B to the upper
surface of the anchor plate are extracted for each condition,
as well as the length C; and the corresponding enclosed
area S of the hypothetical sliding surface. The ratios of
Co/C1 and Sy/S are calculated for 20 conditions, and the
variations of the two with the embedment ratio are plotted
in Figs. 6 and 7, respectively. For 5 conditions with different
length—width ratios, the maximum and minimum values
of Cy/C; are 1.02 and 0.96, respectively, while the maximum
and minimum values of Sy/S1 are 1.04 and 0.96, respectively.
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For all working conditions, the mean and standard deviation
of Co/Cy are u = 1.01 and o= 0.04, respectively, while
the mean and standard deviation of So/S1 are u = 0.99 and
o= 0.03, respectively. It suggests that the hypothetical
sliding surface is in good agreement with the actual sliding
surface. Therefore, it can be used as a substitute in the
theoretical analysis, which is consistent with the assumptions
used in the Zhao’s model.

15
m[/B=1 eL/B=2 aAL/B=3
v L/B=5 L/B=10
1.3
L 04 H H v
> { z b
© Y LB u o
1 1.02 0.02
0.8 2 1.00 0.03
) 3 098 0.03
5 096 0.03
16 0.97 6.02
0'5 1 1 1 ]
2 4 6 8 10
Embedment ratio H/B

Fig. 6 Variation of Co/C1 with embedment ratio

L5 wI/B=1 e L/B=2 ALB=3
vL/B=5 & L/B=10
13
S H
2 109 s :
A v v LB u o
1 1.03 0.0l
2 1.04 005
0.8 3 1.02 0.02
5 096 0.04
10 1.01_0.04
05 1 1 1 1
2 4 6 8 10
Embedment ratio H/B

Fig.7 Variation of So/S1 with embedment ratio

Based on the calculation of Iro//so, Co/C1 and So/S),
in the spatial sliding surface of soil around the anchor,
the shape of the two-dimensional sliding surface on the
horizontal section with a distance / to the surface of the
anchor plate is characterized as follows. The sliding surfaces
parallel to both the long side and wide side of the anchor
plate are straight-line, and the horizontal distance to the
corresponding side of the anchor plate is /L= [g. It is
controlled by the horizontal distance /1o from the sliding
surface in the symmetric plane of the centers of the long
sides to the centerline of the anchor plate in the horizontal
section of the same depth. The value of /1 is determined
by the two-dimensional sliding surface established by
Yao et al.'"” on uplift of the strip anchor plate. At the corner
of the anchor plate, the sliding surface is 1/4 arc, and the
arc radius is /L= /o= /Bo.

Published by Rock and Soil Mechanics, 2023

4 Three-dimensional unified mechanical
model of rectangular anchor plate

According to the analysis in Section 3, the geometric
shape of the sliding surface in the plane with a distance
h to the upper surface of the anchor plate is composed
of two straight lines parallel to the long side of the anchor
plate, two straight lines parallel to the wide side of the
anchor plate and four segments of 1/4 arcs. The horizontal
distance between the sliding surface and the corresponding
edge and the radius of the arc are equal to the corresponding
distance of the two-dimensional sliding surface in the
symmetric plane of the centers of the long sides, and they
are determined by the two-dimensional sliding surface
established by Yao et al.[' on uplift of the strip anchor
plate. The shape of the sliding surface changes continuously
with the embedment ratio. Based on the geometry of the
sliding surface in the vertical plane and the horizontal
plane, a three-dimensional mechanical model of the vertical
pullout capacity of the horizontal rectangular anchor plate
under different burial depths can be constructed. Reference
[10] divided the sliding surface into three working conditions
according to the relationship between the burial depth
H, the distance ymax from the vertex of the logarithmic
spiral to the anchor plate plane and the distance y; from
the critical point with the infinite tangent slope on the
sliding surface to the anchor plate plane. In the first case,
when H<{y, the ground surface is lower than the critical
point, and the sliding surface runs through to the ground
surface. It is equivalent to the shallow burial condition.
In the second case, y1<<H<ymax. The sliding surface is
inclined inwards, but it can still penetrate to the ground
surface. It is equivalent to the medium burial condition.
In the third case, yma<<H. The left and right sliding surfaces
intersect inside the soil and no longer extend to the ground
surface. They are limited to the inside of soil. It is equivalent
to the deep burial condition. The three-dimensional mec-
hanical model of the rectangular anchor plate constructed
in this paper is consistent with the above two-dimensional
problem when divided into different working conditions.
However, the three-dimensional problem has the problem
of how the long-side sliding surface and the wide-side
sliding surface intersect after crossing the vertical line
of the corner point, and the model before and after the
intersection is different. Therefore, for the second and
third working conditions, the intersection behavior at the
corner should be used as a boundary to further divide
the working conditions. The intersection point and the
corner point are on the same vertical line. The distance
to the anchor plate is set to y3, and the corresponding
polar angle is #5. The working conditions of the sliding
surface of the three-dimensional model are divided as
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follows. (1) H<y1, as shown in Fig. 8(a). The ground
surface is below the critical point, and the sliding surfaces
on the long side, the wide side and the corner develop
upwards in accordance with the sliding surface of the
two-dimensional problem in their respective vertical planes.
According to the previous analysis, the shape function
of the sliding surface is consistent in each vertical plane.
That is, D in the initial polar diameter calculation formula
of the two-dimensional problem is replaced by the width
B of the rectangular anchor plate. (2) y1<<H<ys, as shown
in Fig. 8(b). The sliding surfaces on the long side, the
wide side and the corner have passed the critical point,
but have not yet intersected. (3) y3<<H<Jmax, as shown
in Fig. 8(c). The sliding surfaces have passed the intersection
point, but have not been closed. The sliding surface can
still extend to the ground surface. (4) H=ymax, as shown
in Fig. 8(d). The sliding surfaces are closed and confined
to the interior of soil.

The three-dimensional model of each working condition
can be decomposed by vertical planes corresponding to
four edges of the anchor plate, the ground surface and
depth planes corresponding to intersection points, and
then the force and deformation analysis is carried out
separately. The details are shown as follows. The spatial
body of Case 1 in Fig. 8(a) can be decomposed into four
1/4 curved cones corresponding to the corner parts of the
anchor plates (the four 1/4 curved cones can be combined
into a complete curved cone due to the consistent geometry
and force characteristics of the spatial body, as shown in
Fig. 9(a)) + two curved prisms on both sides (as shown in
Fig. 10(a)) + a middle curved body (as shown in Fig. 11(a)).
The spatial body of Case 2 in Fig. 8(b) can be decomposed

f H Af')und surface
1 I 3 I 1
G v ;7 hs_7 /
kY [
N T
N
N Anchor plate liding surface
B AN
adl L
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Ground surface
7 7
- . .
Gl '/ ‘\‘ ﬁa/

-

W\
A\
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NEAs el Y
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rodi ) ] Sl 1
! —t 7 e )
\ v 1 Y =
\ LY 1 L/
\ AN 1 Y
\\l ’ /
%4,/ Anchor plate iding surface

L —r

S

Xy
A~

(c) Case 3

into four 1/4 curved truncated cones corresponding to
the corner parts of the anchor plates (the four 1/4 curved
truncated cones can be combined into a complete curved
truncated cone, as shown in Fig. 9(b)) + two curved prisms
on both sides (as shown in Fig. 10(b)) + a middle curved
body (as shown in Fig. 11(b)). The spatial body of Case
3 in Fig. 8(c) can be decomposed into four 1/4 curved
conical-cylinders corresponding to the corner parts of
the anchor plates (the four 1/4 curved conical-cylinders
can be combined into a complete curved conical-cylinder,
as shown in Fig. 9(c)) + two curved prisms on both sides
(as shown in Fig. 10(c)) + a middle curved body (as shown
in Fig. 11(c)) + a upper curved truncated prism (as shown
in Fig. 12(a)). The spatial body of Case 4 in Fig. 8(d) can
be decomposed into four 1/4 curved cylinders corresponding
to the corner parts of the anchor plates + two curved prisms
on both sides (as shown in Fig. 10(c)) + a middle curved
body (as shown in Fig. 11(c)) + a upper curved pyramid
(as shown in Fig. 12(b)). Among them, the four 1/4 curved
cylinders can be also combined into a complete curved
cylinder as same as Case 3, as shown in Fig. 9(c).
After splitting and merging, each part of the isolator
is subjected to the gravity Gy, the resultant normal force
Ej and resultant shear force f; of soil on the sliding surface,
and the vertical pullout load F}; corresponding to this part.
The subscript i represents each working condition, and
its value is between 1 and 4. The subscript j represents
each part of the isolator. For Cases 1 and 2, the value of
jis 1-3, and for Cases 3 and 4, the value of j is 1-4. The
sum of the forces of each part of the isolator under each
working condition can describe the stress state of the whole
isolator under the corresponding working conditions.

,
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Fig. 12 Isolator above the intersection

5 Unified calculation method of bearing
capacity
In this paper, the shape function of the two-dimensional
sliding surface in the vertical plane proposed by Yao
et al.l'% is used, and the width D of the plate is replaced
by the width B of the rectangular anchor plate in this
paper. According to the previous analysis, the sliding
surface equation is the same in the vertical plane cor-
responding to any point on the plate length and plate width
and any rotation angle at the corner. The calculation
methods of y1, 61 corresponding to the critical point, 6>
corresponding to the intersection point of the ground
surface and the spiral line, and ymax, Omax at the vertex
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of the intersection of the spiral line are the same as those
in Yao et al.'% Compared with the two-dimensional
problem, the three-dimensional problem adds an inter-
section point when dividing the working condition, which
corresponds to 83 and y3. They can be obtained by Egs. (1)
and (2), respectively. The tangent slope of the sliding
surface at the intersection point is determined by Eq. (3),
and the corresponding tangent angle is calculated by
Eq. (4).

p(6y)cosb; =1, QP

_ b&stangcosb; _ -
V, =re sin 6, (2)

b= 0(6,)sin 8, + p(6,)cos b,
' p(8,)cos 6, — p(6,)sin b,

(3

o, = arctank, (4)

According to the division of the above four working
conditions, the force and deformation analysis of the
corresponding isolator is carried out, and the corresponding
limit equilibrium equation is established to obtain the
ultimate pullout capacity of the anchor plate. For Case 1
(H<y1), the overall force of the isolator is shown in
Fig. 8(a). In this case, the ground surface is below the
critical point, and the sliding surface penetrates to the
ground surface. The curved cone, two curved prisms and
the middle curved body are shown in Figs. 9(a), 10(a)
and 11(a), respectively. Figs. 13(a) and 13(b) show the
corresponding geometric positions of the 1/4 curved cone
and the curved prism in Case 1. A micro-element is taken
from the sliding surface of each part of the isolator to
calculate the resultant normal force dFE, the resultant shear
force df and the weight dG. The integration is then per-
formed in the interval of [0, 8,], to find the resultant force
Eyj, fij and Gyj, where j = 1, 2, 3 correspond to the three
parts of the isolator. The details are shown as follows.

For the curved cone,

6, ,
E, =—I0 27t(pcos«9—r0)\/p2 +p 2K17'

(H — psin@)cos(arctan 1)d 6 (5)
6, - -

£ =_[0 2n(pcos@—ry)/p + p?ytang-

K (H — psin)sin (arctan 1)d 6 (6)
) 2 .

G, =I0 n(pcos@—r,) ypsin(arctan A)d @)

For the curved prism,

E, 2_2.[092 B(H = psin@)p* + p”* -

K, ycos(arctan A)d& (8
0, . 7

£ =2IO B(H — psin@)y/p* +p”* -

K,y tan @sin (arctan 4)d 6 D)

https://rocksoilmech.researchcommons.org/journal/vol44/iss6/6
DOI: 10.16285/j.rsm.2022.5995
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(b) Curved prism

Fig.13 Geometric position of isolators (Case 1)

G, = 2j:2 By(pcos@—r,) psin(arctan 1)d@ (10>
For the middle curved body,

Ep = —2]092 Jp* + p™ (H - psin@)-

K,y cos(arctan 1)d & (11
fin= zj:z Jp?+p” (H - psinO)K,

ytan gsin(arctan 1)d € (12>
Gy, =2L" y[ peosb~(r,~ B/2)]-

(p’sin@+ pcosd)dé (13)

For Case 2 (yi<<H<{)3), the overall force of the isolator
is shown in Fig. 8(b). In this case, the ground surface is
above the critical point, but below the intersection point.
The sliding surface runs through to the ground surface.
After decomposition, the isolator includes one curved
truncated cone, two curved prisms and one middle curved
body, as shown in Figs. 9(b), 10(b) and 11(b), respectively.
Figs. 14(a) and 14(b) show the geometric positions of
the 1/4 curved truncated cone and the curved prism in
Case 2. Similar to the calculation of Case 1, £y, f2; and
G of each isolator are calculated respectively (j =1, 2,
3). It should be noted that when the ground surface is above
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the critical point, the vertical components of the resultant
normal forces on the upper and lower sliding surfaces
are opposite with the critical point as the boundary.

K

Vmax

(b) Curved prism

Fig.14 Geometric position of isolators (Case 2)

For the curved truncated cone,
b ;
E,, =—J.O 2n(pcos@—ry)\Jp* + p K,y
(H — psin@)cos(arctan A)d 6 + I:z 2n(pcos@—r,)-
NP+ p” K, y(H - psin6)cos(arctan 1)d6 (14)
é ,
o =j0 2n(pcos@—1,)yp> + p” ytan ok, -
(H — psin@)sin (arctan 1)d 6 — j:z 2n(pcosf—r,)-
NP+ p? ytan oK, (H — psin@)sin (arctan 1)d &
(15
6 2 .
G, = J.O n(pcos@—r,) ypsin(arctan A)d6 —
j:z n(pcosf—r, )2 ypsin(arctan 1)d@ (16)
For the curved prism,

£y ==2[ (- psino)p" + 9 -

BK, ycos(arctan A)d6 + 2'[:2 (H — psin@)-

P+ p” BK,ycos(arctan 1)d6 QY]
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6 . ’
Fon =2j0 B(H - psinOWp* +p”*

K,y tan @sin (arctan 4)d 6 — ZJ‘:Z B(H - psin)-

P’ + p? K, ytan gsin(arctan 1)d@ (18)

G,, = 2]:1 By(pcos@—r,) psin(arctan 1)d0 —

2_'.:2 By(pcos@—r,) psin(arctan 1)d@ (19)

For the middle curved body,

Ey= _2.[09] Vo' +p” (H = psin6)-
K,ycos(arctan 1)d6 + 2_[:2 ot +p7-

(H - psin@)K,ycos(arctan 1)d@ (20)
S = 2I:' P+ p? (H - psinO)K, -

ytan gsin(arctan 1)d6 — ZJ-:Z W :

(H - psin0)K, y tan gsin (arctan 4)d @ Q2D
G, = 2ij [ peosé—(r, — B/ 2)] psin(arctan 2)d6 -
2Lj:2[pcos0—(r0—B/z)]psin(arctanz)de (22)

For Case 3 ()3<<H<ymax), the overall force of the
isolator is shown in Fig. 8(c). In this case, the ground
surface is above the intersection point, but below the
vertex. The sliding surface penetrates to the ground surface.
After decomposition, the isolator includes one curved
conical-cylinder, two curved prisms, one middle curved
body and one curved truncated prism, as shown in Figs. 9(c),
10(c), 11(c) and 12(a), respectively. For Case 4 (H=Vmax),
the overall force of the isolator is shown in Fig. 8(d). In
this case, the ground surface is above the vertex of the
spiral line, and the sliding surface is limited to the interior
of soil. After decomposition, the isolator includes one
curved conical-cylinder, two curved prisms, one middle
curved body and one curved pyramid, as shown in Figs. 9(c),
10(c), 11(c) and 12(b), respectively. The calculation of
the two cases is only different in the fourth part (i.e., the
curved truncated prism and the curved pyramid). The
calculation of the corresponding quantities in the other
three parts only needs to change the upper limit of the
integral interval of the corresponding quantities in the
Case 2 to 5. The geometric positions corresponding to
the force calculation of the 1/4 curved cylinder and the
curved prism are shown in Figs. 15(a) and 15(b), respectively.
For the curved truncated prism in Case 3 and the curved
pyramid in Case 4, the equations of the corresponding
quantities £y, f; and Gy (i=3, 4 ; j = 4) are given as follows:
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& Vmax — £SINE ,
Ey = ZL %(HB)\W +p”K, -
‘ max — 3

¥(H — psin @) cos(arctan A)d @
fru=2[ LTI gy o

max _)@

(23)

(H — psin @) tan gsin(arctan 1)d @ (24>

0 Viax — sin @
Gay = _2,'-93 Ymax — PSING

max _)@

(L + B)ppsin(arctan 1)d @

(25)
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Fig. 15 Geometric position of isolators (Cases 3 and 4)

The calculation of Eus, fa2 and Ga4 corresponding to
the fourth part of the isolator in Case 4 only needs to
change the upper limit of the integral in the calculation
formulas of E34, f34 and G4 t0 Gmax.

According to the limit stress equilibrium condition
of the whole isolator, the ultimate pullout capacity of the
anchor plate under each working condition is calculated
as follows:

V= (E; + 1 +Gy) (26)

i=l, j=1

where i = 1, 2, 3, 4 correspond to the four cases of force

calculation of the isolator, respectively; j = 1, 2, 3, 4
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correspond to each decomposed part of the isolator. For
Cases 1 and 2, the value of j is 1-3, and for Cases 3 and
4, the value of j is 1-4.

On the calculation of earth pressure at each point on
the sliding surface, Yao et al.l' analyzed the earth pressure
behavior at the edge of the anchor plate, the critical point
and the vertex of the theoretical sliding surface. They
considered that the soil at the edge of the anchor plate
was squeezed most strongly, assumed that this point was
subjected to the passive earth pressure, and took the Rankine
passive earth pressure coefficient K,,. The sliding surface
moved upward relative to the outer soil at the critical
point. Assuming that this point was subjected to the static
earth pressure, the static earth pressure coefficient Ko=
1—sing was taken. The earth pressure coefficient at the
vertex of the theoretical sliding surface was taken as 1, and
the earth pressure coefficients K; and K of the remaining
points were calculated by linear interpolation between
the above earth pressure coefficients according to the
vertical distance from each point to the anchor plate. We
believe that the above-mentioned values of the earth pressure
coefficients at the edge of the anchor plate and the vertex
of the theoretical sliding surface are debatable, as shown
in Fig. 16.
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Fig. 16 Analysis of earth pressure coefficient

Although the anchor plate squeezes the soil most
strongly at point B of the edge, this is for the soil inside
the sliding surface, and the earth pressure acting on the
sliding surface comes from the external soil. The soil inside
the sliding surface has an upward displacement at this
point relative to the external soil, and the two tend to
separate from each other. Therefore, the earth pressure
tends to be active earth pressure, and the active earth
pressure coefficient K, = tan’(m/4—¢/2) is used. At point
C of the vertex of the theoretical sliding surface, the outer
soil is squeezed by the soil inside the sliding surface, and
the soil is in a state of failure. Therefore, the earth pressure
at this point should be passive earth pressure and K, =
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tan’(n/4+¢/2). The critical point is still the coefficient
of earth pressure at rest Ko= 1—sing. The calculation of
soil pressure coefficients K and K> at other points still
adopts the following linear interpolation calculation
method:

K1=Ka+(K0—Ka)pSin(9/yl (27)
K, - K

K, =K, ————"(psinf-y) (28)
Ymax — N1

6 Comparison and verification

6.1 Test cases and calculation method

To verify the validity of the calculation method of
bearing capacity in this paper, three other calculation
methods and five test cases are introduced for comparison
and verification. The three calculation methods are described
as follows. (1) Murray et al.'*! method, denoted as Method
1: It is proposed based on a straight-line failure plane at
the edge of the plate and a portion of a circular cone at
corners. (2) Frydman et al.*® method, denoted as Method
2: It introduces a shape factor based on the calculation
method of the bearing capacity of the strip anchor plate.
The shape factor is obtained by fitting the experimental
results. (3) Deshmukh et al.”?) method, denoted as Method
3: In the analysis model of this method, the sliding surface
in the vertical plane is also straight-line, but the corners
are rectangular. (4) The method in this paper, denoted
as Method 4: It works according to Eq. (26). All the
parameters involved are consistent with those by Yao
et al.'%, such as the initial angle of sliding surface o,
constant a, etc. For loose sand (relative density D,<<0.33)8!,
o= 1/2—@/2. For medium sand (relative density 0.33<<
D:<0.67)PY, o= n/2—-3¢/4. For dense sand (relative
density D,>0.67)Y, o= m/2—¢. The constant a is taken
as 0.01, 0.02 and 0.03 respectively for loose, medium
and dense sand. The internal friction angle is taken as
the peak internal friction angle.

Five test cases include Gui®? test (Test 1), Ding et al.l')
test (Test 2), Yaol®¥ test (Test 3), Rowe et al.**! test (Test 4)
and Murray et al.'¥! test (Test 5). Sand is used in all tests,
and the specific parameters are shown in Table 1.

It should be noted that the test curves of Gui®”, Ding!!),
Murray!'¥ and Rowe**! all exhibit a hardening type, and
the maximum load is taken as the ultimate pullout capacity.
The test curve of Yaol**! is a softening type and has a peak
value. By combining the measured displacement and
referring to the ultimate vertical displacement value
standard® specified in relevant codes and the determination
method of the internal friction angle previously mentioned,
it is more reasonable to take the peak load as the ultimate
pullout capacity. In addition, although the finite element

Published by Rock and Soil Mechanics, 2023

Table 1 Basic parameters of the test cases

Internal Width of Length-
Test friction Unit weight Sand anchor width Embedment ratio

No. angle y/(kN * m™) property plate ratio H/B
) Bim LB
Test1 37.8 1550 DeMe g4000 1 1,2,3,4,5,6
sand
322 14.11 Loose 2,3,4,5,6,7,8
sand
Test 2 b 0.050 0 1
45.0 15.91 ense 2,3,4,5,6,7,8
sand
um 00750 1
Test3 33.1 1608 ~ Medium 1,2,4,8
sand 00750 5
14.99, 14.15 1 3
14.80, 15.04 - 2 3
Test4 32.0 Medium , 5,
14.99,15.15 sand 3 3
14.77-15.00 5 3,6,8
1 1,2,3,4,6,8,10
Test5 440  16.80+0.20 Dszgff 00508 3 1,2,3,4,6,8,10
5 1,2,3,4

numerical simulation is carried out in this paper, the main
purpose is to identify the shape of the sliding surface under
the limit state, and the finite element calculation results
of the pullout capacity are not extracted and compared
with the theoretical calculation results. The reasons are
analyzed as follows. The previous numerical simulation
results show that the elastic modulus of soil will not affect
the shape of the sliding surface. However, the sliding
surface is defined by the size of plastic deformation (=
0.01). The greater the elastic modulus of soil, the greater
the load required to achieve the same size of plastic
deformation. If only the elastic modulus is changed and
the internal friction angle of soil keeps constant in the
numerical simulation, the calculated value of the pullout
capacity of the anchor plate will be significantly affected
by the value of the elastic modulus of soil. However, when
the confining pressure is the same, the greater the internal
friction angle of sand, the greater the elastic modulus of
sand. That is, the elastic modulus of sand is related to the
internal friction angle, but the relationship between the
two is unknown. Meanwhile, the theoretical calculation
method does not involve this parameter, and the test case
does not provide its value. All of them only reflect the
influence of soil properties by the internal friction angle
of the strength index. In this case, the pullout capacity
calculated by artificially setting the elastic modulus in
the numerical simulation will be unreliable, and it is not
of practical significance to be compared with the theoretical
value.
6.2 Comparative analysis of results

The above three methods and the method in this paper
are used to calculate the test cases. The ratio Fy is defined
as the ratio of the calculated value 7, of the pullout capacity
to the test value Tp. The closer Fi is to 1, the better the

11
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calculation effect is. The test value 7;, and the calculated
value T, of each method are compared as shown in Table
2. The ratio Tw/Twm is also calculated in the table and
statistically analyzed. The corresponding mean u and
standard deviation o are calculated and used as indicators
to compare the calculation effect of each method. The
comparison process consists of three steps:

(1) First, calculate the means ua and up of ratio Fj
of Method A and Method B. If jua—1|—|us—1|=0.1, then
Method B is better than Method A. If [up—1|—|ua—1|=
0.1, the calculation effect of Method A is better than that
of Method B. If both conditions are not valid, the next
step is performed.

(2) Two cases are divided in this step. i) If ua and

Table 2 Comparison of calculated value 7u and measured value 7m

Method 1 Method 2 Method 3 Method 4
Test No. L/B H/B  Sand property Tm

Ty Ty /Tn Ty Ty /Tn Ty Ty /Tn Ty Ty/Tn

1 37.50 2802 075 41.56 111 26.11 0.70 4526 121

2 125.00 88.68 071 175.38 1.40 7345 059 156.95 1.26

3 20000 19340 097 40707 2.04 14202 071 22022 1.10

Test 1 ! 4 Densesand 7500 353.59 1.29 74399 271 23182 0.84 372.39 1.35
5 37500 580.68 155 119191 3.18 34284 091 531.09 142

6 475.00  886.07 187 175556  3.70 475.09 1.00 668.17 141

2 12.42 883 071 17.67 142 760 0.61 12.59 1.01

3 28.49 18.61 0.65 4022 141 1445 051 2420 085

4 45.99 3319 072 72.61 1.58 2335 051 3720 081

5 Loose sand 68.67 53.51 0.78 115.34 1.68 3427 050 5654 0.82

6 90.91 8047  0.89 168.83 1.86 4724 052 8433 093

7 10754 115.01 1.07 23343 217 6224 058 104.51 0.97

et 1 8 12657 158.06 1.25 30045 244 7927 0.63 153.19 121
2 31.16 1596  0.51 31.45 1.01 1256 0.40 32.52 1.04

3 74.42 3618 0.49 74.63 1.00 2472 033 7118 0.96

4 157.93 67.97 043 13827 088 4079 026 13430 0.85

5 Densesand 28895  113.86  0.39 22356 077 60.77 021 220.71 0.76

6 46207 17641 038 33145 072 84.68  0.18 42350 092

7 69025  258.17 037 46276 0.67 11250  0.16 65230 0.95

8 104831 36168 035 61817 059 14423 0.14 97350 093

1 18.70 1208  0.65 1787 096 1142 061 18.91 1.01

1 2 48.20 3666 076 73.19 1.52 3136 065 54.72 1.14

4 179.00 13917 0.78 30234 1.69 96.77 054 193.65 1.08

Test3 8 Mediumeng 2650 66895 205 120372 396 329.78 1.01 350.07 1.07
1 59.00 4925 0.83 60.94 1.03 5710 097 69.13 1.17

S 2 149.40 12802  0.86 176.85 1.18 156.78 1.05 175.91 1.18

4 45970 39002 0.85 575.37 1.25 483.86 1.05 498.55 1.08

8 321400 144313 045 205662  0.64 164891 051 282437 088

| 3 33.03 2085 063 45.12 137 1623 049 29.99 091

3 33.03 2107 064 45.60 1.38 1640  0.50 4170 126

5 3 37.98 3154 083 56.61 1.49 3205 0.4 44.13 1.16

3 41.62 3205 077 57.52 1.38 3257 078 45.47 1.09

5 3 54.62 43.04 079 69.54 127 4869  0.89 66.62 1.22

Test 4 3 Mediumsand  57.74 4350 075 70.29 122 4921 0.85 5685 098
3 81.61 6524 0.80 93.97 1.15 81.14 099 82.52 1.01

3 82.91 6528 079 94.03 1.13 8120 098 82.58 1.00

5 6 30442 21657 071 317.55 1.04 26103 0.86 21055 0.69

8 48348 38099  0.79 543.67 1.12 43852 091 41130 085

8 48837 38125  0.78 544.04 111 43882 0.90 45217 093

1 532 8.61 1.62 6.54 123 398 075 577 1.08

2 21.30 38.63 1.81 28.63 1.34 1152 054 2564 120

3 7459 102.96 1.38 6775 091 262 030 6156  0.83

1 4 13753 214.52 1.56 12530 091 3728 027 11253 082

6 44598 630.92 1.41 29975 0.67 7728 0.17 33827  0.76

8 964.46 139107 1.44 55842 0.58 13152 0.14 89134 092

10 178298 259821 1.46 90598 051 199.99 011 134381  0.75

1 6.46 1294  2.00 10.48 1.62 7.96 123 6.86 1.06

Test's 2 Densesand 25.84 51.54 1.99 38.77 1.50 23.05  0.89 3427 1.33
3 77.06 12871 1.67 86.09 112 4525 0.59 7814 1.01

3 4 14530  257.36 1.77 153.59 1.06 7457 051 139.03 096

6 44628 72071 1.61 35248 0.79 15457 035 510.87 1.14

8 100831 154481 1.53 64074 0.6 263.04 026 109387 1.08

10 181878  2832.92 156 102223 0.56 399.98 022 156748  0.86

1 20.86 2720 1.30 2230 1.07 19.91 0.95 18.14 087

2 73.94 90.28 1.22 69.18  0.94 5762 0.78 6161 083

5 3 16241 21232 131 14110 0.87 11312 0.70 130.66  0.80

4 29471 383.44 1.30 23845 081 18642 0.63 22294 076

https://rocksoilmech.researchcommons.org/journal/vol44/iss6/6
DOI: 10.16285/j.rsm.2022.5995
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up are both less than 1 or greater than 1, calculate and
define the coefficient of variation CVa= oa/us and CVp=
OB/u, where oa and oy are the corresponding standard
deviations of Method A and Method B, respectively. If
CVA<<CVg, Method A is better than Method B. Otherwise,
Method B is better than Method A. ii) If one of us and
ug is greater than 1 and the other is less than 1, then calculate
and define the coefficient of variation CVa= oa/|ua—1|
and CVp= op/|lup—1|. If CVA<<CVp, Method B is better
than Method A. Otherwise, Method A is better than Method
B.

(3) When ua= up and oa = 0og, the calculation effects
of the two methods are the same.

The calculated value T, and the test value Tr, are shown
in Fig. 17 under different compaction states. Different
methods are distinguished by different colors, and different
test conditions are distinguished by different symbols. The
results of the loose sand condition is shown in Fig. 17(a).
On the whole, the calculated values of Method 2 are large,
and the results of the other three methods are small. The
mean value of F; in Method 2 is 1.8, which indicates that
the calculated values are significantly large. It tends to
increase with the increase of the embedment ratio. The
mean value of Fs in Method 3 is 0.55, which indicates
the calculated values are significantly small. However,
its standard deviation o= 0.05 is the smallest. It indicates
that its calculation stability is good. Both Method 1 and
the method in this paper are about 10% smaller, and for
the method in this paper, Fs = 0.94 is closer to 1. According
to the above evaluation method of the calculation effect,
[1—1|~us—1| = 0.12—0.06 = 0.06, and the second step is
needed. 11 and u4 are both less than 1. Then the coefficients
of variation are calculated as CV1= oi/u;= 0.2/ 0.88 =
0.23 and CV4= os/us= 0.13/0.94 = 0.14. Since CV4<<
CV1, then the method in this paper is better than Method
L.

The calculation of the medium sand condition is shown
in Fig. 17(b). In terms of the mean value of F, the calculated
values of Method 2 and the method in this paper are large.
The former is more than 60% larger, and the calculation
effect is poor. The calculated values of Method 1 and
Method 3 are small, and the mean values are similar.
According to the above evaluation method of the calculation
effect, CV3=0.24<<CV,= 0.39. Therefore, the calculation
effect of Method 3 is better than that of Method 1. The
comparison between Method 3 and the method in this
paper needs to follow the second condition of the second
step of the evaluation method. CV3= o3/ |u3—1| = 0.2/
|0.81-1| = 1.05 and CV4= ow/|us—1| = 0.14/ |1.04—1| =
3.5. Since CV3<<CVy, then the method in this paper is
better than Method 3.

Published by Rock and Soil Mechanics, 2023

The calculation results of the dense sand condition
is shown in Fig. 17(c). The mean value of F; of the method
in this paper is 1.01, which is the closest to 1, and the
standard deviation is also the smallest. There is no doubt
that the calculation effect of the method in this paper is
the best. The calculated values of Method 3 are about 50%
smaller than the actual value. The mean values of F in
Method 1 and Method 2 are close, and the calculated
values are about 25% larger. After further evaluation,
CVi= oi/u1=0.5/1.25 = 0.39 and CV2= o/u,= 0.77/
1.23 = 0.63. Since CV<CV, then Method 1 is obviously
better than Method 2.

Calculation method
m Method 1
o Method 2
A Method 3

> Fi=2
v This study (Method 4)
Source of data

10°

102

Method u o
Method 1 0.88 0.20
Method 2 1.80 0.36
Method 3 0.55 0.05
1 ]
10° 10! 10? 10°
Test value T, /N

10!

Calculated value 7w /N

(a) Loose sand condition

Calculation method

10* £ m o Method 1

e o Method 2

A A Method 3

v v This study (Method 4)
100 b Source of data @

m oA v Test3
oo av Testd F,=05
Method u o
Method 1 0.82 0.31
Method 2 1.66 0.30
Method 3 0.81 0.20

Calculated value 7u/N
3

1 J
10! 10% 10 10*
Test value T, /N

(b) Medium sand condition

Calculation method
, ® oo Method 1
10° F o 0 4 Method 2
A A D> Method 3
v v ¥ This study (Method 4)

Z 100k Source of data ..

&2 me avTest] [ 24

E oo a vTest2 (Dense s Qg

3 102 | o< > #Test5 '<1AA

3 e
k| A ® Method u o
2 B Method 1 1.29 0.50
O 10! | = 4 Method 2 1.23 0.77

F=05 Method 3 0.54 0.31
Method 4 1.01 0.21
10° ' : ' !

10° 10" 102 10° 10*

Test value T, /N

(¢) Dense sand condition

Fig.17 Comparison of calculated and measured values
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7 Conclusions

For the three-dimensional behavior of the vertical
pullout problem of the horizontal rectangular anchor plate,
the numerical simulation method is used to analyze the
shape characteristics of the spatial sliding surface of soil
around the anchor in the horizontal section. The construction
of the three-dimensional mechanical analysis model of
uplift of the horizontal rectangular anchor plate and the
derivation of the calculation method of the bearing capacity
are carried out in combination with our previous theoretical
study of the continuous evolution of the two-dimensional
sliding surface with the embedment ratio. The main
conclusions can be drawn as follows:

(1) The geometric shape of the spatial sliding surface
in any horizontal section within its range can be described
by four straight lines parallel to the long and short sides
of the anchor plate and four 1/4 arcs. The horizontal
distances between the straight lines and the corresponding
anchor edges are equal, and the distance is controlled
by the two-dimensional sliding surface in the vertical
symmetric plane of the center of the long edge.

(2) The continuous evolution of the vertical two-
dimensional sliding surface shape with the embedment
ratio is characterized by the logarithmic spiral function.
With the increase of the embedment ratio, the polar diameter
of the spiral line decreases. It depicts the whole evolution
process of the sliding surface in the vertical plane from
the approximate straight line of shallow burial extending
to the ground surface to the “bulb” shape of deep burial
limited to the interior of soil. The whole picture of the
three-dimensional sliding surface of the rectangular anchor
plate is depicted by combining the characteristics of the
sliding surface in the horizontal section.

(3) According to the position relationship between
the burial depth of the anchor plate and the critical point,
intersection point and vertex of sliding surface, the burial
depth of the anchor plate can be divided into four continuous
working conditions. A three-dimensional mechanical
analysis model of pullout capacity of the rectangular anchor
plate under each working condition is established. After
decomposition and mergence of the isolator, the mechanical
limit equilibrium analysis of each sub-isolation body is
carried out, and the calculation method of pullout capacity
of the horizontal rectangular anchor plate is established.
The proposed method is applicable to rectangular anchor
plates with arbitrary length—width ratio and embedment
ratio.

https://rocksoilmech.researchcommons.org/journal/vol44/iss6/6
DOI: 10.16285/j.rsm.2022.5995

(4) In the comparative analysis with five test cases
and three calculation methods, the calculation method of
pullout capacity of the horizontal anchor plate established
in this paper has achieved the best calculation results in
three types of sand conditions. It suggests that the proposed
method has good applicability.
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