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The lateral loading of a plate anchor is a complicated process that involves complex anchor-soil interactions. The deformation
characteristics of the soil around an anchor have an important effect on its lateral bearing capacity. In this paper, the
noncontact digital image correlation (DIC) technique is used to study the distribution and variation of the soil deformation
field under a laterally loaded anchor in sandy soil. The results show that the sand density and embedment ratio significantly
affect the distribution and influence range of the active and passive zones around the anchor. The active zone behind the rod
gradually decreases with increasing sand density until ultimately disappearing, and the passive zone increases. The maximum
influence height occurs in the passive zone behind the rod in dense sand, and the influence range of the passive zone in front
of the rod expands with an increasing embedment ratio. Shear bands form during the lateral loading process, which are
accompanied by dilatancy in the shear process. The motion path of the rotation center in loose and medium sand is initially
rigid translational and then becomes rigid rotational, while the opposite trend occurs in compact dense sand. The results

provide important guidance for the development of predictive models for anchor lateral loading and design.

1. Introduction

Plate anchors are widely used in transmission equipment
foundations, TV towers, large suspension bridges, aircraft
mooring platforms, and other fields owing to their short
construction time, strong site applicability, reduced envi-
ronmental damage, and good economic benefits. The
extended development of energy exploitation in the deep
sea in recent years has led to a gradual replacement of
shallow sea gravity platforms with floating platforms. A
plate anchor buried on the seabed provides the anchoring
force for a floating platform to resist the impact of wind,
waves, and sea currents, which are a wide concern in
marine engineering [1].

Extensive research has been conducted to constrain the
pullout bearing capacity of plate anchors using a variety of
research methods, including theoretical studies [2-5],
numerical simulations [6-13], and model texts [14-16],

most of which are summarized in Das et al. [17] and Nirou-
mand and Kasim [18]. The lateral bearing capacity and lat-
eral tensile mechanism of laterally loaded plate anchors are
jointly affected by the anchor and anchor rod, and the
anchor-soil interactions are complicated. A calculation
model of the lateral bearing capacity is therefore difficult to
establish. There have been relatively few studies on the ten-
sile mechanism of laterally loaded plate anchors in contrast
to the extensive research that has been conducted on pile lat-
eral loads [19-27]. Previous studies on the pull-out resis-
tance of plate anchors and pile lateral loads mainly focused
on the force or deformation of the anchor and pile, whereas
research on the interaction characteristics of an anchor (pile)
and surrounding soil and the deformation characteristics of
the soil around the anchor (pile) remains poorly con-
strained. Digital image correlation (DIC) technology has
been increasingly applied in geotechnical engineering model
tests in recent years [28-34]. In particular, Liu et al. [35] and
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FIGURE 1: The experimental system.

TaBLE 1: The definition of symbols.

Symbol Definition

D (mm) Diameter of plate anchor

E (mm) Buried depth of plate anchor

S (mm) The displacement of the anchor rod at the loading height

P (N) Lateral load of the anchor rod at the loading height

L (mm) The height of loading from the surface

X, (mm) The offset of the rotation center relative to the centerline of the plate anchor foundation
z, (mm) The depth of the rotation center below the ground surface

0 () Rotation of plate anchor

TABLE 2: Parameters of the test program. 100 e

Number D, ¢ () E(mm) (E/D) L (mm) ol

1 D,=27% 303  50-350 1-7 200 80 1

2 D,=55% 331  50-350  1-7 200 <

3 D,=75% 371  50-350  1-7 200 g 60

&
P

Zhang et al. [36] used DIC technology to conduct an exper- 5 i S

imental study on the soil deformation mechanism around an B

anchor during the process of removing a single anchor and a0 4

group of anchors in sand.

DIC technology is used in this study to design a set of

lateral loading devices and a data image acquisition system 0 -
for plate anchors. The deformation field of the soil around 3 0.1 0.05

a plate anchor is measured and analyzed under different
sand density and embedment ratio conditions, which is
helpful to monitor the development and change of the
deformation field of the soil around a plate anchor and
the interaction mechanism between the anchor and soil.
Moreover, according to the movement characteristics of
the soil around the plate anchor, the deformation field of
the soil around the plate anchor is divided and the influ-

Particle size (mm)

FI1GURE 2: Particle grading curve of the soil sample.

ence range of the displacement field around the anchor
is quantitatively analyzed, which can improve the reference
for the foundation treatment. The inner law of the
mechanical phenomenon is deeply analyzed from the



Geofluids 3
5.0
45
4.0
35 Image 6
2 » o) | ® W
f;. Image 5 | | [©)
§ 2.5 Image 4
EZ 2.0 1
— Image 3
1.5
1.0
0.5
\Image 1 Image 2
0.0 T T T
0 10 20 30 40
Rod head displacement, S (mm)
—A— Loose sand embedment ratio E/D = 3, D, = 27%
&~ Medium sand embedment ratio E/D =3, D, = 55%
—&- Dense sand embedment ratio E/D = 3, D, = 75%
(a) Load-displacement curves with variable D, values
18
16
14 H /
g 121 Image8
% 104 . —— Image7
k=]
3
6 -
Tmage5 Image6
4
24
0 T T T
0 10 20 30 40
Rod head displacement, S (mm)
—#- Dense sand Embedment ratio E/D = 3, D, = 75%
~@- Dense sand Embedment ratio E/D =5, D, = 75%
(b) Load-displacement curves with variable E/D values
FIGURE 3: Relationship between lateral load and rod head displacement for different influencing factors.
TaBLE 3: Information for images corresponding to points along the lateral load and displacement curve.
Number Relative density and embedment ratio Image number Rod head displacement S (mm) Lateral load P (N)
1 2.33 0.36
1 D, =27%, EID=3
2 14.23 1.01
3 4.64 0.80
2 D, =55%, E/ID=3
4 17.5 1.81
5 7.33 2.37
3 D, =75%, E/ID=3
6 18.36 3.35
7 9.26 9.78
4 D, =75%, EID=5
8 22.02 14.68

perspective of the deformation field, and the deformation
and failure mechanism of the soil around the anchor plate
during the lateral loading process is revealed. The test
results can provide a reference for the establishment and
design of the anchor plate lateral bearing capacity predic-
tion model for practical engineering.

2. Materials and Methods

2.1. Experimental Setup. The developed experimental sys-
tem (Figure 1) mainly consists of a loading device, a
DH3821 data acquisition instrument, and an image analy-
sis system, the latter of which includes a high-speed CCD
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FIGURE 4: Displacement field at the ultimate load under conditions of D, = 27%and E/D = 3.

camera and StrainMaster of DaVis 8.0 software. The loading
device is mounted on a height-adjustable lifter, which provides
a hole through which the worm can pass and move left and
right using the drive of the worm gear. A DH3821 machine
is used to apply a lateral force and measure the displacement
of the plate anchor. The high-speed CCD camera is used with
a Sony scientific research chip with a resolution of 2489 x 2091
pixels. DaVis 8.0 is an embedded DIC software used to analyze
the relative movement between any two images. The image
acquisition frequency of the force and displacement is 2 Hz,
which achieves synchronization.

A model tank with dimensions of 800 x 600 x 700 mm
(length x width x height) was developed to install the screw
anchor pile. The plate anchor consists of an anchor rod
and anchor. The rod body is made of a steel shaft with a
diameter of 7mm. The anchor is half-circular with a diame-
ter of 50 mm and thickness of 5 mm. The relevant symbols
are defined in Table 1.

2.2. Test Program. The test program is presented in Table 2
and mainly considers the following test parameters: sand
density (loose, medium, and dense), embedment ratio
(E/D of 1-7, where E is the embedment depth and D is
the anchor diameter), and load height (L =200 where L
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FiGure 5: Influence ratio of the soil displacement as a function of
anchor angle for D, =27%and E/D = 3.
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FIGURE 7: Volume strain field at the ultimate load for D, = 27%and E/D = 3.

is the distance from the lateral loading application location
to the ground surface).

2.3. Starting Material. The sand saturation is dry sand, and
sand of different densities was used to study the influence
of density on the sand deformation and failure mechanism
around a screw plate anchor. These include loose sand (aver-
age dry density p, = 1.47 g/cm’, corresponding to a relative
density of D, =27%), medium sand (p, = 1.53 g/cm?, D, =
55%), and dense sand (p; =1.61g/cm®, D, =75%). The
angles of friction corresponding to the loose, medium, and

dense sand conditions were 30.3°, 33.1°, and 37.1°, respec-
tively. The physical properties were obtained by referring
to GB/T 50123-2019 [37], and the sand particle size distribu-
tion curve is presented in Figure 2.

2.4. Experimental Procedure. The position and height of the
camera were first adjusted to capture the area of interest.
Because images are sensitive to changes in ambient light,
the focus and light intensity were adjusted to achieve
good image quality. The sensors and power supply were
then checked, the data acquisition software was started,
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FiGure 8: Displacement field at the ultimate load for D, = 55%and E/D = 3.

the acquisition parameters were set, and the collection
system initiated the loading device. During loading, the
plate anchor speed was controlled at 0.0l mm/s to mini-
mize the impact of the loading speed on the load and
allow sufficient images to be collected prior to reaching
the ultimate load. At the end of the test, the data were
saved and the lateral load and displacement curves were
plotted.

3. Results and Analyses

3.1. Lateral Load versus Displacement Response. The rela-
tionship between the lateral load and rod head displacement
for different D, and E/D values was compared and analyzed
under the same test conditions to study their effects on the
lateral tensile resistance characteristics of the plate anchors.
Figure 3(a) shows the relationship between the lateral load
and rod head displacement in loose, medium, and dense
sand for E/D = 3. This relationship curve can be divided into
three stages during the lateral loading process of the plate
anchor: an elastic stage, an elastoplastic stage, and a strong
reduction stage. (a) In the elastic stage, the lateral load

10 *

Influence ratio
(o)}
1

Anchor angle, 6 (°)

—&— A, Fitted curve

FiGURre 9: Influence ratio of the soil displacement as a function of
anchor angle for D, =55% and E/D = 3.
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FIGURE 10: Shear strain field at the ultimate load for D, = 55%and E/D = 3.

increases linearly with displacement, and the slope of the lin-
ear segment increases with increasing sand density. (b) In
the elastoplastic stage, the rate at which the load increases
with increasing displacement slows relative to that in the
previous stage. The ultimate lateral load is considered to be
the point where the load versus rod head displacement curve
becomes linear [21]. The ultimate lateral loads of the loose,
medium, and dense sand curves are 1.01, 1.75, and 3.35N,
respectively, which shows that increasing sand density has
a significant effect on the lateral bearing capacity. (c) In
the strong reduction stage, the displacement increases dra-
matically while the load changes slightly, which is consistent
with the typical curve of dense sand characteristics.
Figure 3(b) shows the relationship between the lateral load
and rod head displacement for different E/D values in dense
sand. The two curves show similar characteristics: the linear
slope of the curve during the first stage for E/D =5 ratio is
approximately 4.4 times steeper than that for E/D = 3, which
indicates that E/D has also a significant impact on the lateral
bearing capacity.

3.2. Soil Deformation Field in Loose Sand. The lateral loading
tests under different sand density and embedment ratio condi-
tions were selected to analyze the soil deformation field
around a plate anchor during the lateral loading process.
Images 1-8 in Figure 3 correspond to the ultimate lateral load
and rod head displacement under four different working con-
ditions. The ultimate lateral load and displacement at the cor-
responding points of each image are listed in Table 3.

The displacement field of the first group of images under
the ultimate load was obtained after the DIC calculation, as
shown in Figure 4. The arrow in the upper-left corner shows
the displacement reference value and represents the dis-
placement magnitude and direction. The front of the rod
refers to the side along the loading direction, and the back
of the rod refers to the side away from the loading direction.
The displacement field indicates that the soil around the
plate anchor is displaced, and the contours of the front and
back of the anchor rod approximate a parabola with an
upward opening. If the anchor rod is regarded as the back

of the gravity retaining wall and the interaction between
the rod and soil is regarded as the retaining wall rotating
around the wall toe, active and passive zones are observed
to form on the front and back sides of the rod, respectively.
The soil particles in the active zone behind the rod flow
downward to the right, and the surface and underground
influence range from 1.6D to 2.2D. The movement direc-
tion of the soil particles in the front of the rod goes through
the upper-right side of the near surface, the lower-right side
of the middle zone, and the lower-left side of the upper part
of the anchor. The three zones are named as the passive
zone, transition zone, and active zone, respectively, and are
bounded by the change of the soil particle movement direc-
tion. The influence ranges of the surface and underground in
the passive zone in front of the rod are 1.6D and 14D,
respectively. An approximate circular displacement field
forms around the anchor, with the center of the circle
located at the center of the anchor and an influence diameter
of approximately 1.2D. The soil in this area is jointly
affected by the lateral loading process of the anchor and
anchor rod. The anchor-soil interaction is complicated; thus,
this area is referred to as the disturbance zone.

The influence range of the displacement field is treated
as a dimensionless quantity to study the deformation charac-
teristics of the soil displacement field around the plate
anchor during the lateral loading process. Statistical analysis
is performed to determine the surface influence width ratio
before and after the rod (1)), influence depth ratio (1,),
influence range ratio (A;), and the change of anchor angle
(0) using a contour range of 0.10 as the boundary. The rela-
tionships between the correlation ratio and anchor angle in
Figure 5 show that A, and A; increase linearly with 6 for 0
< 8 and that A, and 6 follow a parabolic relation. The ratio
of the surface width is notably larger than that of depth,
which indicates that the influence range of the active and
passive areas is strongly affected by the surface width and
the ratio decreases for 0 > 8°.

Figure 6 shows the shear strain field at the ultimate load
in loose sand. Approximately 1-4 shear bands are noted
from left to right, and the maximum shear strain points
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in the shear strain isoline map connect as a shear surface
of lateral tensile failure of the plate anchor. Local shear
band #1 forms on the left edge of the anchor, extends to
the upper part of the anchor by approximately 0.6D,
and is located in the disturbance zone on the upper left
of the anchor. Shear band #2 extends from the ground
surface to the lower right, which the same direction as
the soil particle movement in the active zone behind the
rod. Shear band #3 is located in the passive zone behind
the rod and affects the depth over a range of 1.6 D. Shear
bands #2 and #3 gradually shrink with increasing depth
mainly owing to increasing soil stress, which is also asso-
ciated with a reduction of the dilatancy angle. Shear band
#4 extends from 0.6 D to the lower left of the anchor and
forms a local shear band located in the disturbance area
on the upper-right side of the anchor.

Figure 7 shows the volumetric strain field at the ultimate
load in loose sand. The red dotted line represents the divi-
sion between positive volumetric strain values, which indi-
cate volume expansion, and negative volumetric strain
values, which indicate volume compression. The range of
the solid blue line indicates the dilatancy zone, which is
located in the passive zone behind the rod and is consistent
with the distribution of shear band #3. The shear shrinkage
zone is mainly located in the active zone behind the rod
and disturbance zone above the anchor. The loose soil in
the active zone in back of the rod becomes dense and forms
a shear shrinkage zone. The pressure difference of the soil
above the anchor occurs during the rotation of the anchor
rod, which leads to soil compression and shear shrinkage.

3.3. Soil Deformation Field in Medium Sand. Figure 8 shows
the displacement field at the ultimate load in medium
sand. The transition zone in front of the rod is less appar-

ent than that in the loose sand scenario, and the influence
depth of the passive zone increases to 2D below the
ground surface. This indicates a weakened influence of
the anchor rotation and enhanced passive extrusion effect
of the rod. The influence range of the active zone behind
the rod strongly increases from 0.8D in loose sand to
22D in medium sand. The influence of the left anchor
rotation on the soil movement increases, as well as the
influence of the passive zone. The disturbed area around
the anchor contracts and the passive area affects the
expansion.

Figure 9 shows the relationship between the surface
influence width ratio A, before and after the rod and the
anchor angle. The active zone behind the rod is not apparent
for 0 < 3° and the ratio is large, whereas the ratio is small for
3° <0< 9° and decreases linearly with 6.

Figure 10 shows the shear strain field at the ultimate load
in medium sand. Compared with the loose sand scenario,
the influence height of shear band #1 on the upper-left side
of anchor increases and extends to the upper part of the
anchor over 1.4 D, whereas shear bands #2 and #4 disappear
and shear band #3 in front of the rod extends below the
ground surface for 14D and decreases. The volumetric
strain field in Figure 11 shows that the dilatancy zone
shrinks with increasing relative density and the shrinkage
zone behind the rod is not apparent.

3.4. Soil Deformation Field in Dense Sand. Figure 12 shows
the displacement field at the ultimate load in dense sand.
As the relative density increases, the active zone behind
the rod disappears and the soil particles are mainly
affected by the rotation of the anchor and move upward
to the left. This forms a passive zone, and the displace-
ment contour is approximately “ear” shaped. The influence
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FIGURE 15: Volume strain field at the ultimate load for D, = 75%and E/D = 3.

depth of the passive zone in front of the rod continues to
increase to approximately 2.2D. The influence width of
the surface passive zone notably expands obviously with
increasing sand density. The passive area is mainly around
the anchor.

The soil around the plate anchor in dense sand is domi-
nated by the passive zone. The influence width of the ground
surface and influence range of the passive zone with changing
rod inclination are statistically analyzed. Figure 13 shows the
relationship between the influence range of the passive zone

and rod inclination. Figure 13(a) shows that the influence
width of the ground surface in front of the rod increases line-
arly for rod inclination values less than 3° and remains essen-
tially unchanged between 3" and 9° to a maximum influence
height of 3 D. Figures 13(b) and 13(c) show that the influence
width of the ground surface behind the rod and the sum of the
passive zone before and after the rod follow a parabolic rela-
tionship for rod inclination values less than 9°. Because the
influence depths of the passive zone in front of and behind
the rod are essentially maintained at 22D and 3D,
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respectively, the surface influence width of the latter plays a
major role in the influence range of the passive zone.

Figure 14 shows the shear strain field at the ultimate
load in dense sand. Shear band #1 extends from the left
edge of the anchor to the upper left with an influence
height of approximately 2D, which is much larger than
that in loose sand. The angle between the shear plane
and vertical direction is 24°. Shear band #2 extends from
the surface of the anchor to the upper left, which is con-
trary to the ground surface extension to the lower right
in loose sand. The increased extension range of shear
band #1 and altered extension direction of shear band
#2 are the main reasons for the increased ultimate load.
The surface depth of shear band #3 continues to shrink
downward to approximately 1.2D mainly owing to the

increased sand density, which increases the soil stress
level.

Figure 15 shows the volumetric strain field at the ulti-
mate load in dense sand. Compared with the loose and
medium sand scenarios, a notable dilatancy zone forms on
the left edge of the anchor, which is consistent with shear
band #1.

3.5. Effect of the Embedment Ratio on the Deformation Field
in Dense Sand. Figures 16-18 show the deformation field at
the ultimate load in dense sand with E/D = 5. The shape of
the displacement field in Figure 16 remains essentially
unchanged from that for E/D=3. The influence depth of
the displacement field behind the rod is approximately
3D, which is the same as for E/D =3, indicating that the
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increased E/D has little effect on the extension height of
the passive zone behind the rod. The affected depth of
the rod front is 4D, which is 1.8 times larger than that
for E/D = 3, and the range of the uplifted area is enlarged.
The shear strain field in Figure 17 shows that shear band
#1 inclines inward and the angle between the shear failure
surface and vertical direction is 10°, which is smaller than
that for E/D=3. The upward extension range of shear
band #2 is small mainly because the lateral soil stress
increases with depth. The volumetric strain field in
Figure 18 shows that the dilatancy zone above the anchor
becomes long and narrow with an affected depth of
approximately 2.6 D, which is significantly larger than that
for E/D = 3. Furthermore, the dilatancy at the left edge of
the anchor is not apparent.

3.6. Evolution of the Rotation Center Position under Lateral
Loading. The position of the plate anchor’s rotation center
under lateral loading is an important input condition to
calculate the foundation bearing capacity using traditional
analytical methods. The rotational center position of the
foundation is therefore calculated in reverse according to
the displacement meter arranged at the lateral pulling
position of the anchor rod and the plate anchor coordi-
nates on the acquired images. This provides a reference
for future studies to analyze the anchor plate foundation.
The schematic diagram of the rotation center of the
anchor plate can be seen in Figure 1. The lateral rotation

center and depth below the ground surface can be calcu-
lated according to the following:

D Svl_svr
Xg= = X o—7—>
2 Svl+svr (1)
DxS§
Zyg= ——— —
0 Svl+Svr

Figure 19 shows the movement path of the plate
anchor foundation’s rotation center under lateral loading.
A Cartesian coordinate system is defined whose center
corresponds to the center of the plate anchor foundation
at the ground surface elevation. For the plate anchor founda-
tion, the lateral coordinates of the rotation center are treated
as the dimensionless plate anchor diameter (D), whereas the
vertical coordinates of the rotation center are normalized by
the plate anchor embedment depth (E). Figure 19 illustrates
that sand density has a strong effect on the movement path
of the rotation center for a plate anchor in sandy foundations
under applied lateral force. The original basis of the rotation
center is located in the vertical center line to the left of 0.44 D
to 0.72E. The rotation center of plate anchor foundation
moves to the vertical center line with increasing lateral load.
This shows that the foundation movement mode at this time
is mainly rigid translational. As the load continues to increase
for an anchor rod rotation angle of 6°, the rotation center is
stable near the center line, which is located around 0.8E
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below the ground surface, indicating that the movement
mode of the plate anchor foundation at this time is mainly
rigid rotation. For the plate anchor foundation in medium
sand, the motion form of the rotation center is the same as
that of loose sand. The rotation center first moves, then
rotates, and finally stabilizes at 0.02D to the left of the
centerline and around 0.68E below the ground surface.
The movement path of the plate anchor foundation’s rota-
tion center in dense sand is notably different from those in
loose and medium sand. When the initial lateral force is
applied, the rotation center of the plate anchor foundation
is located at 0.24D to the right of the vertical center line
and 0.85E below the ground surface. The rotation center
of plate anchor foundation moves to the vertical center
line with increasing lateral load when the rod inclination
is 2°. The rotation center is stable near the center line (left
0.05D), and the rotation center simultaneously moves
downward, which indicates that the motion mode at this
time is mainly rigid rotation. As the lateral load continues
to increase, the rotation center moves away from the cen-
ter line, indicating that the foundation movement mode at
this time is dominated by rigid translation.

4. Discussion and Conclusion

This article presents an experimental investigation of the
interaction between plate anchors and soil using an optical
setup. The test setup includes a loading frame, camera,
and computer equipped with DIC software. A series of
scale model tests were performed to study the deformation
characteristic of sandy soil around plate anchors under
different sand density and embedment ratio conditions.
The conclusions from this research are summarized as
follows:

(i) Increased sand density and embedment ratio lead to
increased slopes of the lateral load versus rod head
displacement curves in the elastic stage at the ulti-
mate load

(ii) The active zone behind the rod decreases gradually
with increasing sand density until disappearing,
and the influence range of the passive zone around
the anchor gradually increases. The maximum
influence height of the passive zone behind the rod
in dense sand is 3D, and the passive zone in front
of the rod expands with increasing embedment ratio

(iii) The influence range of the active and passive zones
on both sides of the rod and the rod inclination (<
9°) are sensitive to sand density, which provides a
reference for improving the range of foundation
treatment in practical engineering

(iv) The extension range of the shear band on the left
edge of the anchor increases with increasing sand
density, and the ground surface extension shear
band on the lower right side of the active zone grad-
ually shrinks until disappearing, forming a shear
band on the upper left side of the anchor. During
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the shear process, the shear band in the passive zone
is accompanied by shear dilatancy

(v) In loose and medium sand, the motion path of the
rotation center is first rigid translational and then
rigid rotational, whereas the opposite is observed
in compact dense sand

Data Availability

No data were used to support this study.
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