
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=umgt20

Marine Georesources & Geotechnology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/umgt20

Pullout capacity of horizontal circular plates
embedded in sand using the method of stress
characteristics

Majd Tarraf & Ehsan Seyedi Hosseininia

To cite this article: Majd Tarraf & Ehsan Seyedi Hosseininia (01 Dec 2023): Pullout capacity of
horizontal circular plates embedded in sand using the method of stress characteristics, Marine
Georesources & Geotechnology, DOI: 10.1080/1064119X.2023.2287145

To link to this article:  https://doi.org/10.1080/1064119X.2023.2287145

Published online: 01 Dec 2023.

Submit your article to this journal 

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=umgt20
https://www.tandfonline.com/loi/umgt20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/1064119X.2023.2287145
https://doi.org/10.1080/1064119X.2023.2287145
https://www.tandfonline.com/action/authorSubmission?journalCode=umgt20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=umgt20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/1064119X.2023.2287145
https://www.tandfonline.com/doi/mlt/10.1080/1064119X.2023.2287145
http://crossmark.crossref.org/dialog/?doi=10.1080/1064119X.2023.2287145&domain=pdf&date_stamp=01 Dec 2023
http://crossmark.crossref.org/dialog/?doi=10.1080/1064119X.2023.2287145&domain=pdf&date_stamp=01 Dec 2023


Pullout capacity of horizontal circular plates embedded in sand using the 
method of stress characteristics

Majd Tarraf and Ehsan Seyedi Hosseininia 

Civil Engineering Department, Ferdowsi University of Mashhad, Mashhad, Iran 

ABSTRACT 
The pullout capacity of horizontal anchor plates plays a crucial role in ensuring the stability and 
performance of various structures subjected to uplift or lateral loading. This paper presents an 
investigation into the pullout capacity of horizontal anchor plates using the method of stress char-
acteristics. The method offers a simplified analytical approach that allows for quick estimations 
and insights into the stress distribution and failure mechanism of anchor plates. The study focuses 
on circular anchor plates with varying embedment ratios, considering different soil friction angles. 
Through computational analyses and the generation of characteristic grids, the behavior and stress 
distribution of anchor plates are examined. The results are compared with several experimental 
data from the literature to validate the applicability of the method. The findings provide valuable 
insights into the influence of embedment ratios and soil friction angles on the pullout capacity of 
horizontal anchor plates. This research contributes to the understanding of anchor plate behavior 
and offers a practical tool for assessing their performance in geotechnical engineering 
applications.
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1. Introduction

Horizontal anchor plates play a crucial role in providing 
resistance against uplift in various structural systems. These 
plates are designed to harness the high passive resistance 
offered by the surrounding soil, allowing them to effectively 
transfer and distribute applied loads. Horizontal anchor 
plates find wide application in stabilizing structures such as 
transmission towers, buoyant pipelines, wind-resistant tow-
ers, and mooring systems in the onshore and offshore 
industry (Ganesh and Sahoo 2019; Mariupol’skii 1965; 
Mohammadkhanifard et al. 2022; Rowe and Davis 1982; 
Xing et al. 2023; Zhang et al. 2017). However, accurately 
determining the pullout capacity of horizontal anchor plates 
remains a complex challenge in geotechnical engineering. It 
requires a comprehensive understanding of the soil-plate 
interaction, considering factors such as soil properties, 
embedment depth, and plate geometry. The behavior of 
horizontal anchor plates embedded in sand is influenced by 
the interplay between the soil and the plate, as well as the 
failure mechanisms associated with the pullout process. 
Precisely assessing the pullout capacity is essential for ensur-
ing the structural stability and safety of the supported sys-
tems. Therefore, advancing the knowledge and addressing 
the challenges related to the pullout capacity of horizontal 
anchor plates is of paramount importance in the field of 
geotechnical engineering.

In the literature review of the horizontal anchor plate 
embedded in cohesionless granular materials such as 

marine sand, there is a wide range of research in which dif-
ferent approaches have been applied. Experimental studies 
including small-scale (Clemence and Veesaert 1977; Mitsch 
and Clemence 1985; Mittal and Mukherjee 2014; 
Mohammadkhanifard et al. 2022; Sabermahani and Shojaee 
Nasirabadi 2021) and centrifuge tests (Dickin 1988; Dickin 
and Leung 1983) have been performed in which, different 
depths and shapes were investigated. Besides, analytical and 
numerical methods have been widely used. Since these 
methods are always accompanied by several assumptions 
and input variables such as soil failure mechanism, soil char-
acteristics (shear strength and mechanical properties), soil 
model behavior (e.g., hardening, softening), embedment 
depth, rigidity and geometry of plates, etc, the validity is 
highly dependent on the agreement with experimental 
results. Analytical methods include limit equilibrium (Balla 
1961; Mariupol’skii 1965; Meyerhof and Adams 1968), limit 
analysis (Hu et al. 2022; Merifield, Lyamin, and Sloan 2006; 
Merifield and Sloan 2006; Zhao et al. 2011), and method of 
characteristics (Kanakapura, Rao, and Kumar 1994). In add-
ition, numerical methods are used for the study of anchor 
plates majorly including finite element and finite different 
methods (Al Hakeem and Aubeny 2019; Kumar 2006; 
Mokhbi et al. 2018; Xing et al. 2023) in the domain of con-
tinuum mechanisms and recently multiphase/discrete elem-
ent method (Liang et al. 2021; Zhang et al. 2020). Numerical 
simulation methods offer a detailed analysis of anchor plate 
behavior and soil interaction, accommodating complex geo-
metries and non-linear soil properties. For instance, by 
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implementing the finite element method, Al Hakeem and 
Aubeny (2019) investigated the rigidity of the plate as well as 
the soil dilation angle on the pullout capacity. Numerical 
methods have the ability to capture displacement fields of the 
soil around the anchor too and to obtain the load-displace-
ment response of the anchor plate. However, they require 
advanced modeling skills, computational resources, and can 
be time-consuming. Limit equilibrium methods provide quick 
estimations accompanied by simple calculation process but 
their assumptions and simplified failure surface representation 
may limit accuracy for complex cases. Limit analysis, on the 
other hand, offers rigorous upper bound solutions (by assum-
ing statically admissible stress field) and considers plastic 
deformation (by assuming dynamically admissible displace-
ment fields) in the soil, but it requires specialized software 
and may provide conservative estimates. The choice of 
method depends on project requirements, available resources, 
and desired accuracy, often involving a combination of meth-
ods for initial estimations and detailed analysis.

The method of stress characteristics, also known as the 
slip-line method, offers several advantages over other com-
monly used methods in geotechnical engineering. It provides 
a simplified analytical approach for estimating the pullout 
capacity of anchor plates, offering insights into stress distribu-
tion and failure mechanisms. This method is versatile, applic-
able to both cohesive and cohesionless soils, and does not 
require complex modeling techniques or extensive computa-
tional resources. Compared to limit equilibrium methods, the 
stress characteristics method provides more detailed stress 
fields, allowing for a comprehensive analysis of stability and 
failure modes. While limit analysis offers rigorous upper- 
bound solutions, the slip-line method is useful for preliminary 
analyses to assess potential failure mechanisms. The method 
of stress characteristics, as proposed by Sokolovski (1965), is 
considered as a standard calculation procedure in geotech-
nical engineering. It solves for plastic equilibrium in the 
vicinity of the applied load, avoiding arbitrary slip surface 
assumptions. The method produces zones where equilibrium 
and plastic yield are simultaneously satisfied for given bound-
ary stresses. Compared to limit analysis, the method of stress 
characteristics provides a direct problem solution, while the 
limit analysis yields a range of solutions based on bound lim-
its. According to Bolton and Lau (1993), this approach strikes 
a balance between the simplicity of limit equilibrium methods 
and the computational complexity of numerical methods.

By reviewing the literature, the applicability of the 
method of stress characteristics in predicting the pullout 
capacity of horizontal anchor plates has been demonstrated 
in only one work. Kanakapura, Rao, and Kumar (1994) con-
ducted an analysis of pullout capacity for shallow strip hori-
zontal anchor plates, assuming a log-spiral shearing surface 
through the soil. Their results, presented in graphs, showed 
that the proposed analysis provided slightly more conserva-
tive predictions of pullout capacity for cohesionless soils 
compared to the analysis proposed by Meyerhof and Adams 
(1968). This highlights the potential of the method of stress 
characteristics to enhance geotechnical engineering analyses 
and contribute to improved estimations of pullout capacity. 

Overall, the method of stress characteristics offers a simplified 
yet effective approach to estimate the pullout capacity of 
anchor plates. Its versatility, detailed stress fields, and direct 
problem solutions make it a valuable tool in geotechnical 
engineering. The successful application of the method in pre-
dicting pullout capacity further validates its usefulness and 
potential for enhancing geotechnical engineering analyses.

Bearing in mind that the behavior of circular anchor 
plates is generally less investigated in comparison to square 
or strip anchor plates in the literature, the objective of this 
study is to assess the pullout capacity of horizontal circular 
anchors at varying embedment depths using the method of 
stress characteristics. By exploiting the inherent symmetry of 
circular plates, the analysis is formulated symmetrically. The 
obtained results are critically evaluated by comparing them 
with experimental findings reported in the literature, thereby 
examining the applicability and reliability of the derived out-
comes. This investigation aims to contribute to the existing 
knowledge base and enhance understanding regarding the 
pullout behavior of circular anchor plates, facilitating 
improved design and analysis practices in geotechnical 
engineering applications.

2. Methodology

2.1. The method of stress characteristics in axisymmetric 
condition

For the problems in which, the material is in the plastic 
state, it is possible to find the stress tensor (or stress compo-
nents) by considering simultaneously the equations of equi-
librium and the yield criterion defined in terms of stress 
components. As a result, three sets of first-order partial 
equations are involved in the analysis. The method of stress 
characteristics is a mathematical technique to solve these 
three sets of equations, which results in the determination of 
stress components. By the method, it is shown that the equi-
librium among stress components is satisfied over two inter-
secting lines (or characteristics). The method of stress 
characteristics was initially proposed for plain strain condi-
tion (Hill 1950). Its successful application to the axisymmet-
ric problems like circular footings was first made by (1955) 
for Tresca (cohesive) materials and later by Cox (1962; Cox, 
Eason, and Hopkins 1961) for Mohr-coulomb (frictional- 
cohesive) materials.

According to Figure 1, consider the stress field of an 
element in an axisymmetric coordinate system (r-z) where r 
and z represent the radial and depth distance from the axis 
of symmetry. The stress components of the element are ver-
tical stress ðrzÞ, radial stress ðrrÞ, hoop stress ðrhÞ, and 
shear stress components over intersecting surfaces that are 
equal ðsrz ¼ szrÞ: The equilibrium equations under axisym-
metric condition appear in the following form:

( @rr

@r
þ
@srz

@z
þ

rr − rh

r
¼ 0

@srz

@r
þ
@rz

@z
þ

srz

r
¼ c

(1) 

where c is the unit weight of the soil in the z-direction.
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In the present work, it is assumed that the soil obeys the 
Mohr-Coulomb failure criterion as a frictional-cohesive 
material with the internal friction angle ð/Þ and cohesion 
ðcÞ parameters. For a soil element with stress components 
ðrz, rr, srz ¼ szrÞ and based on the Mohr stress circle defin-
ition, the location of the pole as well as the major principal 
stress (r1) can be obtained according to Figure 2(a). The 
radius of the Mohr circle equals R ¼ c cos /þ p sin /, where 
p is the center of the Mohr circle p ¼ rrþrz

2

� �
: The three 

stress components rz, rr, srz can be expressed in terms of p 
and the inclination angle ðwÞ between the major principal 
surface and the horizontal direction:

(
rr ¼ pð1þ sin / cos 2wÞ þ c cos / cos 2w

rz ¼ pð1 − sin / cos 2wÞ − c cos / cos 2w

srz ¼ ðc cos /þ p sin /Þ sin 2w

(2) 

In axisymmetric problems, it is generally supposed that 
the hoop stress ðrhÞ is either the major or minor principal 
stress (Haar and von Karman 1909). In this work, following 

similar works to the bearing capacity of circular footings 
(Bolton and Lau 1993; Cassidy and Houlsby 2002; Kumar & 
Ghosh 2005; Larkin 1968), the hoop stress is considered as 
minor principal stress:

rh ¼ pð1 − sin /Þ (3) 
Considering Equations (1) through (3) together and 

searching for a unique solution for the resulting set of 
hyperbolic partial differential equations, two groups of char-
acteristic lines are obtained:

dr
dz
¼ tan ðw7lÞ (4) 

where l ¼ p=4 − /=2: The upper and lower signs corres-
pond to a and b lines, respectively, as shown in Figure 2. 
Along each of these two lines, the equilibrium is satisfied for 
stress components. By substituting Equation (4) into 
Equation (1), the set of partial differential equations reduces 
to two ordinary differential equations expressing the variation 
of mean stress (p) along a and b lines in terms of inclination 
angle (w) and the position (r, z) as shown in Figure 2(b):

dp cos /7R 2dw þ
cos /dr7ð1 − sin /Þdz

r

� �

− 7 sin /dr − cos /dÞc ¼ 0ð (5) 

Again, the upper and lower signs correspond to a and b 

lines, respectively.

2.2. Problem definition

According to Figure 3(a), consider a circular anchor plate with a 
diameter D which is embedded at the depth of H from the 
ground surface. The thickness of the plate is ignored. The soil is 
cohesionless (c¼ 0) with the unit weight of c and friction angle 
/. It is assumed that the interface friction angle between the 
plate and the soil is zero. According to the results of numerical 
studies performed by Merifield and Sloan (2006), the interface 

Figure 1. Presentation of a soil element with stress components in an axisym-
metric coordinate system.

Figure 2. Presentation of two stress characteristics (a and b) lines of a soil element in the space of (a) Mohr stress circle; (b) axisymmetric coordinate system (r-z).
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roughness was found to have little or no effect (less than 4%) 
on the pullout capacity of horizontal anchors and for the simpli-
city, the plate roughness is ignored in this study. As for the rup-
ture surfaces in the soil when the anchor is loaded at the 
ultimate tensile load, for simplicity, it is assumed that a failure 
surface in the form of a straight line be generated around the 
anchor plate at the anchor edge. In other words, the rupture 
surface under the ultimate pullout loads is a truncated cone 
with the plate as its base. There are several values proposed for 
the inclination angle (a) of the slant height of the cone in the 
literature based on field or experimental tests. For instance, Balla 
(1961) considered the angle a to be 45-//2. Generally, Balla’s 
theory agreed well with dense sand; however, it overestimates 
the uplift capacity for loose to medium sand. Based on the work 
of Meyerhof and Adams’s theory (Meyerhof and Adams 1968) 
which resulted from the analysis of experimental tests, they 
found that the magnitude of the angle a depends on several fac-
tors such as the soil compaction and the soil friction angle and 
it varies between 90-//3 to 90-2//3 with an average of a¼ 90- 
//2. Based on laboratory model tests, Ghaly, Hanna, and Hanna 
(1991) suggested that the rupture surface under the ultimate 
pullout loads is a truncated cone whose slant height is included 
at 90-//3. In another experimental work by Mitch and 
Clemence (1985), it is found that the inclination angle of the 
slant height equals 90-//2. The same value was already reported 
by Clemence and Veesaert (1977). The experimental investiga-
tion on relatively large-scale circular plate anchors was per-
formed by Ilamparuthi, Dickin, and Muthukrisnaiah (2002) also 
showed that the average value of a is equal to 90-//2 in the 
case of loose and dense sand. Note that this truncated cone was 
generally observed for shallow anchor plates to around H/D< 6 
and for deeper anchor plates, the failure surface does not reach 
the ground surface. An experimental study on the influence of 
soil density on the displacement field around the circular anchor 
plate was performed by Liu, Liu, and Zhu (2012). In addition, a 
comparative study on the sliding/failure surface morphology 
around an anchor is presented by Hu et al. (2023). In this 
paper, the magnitude of a angle is assumed to be equal to 90- 
//2 for all values of the soil friction angle irrespective of the 
anchor plate depth.

To differentiate between the behavior of shallow anchors 
from deep anchor plates, the critical embedment ratio (H/D)cr is 
defined. Experimental investigations show that the ultimate pull-
out capacity of anchor plates increases with the embedment 
ratio but it reaches a constant value which is called the critical 
embedment ratio. Figure 3(b) presents the concept of the critical 
depth ratio. Beyond the critical embedment depth, the failure 
surface no longer reaches the ground surface, but is localized 
around the anchor. Ilamparuthi, Dickin, and Muthukrisnaiah 
(2002) and Tilak and Samadhiya (2021) showed experimentally 
that the presence of ground heave can be an indicator to separ-
ate the behavior of shallow and deep anchors.

A non-dimensional breakout factor, Nc, is commonly 
adopted in the design of anchor plates in the sand as follows:

Nc ¼
Qu

cAH
(6) 

where Qu is the ultimate pullout capacity of the anchor, c is 
the soil unit weight, H is the embedment depth and A is the 
cross-section area of the anchor (¼pD2/4). In the present 
paper, the results of the analysis are presented in terms of Nc.

3. Problem-solving algorithm

In solving the problem, a sequential approach involving the 
concept of passive zone, fan zone, and active zone is 
employed by using the method of stress characteristics. The 
passive zone, located adjacent to a known boundary, 
involves assuming a state of passive soil resistance to pro-
vide stability. Moving outward, the fan zone encompasses a 
region where both passive and active resistances contribute 
to load transfer. It assumes that the soil mobilizes its full 
shear strength and exhibits a nonlinear stress distribution. 
Finally, the active zone extends further away from the initial 
known boundary, and the analysis considers the soil as fully 
mobilized, exhibiting a linear stress distribution. By dividing 
the problem into these three zones, a step-by-step analysis 
can be conducted, gradually accounting for the increasing 
influence of the soil and determining the load transfer 
mechanism from the structure (anchor plate) to the sur-
rounding soil. This sequential approach aids in 

Figure 3. A horizontal anchor plate definition concerning (a) geometry; (b) critical depth ratio.
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comprehending the complex soil-structure interaction and 
provides insights into the overall behavior and stability of 
the system.

By considering these three different zones, the domain is dis-
cretized into several a- and b- characteristics lines, called as 
characteristic grid or characteristic mesh, to solve boundary 
value problems governed by linear partial differential equations. 
The characteristic grid is constructed by selecting a set of char-
acteristic curves that cover the problem domain, representing 
the paths along which information propagates. By transforming 
the governing equations into ordinary differential equations 
along these characteristic curves, the solution can be obtained by 
integrating along the grid lines of the characteristic grid. This 
grid-based approach enables the systematic evaluation of the 
solution at specific points or elements within the grid, allowing 
for the analysis of stress, displacement, or other relevant 
quantities.

A global scheme of the problem as well as the characteristic 
grid is depicted in Figure 4. Under the axisymmetric geometry 
of the problem, the analysis is performed only for one slice of 
the anchor plate. Different geometries of the anchor plates are 
considered by changing the H/D ratio (¼ 1 to 10) by keeping 
D a constant value (¼0.5 m). Due to the soil homogeneity as 
well as the existence of soil unit weight as the only body force 
over the anchor, the problem solution is not dependent on the 
anchor dimension.

According to Figure 4(a), Points O and A are the center 
and the right edge of the plate, respectively. As can be seen, 
the soil on the plate is made up of three plastic areas that 
must be dissolved one after the other:

� Passive zone (ABC): Boundary conditions include coordi-
nates and variables (r, z, r and w) along non-characteris-
tic line (AB) are known.

� Fan zone (ACD): Boundary conditions include known 
coordinates and variables (r, z, r and w) along a charac-
teristic line (AC) and point A itself.

� Active zone (ADO): Some boundary conditions include 
coordinates and variables (r, z, r and w) along a charac-
teristic line (AD), and other variables (like w) along the 
non-characteristic line (AO) are known.

The first known boundary of the problem is the non-char-
acteristic line AB. The stress state of each point along this 
line can be calculated based on the principal stress compo-
nents including the vertical and the lateral stress components 
of its representative element. The latter is assessed by using 
the lateral passive earth coefficient Kp ¼ tan2(45þ//2). 
According to Figure 4(b), the shear (szr) and normal (rn) 
stress components over the surface with the inclination angle 
of a can be assessed by applying the Mohr circle’s rules.

The procedure for extending the characteristic grid in the 
passive, fan, and active zones is illustrated schematically in 
Figure 5. Initially, the first boundary line in the problem (Line 
AB), which is not a characteristic line, is discretized into a spe-
cific number of points labeled as nn. The a and b lines are 
denoted by blue and green colors, respectively, representing dif-
ferent sets of characteristic lines. It is important to note that the 
onset of the characteristic grid generation requires the repetition 
of selecting Point B to ensure the grid is formed along the entire 
length of the anchor plate, from Point A to Point O in Figure 
4. The extension of the grid in each zone is explained as 
follows:

3.1. Passive zone solution

Two points 11 (i.e., Point A) and 22 on the known bound-
ary line AB are considered at which, the stress components 
are already known. According to Figure 5(a), Point 12 is the 
intersection of two characteristic lines a and b that passes 
through points 11 and 22, respectively. Therefore, the coor-
dinates of this point (12) are unknown and should be 
calculated. To find the coordinates (r,z) as well as the stress 

Figure 4. Graphical definition of the problem and the solution approach (a) presentation of characteristic grid; (b) Mohr stress circle and components of an element 
over the boundary surface.
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variables (p,w) at point 12, it is enough to rewrite the sys-
tem of Equations (4) and (5) in the approximate form of 
Equations (7) and (8) along a and b lines, respectively.

r12 − r11

z12 − z11
¼ tan

w12 þ w11
2

− l

� �

(7.1) 

ðp12 − p11Þ cos / − ðR12 þ R11Þðw12 − w11Þ

þ
R12 þ R11

r12 þ r11

� �

cos /ðr12 − r11Þ þ ð1 − sin /Þðz12 − z11Þ½ �

− c cos /ðz12 − z11Þ þ sin /ðr12 − r11Þ� ¼ 0½

(7.2) 

r12 − r22

z12 − z22
¼ tan

w12 þ w22
2

þ l

� �

(8.1) 

ðp12 − p22Þ cos /þ ðR12 þ R22Þðw12 − w22Þ

þ
R12 þ R22

r12 þ r22

� �

cos /ðr12 − r22Þ − ð1 − sin /Þðz12 − z22Þ½ �

− c cos /ðz12 − z22Þ − sin /ðr12 − r22Þ� ¼ 0½

(8.2) 

Finding the unknown variables of Point 12 (r12, z12, p12 and 
w12) requires several trial and error calculations by solving 
Equations (7) and (8) simultaneously. The first initial estimate 
of the variables of Point 12 is placed in the set of Equations (8) 
and new values are found for the variables p12 and w12. These 
values are then placed in the set of Equations (7) and new 

values are found for the variables r12 and z12. This operation is 
repeated until the required accuracy is achieved. The accuracy 
is defined as the relative error of two successive values of r12 
and z12 which should be less than 0.01 for both of these param-
eters. Similar procedure is repeated for other points by moving 
in the direction of the known boundary line (AB) and the vari-
ables of other points (similar to Point 12) are assessed until all 
points inside the passive zone are obtained.

3.2. Fan zone solution

Unlike the passive zone where the information is only known 
on a non-specific line (AB), in the fan zone, the information of 
two a and b characteristic lines are known. As shown in Figure 
5(b), the bline in the fan zone is AC while the a line is degener-
ated to a point (A) which means that all the points of the a line 
has the same variables (r,z,w,p). At the first point of this charac-
teristic boundary (Point A or 11) that is a common line with 
the passive zone (line AC), the variables r11 and w11 are known. 
Similarly, at the last point, which is common to the active zone, 
the variable w41 is zero. To obtain the specifications of other 
points in the fan zone, the same technique as explained in the 
previous section is applied.

3.3. Active zone solution

Having found the required data of the points in the fan 
zone, the coordinates (r,z) and the stress variables (p,w) 
along the last line of the a characteristic line (AD) are 
obtained. The line AO, which is representative of the anchor 

Figure 5. Extension of the characteristic grid through different zones for: (a) passive zone, (b) fan zone, (c) active zone.
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plate, is a non-characteristic line along which, w is known. 
Since the calculation method is the same as other zones, the 
points are re-labeled. According to Figure 5(c), the variables 
of Point 22 are calculated from the information of Point 12 
on the characteristic b − line (formerly named as 42) and 
from Point 11 on the line AO. Accordingly, it is possible to 
calculate the normal stress component over the anchor plate 
as the unknown boundary of the problem. Similarly, the var-
iables of the interval Point 23 are obtained from the two 
Points 22 and 13. By implementing the same procedure 
used to solve the passive and fan zones, the unknown varia-
bles and normal stress components are obtained on different 
points along the anchor plate (line OA). Reminding that the 
grid generation is a repeating task, the characteristic grid 
will be accepted if the last line passes through Point O. 
Otherwise, a new grid is generated by selecting Point B with 
updated coordinates.

3.4. Pullout capacity assessment

The solution of simultaneous equations and the required 
calculations are performed by MATLAB programming plat-
form. Based on the algorithm explained in the abovemen-
tioned sections, the stress state along the anchor plate is 
calculated at different points along the anchor plate. Due to 
the axisymmetric solution of the problem, the calculated 
normal stress along the anchor plate (rzi ¼ qi) at the point i 
corresponds to the value implemented over an annulus with 
the radius of ri and the width Dr. Thus, the pullout capacity 
can be assessed by summing the incremental force (dQu) of 
this annulus for every point along the line OA as follows:

Qu ¼
X

i
dQui ¼

X

i
qið2priÞDr (9) 

4. Results and discussion

Characteristic grids are utilized here to investigate the 
behavior of circular anchor plates with varying embedment 
ratios as shown in Figure 6. The results demonstrate the 
influence of the embedment ratio with the values of H/ 
D¼ 1, 2, 4, and 8 on the stress distribution (for /¼ 30�). It 
is observed that for the shallow embedded anchor (H/ 
D¼ 1), the starting point of the known boundary is situated 
at the ground surface; however, as the embedment ratio 
increases, the starting point of the known boundary shifts to 
greater depths. This shift is necessary to ensure that the grid 
is generated in a manner that the final characteristic line 
passes through the center of the circular anchor plate 
already represented by Point O in Figure 5.

Computation of the breakout factor Nc has been per-
formed based on Equations (6) and (9) for different values 
of H/D¼ 1 to 10 with intervals of one together with the soil 
friction angles of 25, 30, 35, 40, and 45 degrees. The vari-
ation of Nc with the embedment ratio is depicted in 
Figure 7. It is observed that the Nc value is not constant for 
an anchor plate situated in the soil with a specific /, but it 
increases as the anchor plate is installed at deeper depths. 

The growth in the Nc value is not continuous with the 
increase of embedment ratio, but the value reaches an 
asymptote. Based on slope of the graphs, one can determine 
the critical embedment ratio ((H/D)cr) beyond which, the Nc 

value is almost constant. In Figure 7, the points correspond-
ing to H/Dcr are marked with red circles. By comparing the 
results for different soil friction angles, it is seen that the H/ 
Dcr is not the same for all the soil; bigger embedment ratios 
are obtained as the soil friction angle increases.

The breakout factor (Nc) was computed using Equations 
(6) and (9) for a range of embedment ratios (H/D) from 1 
to 10, with increments of one, while considering different 
soil friction angles of / ¼ 25, 30, 35, 40, and 45 degrees. 
The resulting variation of Nc with the embedment ratio (H/ 
D) is presented in Figure 7. Notably, the Nc value is not a 
constant for anchor plates situated in soils with specific /; 
rather, it demonstrates an increasing trend as the anchor 
plate is installed at deeper depths. This behavior indicates 
that deeper embedment leads to an enhanced breakout fac-
tor. However, the rate of increase in Nc diminishes as the 
embedment ratio increases, ultimately reaching an asymp-
totic value. The graph provides insights into this trend, ena-
bling the determination of the critical embedment ratio 
((H/D)cr) beyond which the Nc value remains nearly con-
stant. The red circles on Figure 7 highlight the correspond-
ing points for the critical embedment ratio. Additionally, 
comparing the results for different soil friction angles reveals 
that (H/D)cr varies with the soil friction angle. Specifically, 
larger embedment ratios are achieved as the soil friction 
angle increases. This observation from the analyses suggests 
that the soil’s friction angle has a significant influence on 
the critical embedment ratio and subsequently impacts the 
breakout factor of the anchor plate.

Following the Nc-H/D graphs obtained in Figure 7, the 
critical embedment ratios are derived for different soil fric-
tion angles and the results are presented in Figure 8. It is 
observed that a linear variation exists between ðHDÞcr and the 
soil friction angle (/) with the relationship of ðHDÞcr ¼ 0:2/ 

where / is in degrees. To validate the obtained results, the 
critical embedment ratios from various analytical and experi-
mental studies in the literature are also implemented in the 
same figure. A good agreement is observed among different 
experimental tests (Baker and Konder 1966; Clemence and 
Veesaert 1977; Esquivel-Diaz 1967; Ilamparuthi, Dickin, and 
Muthukrisnaiah 2002; Meyerhof and Adams 1968; Sutherland 
1965; Tagaya, Scott, and Aboshi 1988; Tilak and Samadhiya 
2021; Vesic 1971) and the analytical method in the present 
study.

To evaluate the obtained results, the breakout factor (Nc) 
of this study is matched with that of other theoretical works 
in the literature. Figure 9 illustrates the variation of the 
breakout factor (Nc) along with the embedment ratio in the 
range of 1 to 7 for soil friction angles of / ¼ 30� and 40�. 
In Figure 9(a), the results are compared with those of works 
based on the limit equilibrium method (Ghaly, Hanna, and 
Hanna 1991; Meyerhof and Adams 1968; Murray and 
Geddes 1987; Saeedy 1987). In the limit equilibrium method, 
a failure surface in the soil above the plate is assumed, along 
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with a distribution of stress along this surface, and the pull-
out force is calculated by satisfying equilibrium throughout 
the rigid soil body. Comparatively, the method of stress 
characteristics yields smaller solutions. In this method, a 
partial stress field extends to the entire body, satisfying equi-
librium equations, yield criteria, and stress boundary condi-
tions. However, it does not satisfy displacement 
compatibility conditions and, consequently, can be regarded 

as a lower bound solution (Li and Jiang 2022; Yu 2007). A 
comparison of the results reveals that the breakout factor 
obtained in our study is lower than that in the works by 
Ghaly, Hanna, and Hanna (1991) and Murray and Geddes 
(1987), but higher than that of Saeedy (1987) and Meyerhof 
and Adams (1968). Notably, Ghaly, Hanna, and Hanna 
(1991) and Murray and Geddes (1987) assumed failure sur-
faces based on observed failure mechanisms of anchors in 

Figure 6. Presentation of the characteristic grid in the soil above the anchor plate for different embedment ratios (H/D¼ 1, 2, 4, and 8) with f¼ 30� .

Figure 7. Variation of breakout factor (Nc) with embedment ratio obtained for 
different soil friction angles.

Figure 8. Variation of critical embedment ratio with soil friction angle obtained 
from this study and other works.
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their experimental work and developed a mathematical 
model using the limit equilibrium method. In addition to 
the implementation of the limit equilibrium method, Saeedy 
(1987) and Meyerhof and Adams (1968) incorporated 
empirical factors to consider soil compaction and the shape 
factor. Despite the fact that the first two analytical works 
can be considered theoretical, the last two can be regarded 
as semi-theoretical. Figure 9(b) compares the results of this 
study with those of Merifield and Sloan (2006), who found 
the lower bound solution of Nc using the numerical finite 
element method. They determined a statically admissible 
stress field in the soil that maximizes the collapse load over 
the anchor’s area. A good match can be found between the 
two methods, especially for H/D< 5. Any observed differen-
ces can be attributed to the fundamental principles of the 
two methods, including the definition or absence of an 
assumed failure surface.

In addition to theoretical or semi-empirical solutions, 
there are a number of experimental works that investigated 
the pullout capacity of anchor plates. In these works, there 
is a diversity in the soil condition including gradation curve, 
particle geometry, and density, which reflects various soil 
shear strengths. It is noted that the only parameter reflecting 
the soil shear strength in this paper is the soil friction angle. 

To gather all the results in a simple form, the results of sev-
eral experimental works in the literature are compared 
together by considering the soil friction angle as the only 
parameter, and the results are classified into four groups 
with small ranges of soil friction angle of / ¼ 28� 32�, / 

¼ 33� 36�, / ¼ 38� 42� and / ¼ 42� 45�. The results are 
depicted in Figure 10. By comparing the results, a good 
match exists between the results from the method of stress 
characteristics and a wide range of experimental works 
(Adams and Hayes 1967; Baker and Konder 1966; Balla 
1961; Clemence and Veesaert 1977; Ilamparuthi, Dickin, and 
Muthukrisnaiah 2002; Kananyan 1966; Kwasniewski, 
Sulikowska, and Walter 1975; Murray and Geddes 1987; 
Ovesen 1981; Sutherland 1965; Vesic 1971). It is found that 
for small values of / (28� 32�), the Nc value is obtained 
higher a little bit from other works; however, for large / 

values (42� 45�), it seems that the Nc is obtained as a lower 
bound value compared with other works. One exception 
exists for the mid value of / (¼ 33��36�) where Nc values 
of Tilak and Samadhiya (2021) was measured much smaller 
than other works. For large values of /, it is also seen 
that the Nc value obtained from this study reaches almost 
a constant value at D/H � 9 while it continues to rise 
and gets higher values. Based on this comparison, it can be 

Figure 9. Comparison of the obtained results of this study with other analytical methods for / ¼ 30� and 40� : (a) based on limit equilibrium method, (b) lower 
bound finite element method.
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said that the results obtained using the method of stress 
characteristics are conservative or on the lower side when 
compared to both analytical methods and experimental 
works.

In addition to the specifications of the method of stress 
characteristics to be considered as a lower bound solution 
method, it is noted that to facilitate the analysis, certain 
assumptions were made in this study. Firstly, it was assumed 
that the soil friction angle and soil density remain constant 
at all depths. However, it should be noted that in actual field 
conditions and experimental tests, these properties may 
exhibit variations with depth. The assumption of constant 
soil properties simplifies the analysis but may deviate from 
real-world behavior. The potential impact of this assumption 
on the stress distribution and failure mechanisms around 
the anchor plate should be recognized and taken into con-
sideration when interpreting the results. Future studies could 
explore more sophisticated approaches that incorporate 
depth-dependent soil properties to improve the accuracy of 
the analysis.

Another assumption made in this analysis is that the 
form of the failure surface in the soil above the anchor plate 
is considered as a line with a slope that varies as a function 
of the soil friction angle. It is important to note that this 
assumption is valid primarily for medium-depth installed 

anchors. For deep anchors, the formation of a distinct fail-
ure surface might not occur, and instead, limited zones of 
localized deformation or stress concentration can develop 
(Hu et al. 2023; Liu, Liu, and Zhu 2012; Sabermahani and 
Shojaee Nasirabadi 2021). Therefore, the assumption of a 
constant failure surface for different embedment ratios 
should be interpreted with caution, particularly when ana-
lyzing deep anchor installations. Future research efforts 
could focus on investigating the behavior of deep anchors 
and incorporating more refined failure surface models that 
account for the localized deformation zones observed in 
practice. This would provide a more accurate representation 
of the stress distribution and load transfer mechanisms for 
deep anchor applications.

To enhance the practical applicability of the pullout cap-
acity analysis for circular anchor plates in geotechnical 
engineering, an endeavor has been undertaken to develop a 
mathematical equation that expresses the magnitudes of the 
breakout factor (Nc). By employing mathematical functions 
and employing curve fitting techniques through back analy-
ses of the obtained data, a mathematical relationship is pro-
posed in the form of Equation (10) as a function of 
embedment ratio (H/D) and soil friction angle (/) in terms 
of degrees accompanied by the limitation defined by the 
critical embedment ratio:

Figure 10. Comparison of the results of this study with those of laboratory experiments for different soil friction angles.

10 M. TARRAF AND E. S. HOSSEININIA



Nc ¼
1:9ðH=DÞ1:33

3:5þH=D
e0:06/ for H=D � H=Dð Þcr

¼ 0:2/ð/ ¼ 25o � 450Þ (10) 

To assess the validity and practicality of Equation (10), 
the computed values of Nc, as determined by Equation (10), 
are juxtaposed with the results obtained using the method of 
stress characteristics. The resulting Nc values are graphically 
depicted in Figure 11, illustrating their dependency on both 
the embedment ratio and soil friction angle. Upon compari-
son, it becomes evident that the proposed formulation 
broadly aligns with the observed trends in the analytical 
results. Notably, Equation (10) slightly underpredicts the Nc 

value for friction angles of 25 and 45 degrees, particularly 
when H/D¼ 4. However, this prediction remains within an 
acceptable range. Consequently, this equation offers a quan-
titative framework for predicting the breakout factor, 
thereby facilitating the assessment of the pullout capacity of 
circular anchor plates in practical geotechnical engineering 
applications. It is important to note that this study solely 
utilizes the internal friction angle as a soil parameter to 
describe soil behavior. To enhance the practicality of the 
results, existing correlations in the literature, such as those 
with relative density, can be employed to predict the break-
out factor.

5. Concluding remarks

In this study, the pullout capacity of horizontal circular 
anchor plates was analyzed using the method of stress char-
acteristics. The findings and discussions presented through-
out this paper shed light on the behavior and performance 
of horizontal circular anchor plates under varying embed-
ment ratios. Through comprehensive numerical simulations 
and back analyses of experimental data, several key insights 
have been obtained.

Firstly, the method of stress characteristics has proven to 
be a valuable tool in estimating the pullout capacity of circu-
lar anchor plates. It offers a systematic approach to analyz-
ing the stress distribution and load transfer mechanisms, 
providing valuable engineering insights. The use of charac-
teristic grids allowed for the visualization and interpretation 

of stress patterns, aiding in the understanding of the plate- 
soil interaction behavior.

Secondly, the assumption of a constant soil friction angle 
and density, though simplifying the analysis, should be con-
sidered in light of its limitations. The variability of soil 
properties with depth was not considered in this study, 
which may influence the accuracy of the results. Future 
research could explore the incorporation of depth-dependent 
soil properties to refine the analysis.

Additionally, the assumption of a constant failure surface 
for different embedment ratios may not capture the complex 
behavior observed in deep anchor installations. The presence 
of limited zones and the disappearance of distinct failure 
surfaces necessitate further investigation and the develop-
ment of refined failure surface models.

Furthermore, a mathematical equation has been derived to 
express the magnitudes of the breakout factor, enhancing the 
practical applicability of the analysis in geotechnical engineering. 
This equation provides a valuable tool for estimating the break-
out factor and facilitating the prediction and assessment of cir-
cular anchor plate pullout capacity.

In conclusion, this study has contributed to the understand-
ing of circular anchor plate behavior and the application of the 
method of stress characteristics. The insights gained from this 
research can inform design and analysis practices in geotechnical 
engineering, aiding in the efficient and reliable use of horizontal 
circular anchor plates for various soil friction angles. However, 
further research is recommended to refine the analysis by con-
sidering depth-dependent soil properties and investigating the 
behavior of deep anchor installations. Such advancements will 
enhance the accuracy and applicability of the method in prac-
tical engineering problems.
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