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Prestress anchor beams are an important reinforcement method for underground engineering and rock slopes, and they are
crucial for maintaining the stability of civil engineering structures. In this study, the computational formula of superimposed
stress of soil underlying an anchor beam was proposed in this paper, based on the assumption that the anchor beam is
completely rigid and the prestress of the anchor cable is acting on soil in the form of a strip uniform load. By considering the
anisotropy and strength nonhomogeneity of the saturated soft clay, the failure envelopes of the soil and the maximum effective
depth underlying the anchor beam were obtained by the D-P yield criterion suitable for soft clay analysis. Furthermore, the
experimental comparisons with the previous findings were used to validate the proposed approach. The proposed method was
valid to assess the maximum effective depth. Considering the influence of the factors on the failure envelopes of soil, a
parametric study was carried out to optimize the design of the prestressed anchor cable. The findings of this study provide a
theoretical basis for designing prestressed anchor cables; these can also be used to predict the response of prestressed anchor

cables as well as to optimize the design of the cables, such as the anchorage length of cable and grouting radius.

1. Introduction

Slope stability is a crucial issue in the field of geotechnical
engineering; it is principally influenced by the properties of
geological discontinuities of slope, and various approaches
have been proposed for the slope stability analysis [1-4].
Du et al. [1] proposed a new method to evaluate slope stabil-
ity in large open-pit mines based on a comprehensive inves-
tigation of the geometry and shear strength of the geological
discontinuities; the results were in good agreement with field
observation. Tang et al. [2] proposed a formula for calculat-
ing the safety factor of rock slope considering the effect of
locked sections. Yuan et al. [3] studied the laws of slope dis-
placement and the changing positions of a sliding surface
during the filling process by using the finite element software
PLAXIS. Chen et al. [4] proposed a new modified strength

reduction method to calculate the decay law of slope
strength by applying the respective reduction factors in a
strength reduction technique. In recent decades, anchors
have become one of the popular methods for slope rein-
forcement; in particular, prestressed anchor cables have been
extensively applied in geotechnical engineering. By installing
prestressed anchor cables, the self-bearing capacity of rock
and soil can be fully mobilized, and the forces acting on
the supporting structure can be optimized [5]. Therefore,
“anchor cable rigid beam” systems are becoming popular;
prestressed anchor cables are also essential for reinforcement
projects such as high slopes and deep foundation pits, as
presented in Figure 1.

In the past several decades, many studies have analyzed
the behaviors of prestressed anchor cables by using various
methods such as theoretical analyses [6-8], model tests
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FIGURE 1: Application of prestressed anchor cable: (a) used in a high slope and (b) used in a deep foundation pit.

[9-11], and numerical simulations [12-16]. Wang et al. [9]
conducted pull-out tests for anchor cables for revealing the
failure mechanisms and the constitutive relation; for anchor-
age segments, the failure mechanism displayed the pulling
failure at first, followed by pulling and shearing failures.
Yang et al. [12] studied the variation of tension in pre-
stressed anchor cables based on field monitoring; they sum-
marized the variation features of anchor tension considering
the install positions on a single anchor pile, anchoring strata,
and locations on the plane of the foundation pit. Wu et al.
[17] conducted shaking table tests to investigate the seismic
response of a slope reinforced by prestressed anchor cables
and double-row antisliding piles, and they revealed that the
reinforced slope had good overall stability. Sun et al. [18]
proposed a large deformation anchor cable support system
and used 3DEC software and a series of field tests to study
the effect of applying an NPR anchor cable support system,
showing that the NPR anchor cable support system achieved
good results in tunnel engineering. Yuan et al. [19] estab-
lished a similar method to simulate anchors in the combined
structure and derived the inherent internal force and algo-
rithmic tangent stiffness of the anchor model, revealing that
the nonlinearity of the anchor was mainly caused by the
interface failure and anchor yielding. Contemporary studies
have mainly focused on a homogeneous and isotropic
homogeneity stratum without considering the effect of load
dispersion induced by the anchor beam. Few studies have
calculated superimposed stress and the plastic failure zone
of soil underlying the anchor beam, especially in terms of
the saturated soft clay considering the anisotropy and
strength nonhomogeneity.

Saturated soft clay has high permeability, large deforma-
tion, high compressibility, anisotropy, and strength nonho-
mogeneity. Thus, soil cohesive force considerably
influences the direction of the maximum principal stress,
and it varies at different soil depths [20, 21] (described in
detail in Section 3.1).

In this study, the anchor beam is assumed to be
completely rigid, a prestressed anchor cable is applied to soil
in the form of uniform load, and the computational formula
of the superimposed stress of soil underlying the anchor

FIGURE 2: Superimposed stress of soil underlying the anchor beam
induced by a horizontal line load.

beam is proposed. Considering the anisotropy and strength
nonhomogeneity of saturated soft clay, the plastic failure
envelopes of soil and the maximum effective depth underly-
ing the anchor beam are obtained using the D-P yield crite-
rion. To evaluate the validity of the proposed method, the
results of the maximum effective depth are compared with
those presented in previous studies. Good agreement is
observed between the results of this study and those of pre-
vious studies, which indicates the validity of the proposed
method. Finally, to optimize the design of the prestressed
anchor cable, a parametric study is conducted by analyzing
the influence of anisotropy on the plastic failure envelopes.

2. Superimposed Stress of Soil Underlying the
Anchor Beam

As described by Huang [22] and He [23], the distribution of
foundation stress derived from the elastic theory is in line
with that obtained from the finite element method, demon-
strating that the influence of the distribution of foundation
stress induced by the nonlinearity, layered distribution, and
plastic deformation of soil can be considered negligible.
Therefore, in this study, it is assumed that the superimposed
stress of soil underlying an anchor beam can be calculated
using the elastic theory. It is assumed that the anchor beam
is perfectly rigid, and the prestress of the anchor cable acting
on the rigid beam is considered equivalent to a uniformly
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FIGURE 3: Calculation model of failure envelopes of soil underlying the anchor beam by horizontal line load.
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distributed strip load. The simplified calculation model of
the load acting on the beam is shown in Figure 2.

Using the method of Melan integration [24], when the hor-
izontal lineload p, is applied to soil through the origin of coor-

dinate (Figure 2), the superimposed stress acting at an
arbitrary point A of soil underlying the anchor beam can be
obtained using

2pyx°
_ 2pyxg* (x) - 2)
[ + g*(x)]
e s o
T(xy)i = 05 (4)
T(zy)i =0 (5)

Based on the general Hooke’slaw and plane strain assump-
tion, the shear strain, €y can be expressed as
e, =0. (6)

According to Equations (1)-(6), the normal stress along

the Y-axis, 0,,, can be calculated using
2Py’ (x) 2pyx° 2pyxp
.= +0..) = + - ,
O =Mt ) S R At | A+ )

(7)

whereo,;and o ; are the normal stress along the directions of X
- and Z-axes, respectively; 7,, 7, and 7, are the shear stress
on the XY, YZ, and ZX surfaces, respectively; p, is the horizon-
tallineload; g(x) is the function of the failure envelopes of soil;
and p is Poisson’s ratio.

The width of the anchor beam is assumed to be equal to
2a (see Figure 3). Integrating Equations (1)~(6) along the
direction of the anchor beam width, the values of o, 0,,
O Ty Tyy» and T, can be computed as given in

Yo 2 dh
o, ;% J—an{x2+[g(x)—h}2}2 > (8)
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2p,x[g(x) - h)*

2pox

dh,

dh,

a

2pyx*[g(x) — h]

—am{x? +[g(x) - h]z}

T

Xy:()’

2

—an{x? + [g(x) - hP}

dh,

7,=0.

o . (13
3. Failure Envelopes of Soil and the Maximum

Effective Depth Underlying the Anchor Beam

(10) 3.1. Anisotropy and Strength Nonhomogeneity of Soil. The
angle of internal friction, ¢, and the cohesive force, ¢, can
be used to predict soil strength. For nonhomogeneous and

(11)  anisotropic soil, following the suggestion of [25], ¢ is
assumed to be constant, and ¢ is assumed to be nonhomoge-
neous and anisotropic [26]. As described in [27], the value of

(12) ¢ can be assumed to be 35°.
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According to Casagrande and Carillo [28], for aniso-  where ¢, and ¢, are the cohesive forces along the X- and Y
tropic clay soil, the cohesive force of saturated and  -axes, respectively (Figure 4).
undrained clay soil, ¢y, can be obtained using The coefficient of anisotropy, p, can be expressed as
¢, =cp+ (¢, — ;) cos’y (14) “h
e G g p=_ (16)

V/:

(SIS}

—arctan g’ (x) + ¢,

v

(15) where the value of p is in the range 0.50-1.33. When the
value of p is 1.00, soil can be assumed to be isotropic [26].
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FiGure 11: Numerical model sketch.

Substituting Equation (16) into Equation (14), we obtain

l-p
c,=¢c,| 1+
v h( P

For saturated and undrained clay soil, the strength varies
linearly with increase in depth [29-31]. As shown in
Figure 5, the cohesive force in the horizontal direction ¢,
can be expressed using

c0321//> . (17)

C, =y + Ax, (18)

where A is the gradient of linear variation of the cohesive
force and x is the value of depth along the axis direction of
the cable.

Substituting Equations (17) and (18) into Equation (14),
we obtain

¢y = (co +Ax) <1+ I;P c0521//>. (19)

3.2. Failure Envelopes of Soil. The Drucker-Prager yield crite-
rion, which is typically used as the modified model of the
Mohr-Coulomb vyield criterion, and a nonassociative flow
rule were used herein [32]. This linear perfectly elastic-plas-
tic yield criterion can be used to capture the shear-
compression failure of soft clay with a small friction angle.
In this study, the DP1 vyield criterion [33] is used
(Figure 6), and the yield function can be expressed as

F(o)=f(I;,]5) =al, ++/], =k =0, (20)

Ii=0,+0,+0, (21)

2 sin @

- V3(3 - sin’) ’
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6¢,, cos @
14
K= —————. 24
V3(3 - sin’g) (24)
Substituting Equations (8)-(13) into Equations (21) and
(22), we obtain
“ 2pyx

—am{x? + [g(x) - h}z}z

h=(+p)| dh, (25)
]2 _ Ju 4p(2)x2

-a 3w {x? + [g(x) - h]z}

(14 yz) +2x*[g(x) — h)*}dh,

(- ur )+ [g(x) - h)*

(26)

where I, is the first invariant of the stress tensor and J, is the
second principal invariant of the stress deviator tensor.

Substituting Equations (23)-(26) into Equation (20), we
obtain

3-sin?p J“ x{xH(1—p+p2) + [g(x) — B (1 + u?) + 2x2[g(x) — h]* }dh
2sing a {x2+ [g(x) - 1*] }2
“ xdh o 3qm
+ W)L (2 +[g(x)-hP) 2y tang’

(27)

3.3. Maximum Effective Depth. Considering the symmetry,
when the value of z presented in g(x) is 0, the maximum
effective depth along the axial direction of cable L, can be
obtained using Equation (34).

When the value of z is 0, the boundary conditions can be
expressed as follows:

2=g(x)=g'(x)=0, (28)

cos =0 (y=90"). (29)

Then, we obtain

2ppx> [° 1 2
Oy = Po¥ J 2dhzﬁ(arctanf+2—az),
T —a(x2+h2) T X x“+a
(30)
2p, h 2
O, = ﬂj 7 5 dh = Po (arctan 2 _Zxa 2),
s —a(x2+h2) s X x*+a

(31)

0'}/0 = A”(o'xO + 020)

T(x2)0 = T(zp)0 = T(yx)o = 0- (33)
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TaBLE 1: Material properties of the model.
Material Density Young’s modulus Poisson’s ratio Cohesion Friction
p (kg/m) E (MPa) A ¢ (kPa) 6 ()
Soft clay 2000 50 0.15 30 20
Anchor beam 2500 25000 0.2 3000 50

FIGURE 12: Initial equilibrium state of the slope.

FIGURE 13: Slope model with cables.

Substituting Equations (30)-(33) into Equation (20), we
obtain

3 - sin? 3x2q? 3
?m L4 (1-2p)? arctan2 & + 22 5+ (1+ p) arctan a__ 2T
4sin ¢ X (x+a) x  4p, tan ¢
(34)

The maximum effective depth, L, can then be computed
using Equation (34).

4. Parametric Study

To analyze the influence of parameters considered in the
proposed method on the plastic failure envelopes of soil
and the maximum effective depth underlying the anchor
beam, a further parametric study was conducted. The value
of beam width, 2a, was adopted as 1 m; the value of Poisson’s
ratio, y, of saturated soft clay was considered as 0.5; the
value of initial horizontal cohesive strength, ¢, was assumed
to be 30 kPa; and the value of the angle of internal friction ¢
was set to 20°. Considering the complexity of Equations (27)

and (34), mathematical software Mathematica and Fortran
95 were used to compute the results.

4.1. Influence of Prestress on the Failure Envelopes. In this
experiment, A was set to 1, p was set to 1, and cable prestress,
P> Was considered to be in the range 500-1000kPa, with
increment steps of 100kPa. Figure 7 shows that the failure
envelopes of soil increase with increase in the value of pre-
stress, p,. The variation law of the maximum effective depth
also follows the same trend.

4.2. Influence of Anisotropy on the Failure Envelopes. To ana-
lyze the influence of anisotropy on the plastic failure enve-
lopes, A was set to 1, and the cable prestress, p,, was set to
500 kPa. Figure 8 shows that the failure envelopes of soil
only slightly influence p, increasing it from 0.7 to 1.1. Thus,
the shear strength of soil decreased with increase in the value
of p, and there were small increments in the failure enve-
lopes of soil.

4.3. Influence of Nonhomogeneity on the Failure Envelopes.
To analyze the influence of nonhomogeneity on the failure
envelopes, p was set to 1, and the prestress, p,, of the cable
was set to 500kPa. Figure 9 shows that the plastic failure
envelopes of soil decreased as A increased from 1 to 5, with
increments of 1. Thus, the shear strength of soil increased
with increase in A.

The value of p was set to 1, and the value of cable pre-
stress, p,, was in the range 500-1000 kPa, with increments
of 100kPa. Figure 10 shows that the maximum effective
depth of soil underlying the anchor beam increased with
increase in the value of p, and decreased when A increased
from 1 to 5, with increments of 1. The influence of the coef-
ficient of anisotropy, p, on the failure envelopes and the
maximum effective depth of soil subjected to higher stress
was larger than that under the influence of lower stress.

In general, based on the clarification of the influence of
parameters p,, p, and A on the plastic failure envelopes
and the maximum effective depth of soil, a simple method
can be provided to predict the response of the prestressed
anchor cable and to optimize cable design parameters, such
as the anchorage length of cable and grouting radius.

5. Verification through Numerical Simulation

To verify the critical parameters of the equations presented
in Section 3, a simple model of slope and cable was built
using Flac3d software. The slope was analyzed by consider-
ing the cable prestress, p,, the coeflicient of anisotropy, p,
and the linear gradient of cohesive force, A.
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FIGURE 15: Maximum shear strain.

5.1. Modeling and Loading Cases. The brick element was
used to simulate the slope, and the cable element was used
to simulate the anchor beams. The dimensions of the slope
model were length = 80 m, width = 30 m, and height = 50 m;
the toe of the slope was 30 m high. Five anchor beams were

set on the slope surface with dimensions of 26 m x 1 m x 1 m
. The function of the beam was to distribute the prestress
evenly on the slope. The bottom of the slope was fully
restrained, and normal restraint was applied at the four ver-
tical surfaces. The slope model is illustrated in Figure 11.
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For soil of the slope, the Drucker-Prager ideal elastic-
plastic stress-strain model was adopted, along with the
Mohr-Coulomb constitutive model for anchor beams. Com-
bined with the values suggested in Code and practical engi-
neering, the properties of slope and beams were identified
(listed in Table 1).

To ensure agreement between the behavior of the calcu-
lation model and real-time projects, an initial ground stress
equilibrium is necessary. The factor of safety of the slope
was 1.28, indicating sufficient stability. The initial state is
shown in Figure 12. After the first equilibrium, elements

such as prestress cables and the interface between beams
and slope were built. The cables were set through the beams
using the built-in structural element (length=20m,
interval =4 m, and inclination angle =22°) of Flac3d soft-
ware. The prestress cable comprised a free section
(length=12m) and an anchorage section (length=8m).
The anchorage part was divided into eight parts for high cal-
culation accuracy. Young’s modulus of the cable was
200 GPa, the cross-sectional area was 0.00176 m?, grout
perimeter was 0.15m, grout cohesion was 5.0 x 10° N/m,
grout stiffness was 1.0 x 107 N/m?, grout friction was 33",
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and yield tension was 1x 10°kN; the slope model with
cables is shown in Figure 13.

To verify the theoretical formulas, the prestress of cables,
P> the anisotropy coeflicient of saturated soft clay, p, and the
linear gradient of cohesive force, A, were considered succes-
sively to obtain the failure response of the prestressed cables.
Thus, three cases were carried out in the numerical simula-
tion, presented below.

Case 1. p was set to 1, and A was set to 0. p, was set to
500 kPa, 750 kPa, 1000 kPa, and 1500 kPa.

Case 2. A was set to 0, and p, was set to 500kPa. p was
increased from 0.7 to 1.1, with increments of 0.1.

Case 3. p was set to 1, and p, was set to 500 kPa. The value of
A was increased from 0 to 4, with increments of 1.

5.2. Calculation Results. For the three cases, the critical
parameters were specifically concerned, and the failure
responses of the cables were obtained, which were compara-
ble with the theoretical formulas.

In Case 1, the shear strain indicated the slide state of the
slope, and the maximum effective depth of soil underlying
the anchor beam was obtained. Figure 14 shows the varia-
tion of soil displacement when the cables were subjected to
different prestresses. Clearly, displacement increased with
increase in prestress, and the affected area also increased
(Figure 15). Therefore, the deformation response increased
with increase in cable prestress.

To verify the effectiveness of the proposed calculation
method, in this section, the calculation results are compared
with the numerical simulation results. From the results of
the computational formula, Equation (34), and the numeri-
cal simulation, as shown in Figure 16, the variation of the
effective depth of soil showed similar trends; the effective
depth increased with increase in prestress. As shown in
Figure 16, the slope of the curve in numerical simulation

Geofluids

was relatively small when the pretension was <1000kPa,
and the effective depth increased sharply to 1500 kPa. This
was attributed to the five cables working simultaneously in
the numerical simulation; however, we only focused on
one cable in the computational formula method. At a small
value of pretension, the five cables coworked under the
action of the anchor beam, and they were not fully func-
tional. At a sufficiently large value of pretension, the cables
were exploited; the effective depth of soil was determined
to be slightly larger than the computational formula.

In Case 2, the variation in shear strength of soil with dif-
ferent anisotropy coefficients was obtained. The shear
strength of soil was equal to the shear stress. Equation (16)
illustrates the relationship between the cohesion of soil in
the horizontal and vertical directions. Equation (17) shows
the cohesive force of the saturated and undrained clay soil;
¢y was influenced by the anisotropy coeflicient of soil.
Therefore, assuming that the cables were subjected to a pre-
stress of 500 kPa, the displacement and stress responses of
the slope were obtained. Figure 17 shows that the shear
strength of soil decreased with increase in the value of p.
This is because the cohesive force of the clay, ¢y, decreased
with increase in the value of p, showing an obvious influence
on the strength of soil.

In Case 3, the variation in shear strength with the cohe-
sion gradient was obtained. The strength of saturated and
undrained clay soil varies linearly with depth [25-27].
According to Equation (19), when the anisotropy coeficient
was 1, the cohesive force of soil increased with increase in
the value of A and the depth along the cable. As shown in
Figure 18, the shear strength of soil increased with increase
in the coefficient of anisotropy.

Thus, the influence of the parameters p,, A, and p was
investigated successively. The response of soil underlying
the cable beam was also obtained. The results of numerical
simulation verified that there is good agreement with the
theoretical formulas proposed in Section 3.

6. Conclusions

Based on the assumption that an anchor beam is completely
rigid and a prestressed anchor cable is applied to soil in the
form of uniform load, this study presents an analysis on the
responses of a prestressed anchor beam, considering nonho-
mogeneity and anisotropy of saturated soft clay. The compu-
tational formula of superimposed stress of soil underlying
the anchor beam was proposed. Plastic failure envelopes of
soil and the maximum effective depth underlying the anchor
beam were obtained using the D-P yield criterion, which is
typically used for soft clay analysis. The validity of the pro-
posed method was checked for agreement with the findings
of previous studies. Finally, a parametric study was con-
ducted to analyze the influence on the plastic failure enve-
lopes and the maximum effective depth of soil underlying
the anchor beam, and an intuitive numerical simulation
model was established for verifying the proposed equations.
Some new findings are summarized as follows:

The plastic failure envelopes of soil increased with
increase in the prestress and anisotropy coefficient, and it
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decreased with increase in the gradient of linear variation in
cohesive force.

The maximum effective depth of soil underlying the
anchor beam increased with increase in the prestress and
decreased with increase in the gradient of linear variation
in cohesive force. The anisotropy coeflicient had a greater
influence on the failure envelopes as well as on the maxi-
mum effective depth of soil at higher prestress.

The shear strength of soil decreased with increase in the
anisotropy coeficient and increased with increase in the gra-
dient of cohesive force.

Comparing the results of the computational formula and
numerical simulation, there were similar variations in the
effective depth of soil, that is, it increased with increase in
the prestress. Because of the coworking effect of the five
cables in the numerical simulation, the effective depth of soil
was smaller than that calculated using the computational
formula when the pretension was <1000 kPa. With increase
in pretension, the cables gradually functioned, and the effec-
tive depth of soil increased sharply and was finally larger
than that of the computational formula.

The proposed method and the study results can help
optimize cable design parameters such as anchorage length
of the cable and grouting radius.
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