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Abstract: Prestressed anchor cables are active reinforcement to improve slope stability. However, the
anchoring is not a permanent guarantee of stability, and the slope retains a potential risk of instability.
From the perspective of the internal force of anchor cables, a new early warning method for the safety
of the slope is provided, and a slope analysis model is established. With the increase in the strength
reduction factor, the internal force increment curves of anchor cables under different prestresses are
obtained. The point corresponding to strength reduction factors 2; and A, represents a warning point.
Key conclusions are drawn as follows: (1) The internal force of an anchor cable can be used to judge
the stability of the slope strengthened by a prestressed anchor cable. (2) A warning index based on
the internal force increment ratio of anchor cables is established. (3) The internal force increment
ratio of anchor cables eliminates the influence of the initial prestress and is convenient for engineering
applications.
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1. Introduction

As an active reinforcement technique, prestressed anchor cables are essential in im-
proving slope stability [1-5]. For the slope reinforced with anchor cables, the stress state
in the rock and soil is improved, the slope deformation is limited, and the safety factor is
improved [6]. The anchoring of a highway slope is not a permanent guarantee of safety and
stability. As the external load of the rock and soil mass and the internal structure change,
the slope retains some risk of instability and failure [7-11]. Early warning research on
slopes is significant for disaster prevention and mitigation [12—16].

Slope warning refers to determining the critical threshold of the slope in different states
by exploring the corresponding changes in the mechanical parameters of the characteristic
points on the slope and the state parameters of the slope and determining the different
levels of early warning criteria according to the degree of instability and damage [16-20].
Scholars interested in such engineering operations have investigated slope early warning
methods. They have constructed early warning models with different functions, which
have provided a lot of evidence for the prevention and control of slope disasters [21-29].
Zhang [24] established a slope safety monitoring system by establishing the correlation
between the highway slope deformation and the safety factor and data from on-site dis-
placement monitoring. Li [25] used statistics pertaining to typical landslides and employed
the deformation rate as the slope early warning criterion. Wu [26] proposed three-level
landslide prediction and early warning criteria, including spatial landslide prediction and
identification criteria, landslide state early warning criteria, and landslide time prediction
criteria. Wang [27] used the curves of the relationship between the slope displacement and
the strength reduction coefficient as the basis upon which to realize the real-time simula-
tion analysis and prediction of the slope safety state suitable for the construction process.
Wang [28] verified the feasibility of the landslide early warning model using the standard
velocity method based on the characteristics of the slope displacement monitoring curve.
Yang [29] used the force characteristics of the supporting structure to characterize the
stability of a slope after reinforcement, and employed prestressed anchor cables to produce
the difference between the stress increment and the allowable stress increment caused by
deformation under various working conditions; the ratio of this difference to the allowable
stress increment represents the stability of the slope. In summary, several studies on the
slope early warning criterion are mostly conducted from the perspective of deformation.
By taking the displacement parameter or displacement change rate in the limit equilibrium
state of the slope as the threshold, the early warning model can be established by connecting
the slope state and environmental factors.

Given the sudden increase of the internal force of the anchor cable, in addition to the
early warning from the perspective of displacement, if the internal force of the prestressed
anchor cable is also used as the monitoring and early warning indicator, the multi-index and
multi-level method render the slope early warning results more accurate, which will further
enrich the early warning work and more conducive to the evaluation of slope stability.
The present work establishes a calculation model for a slope reinforced by prestressed
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anchor cables. The safety factor is determined by the curves of the relationship between
the displacement of the slope toe and the strength reduction coefficient. According to the
relationship between the increment of the internal force of the anchor cable and the strength
reduction coefficient, the early warning criterion of the slope based on the increment ratio
of the anchor cable internal force is explored.

2. Stability calculation based on strength reduction

2.1. Calculation model
The schematic diagram of a prestressed anchor reinforcement slope is shown in Fig. 1.

The slope gradient is 80°, the heightis 44.5 m, the elastic modulus is 25.0 GPa, the cohesion
is 1 MPa, the friction angle is 40°, and the Poisson’s ratio is 0.23.

15 oPFerr Ty

Fig. 1. Schematic diagram of the prestressed anchor cable slope

The FLAC3D strength reduction method was used to calculate the potential sliding
surface of the slope instability in advance [30—40]. The slope is reinforced by 300, 350,
400, 450, 500, 550, 600, 650, 700, 750, and 800 kN anchor cables with different initial
prestress; these are used to study a new early warning method based on the change of
anchor cable internal force. Each anchor cable is 10 m long; from the slope toe to the
top, the anchor cables are numbered 1 to 15. The model of the prestressed anchor slope is
illustrated in Fig. 2.
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Fig. 2. Calculation model of a prestressed anchor cable slope

2.2. Safety coefficient discrimination

The stability of the slope is quantitatively investigated by the safety factor [20,21,26—
28]. Zhao [9] took the abrupt change of node strain or displacement on the sliding surface
as the sign of slope instability. In the numerical method, the safety factor can be determined
by the inflection point in the curves of the relationship between the GA displacement of

the slope toe and the strength reduction coefficient.
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Fig. 3. The relationship between the displacement of the slope and the strength
reduction factor when the prestress is 500 kN

Figure 3 shows the relationship curve between the slope toe displacement « and strength
reduction factor G when the initial prestress is 500 kN. The curve is stable when the
strength reduction coefficient G < 1.50. As the strength reduction coefficient G increases,
the displacement of the slope toe changes little, and the slope is stable. The curve turns, and
the displacement of the slope toe increases suddenly when the strength reduction coefficient
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is 1.50. At this time, the slope begins to change from a stable state to an unstable state,
and the slope begins to slide. When the strength reduction factor is greater than 1.5 and
less than 3.27, the displacement of the slope toe increases continuously, and the slope
keeps sliding. When the strength reduction coefficient is 3.27, the curve turns again, and
the corresponding state is the penetration of the slope sliding surface. According to the
inflection point method [12], the safety factor of the slope is 1.50.

Figure 4 shows the internal force increment diagram of anchor cables under different
strength reduction factors when the initial prestress on the anchor cable is 500 kN. When
the strength reduction coefficient is less than 1.50, with the increase of the strength re-
duction coefficient, the internal force increment of each anchor cable is small; When the
strength reduction coefficient is 1.50, each curve turns, and the internal force of the anchor
cable suddenly increases, and the anchor cable plays a role. When the strength reduction
coeflicient is greater than 1.5 and less than 3.27, the internal force of the anchor cable con-
tinues to increase. When the strength reduction coefficient is 3.27, the curve turns again,
the internal force of the anchor cable continues to increase, and the anchor cable continues
to play a role.
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Fig. 4. The relationship between the displacement of the slope and the strength
reduction factorwhen the prestress is 500 kN

Figure 4 shows the internal force increment diagram of the anchor cable under dif-
ferent strength reduction factors when the initial prestress of the anchor cable is 500 kN.
When the strength reduction coefficient is less than 1.50, with the increase of the strength
reduction coefficient, the internal force increment of each anchor cable is small; when the
strength reduction coefficient is 1.50, each curve turns, and the internal force of the anchor
cable suddenly increases, and the anchor cable plays a role. When the strength reduction
coefficient is greater than 1.5, and less than 3.27, the internal force of the anchor cable
continues to increase. When the strength reduction coefficient is 3.27, the curve turns again,
the internal force of the anchor cable continues to increase, and the anchor cable continues
to play arole.

The relationships between the slope toe displacement u and internal force increment
AF with strength reduction factor are plotted (Fig. 5). In Fig. 5, both the u versus G
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Fig. 5. Curves of internal force the increment and slope displacement of anchor cables and strength
reduction coefficient at 500 kN

curve and the AF versus G curve turn at strength reduction coefficients of 1.50 and 3.27,
with good correspondence. This finding shows that the safety factor of the slope can be
determined by varying the anchor cable internal force, and the state of the slope stability
can be judged.

3. Discussion of the relationship between internal force
change in anchor cables and strength reduction
coefficient

To study the relationship between the change in internal force of anchor cables and
the strength reduction coeflicient under different prestresses, the slope model of different
prestress reinforcements is established, and the internal force increment of anchor cables
under different strength reduction coefficients of the slope is calculated. Figs. 6a—f show the
relationship between the internal force increment AF and the strength reduction factor G
of different anchor cables under initial prestresses of 300, 400, 500, 600, 700, and 800 kN,
respectively.

There are two obvious turning points (1; and A, in Fig. 6). When the strength reduction
coefficient Gy < A1, with the increase of G, the curve develops steadily, and each anchor
cable begins to play arole, but internal force increases slightly; when the strength reduction
coeflicient reaches A1, the curve suddenly turns and the internal force of the anchor cable
increases. When A; < G < A, with the increase of Gy, the internal force of anchor cables
1 to 5 near the slope toe increases, while the internal force in anchor cables 6 to 15 far from
the slope toe increases slightly. When the strength reduction coefficient is A,, the curve
turns again, the rate of change reaches the maximum, and the internal force in each anchor
cable increases fastest. When the strength reduction coefficient G > A, the internal force
of anchor cables 1 to 5 increases more significantly, and anchor cables 6 to 15 also begin
to play a role. In increasing the strength reduction coefficient, the internal force increment
of anchor cable 1 near the slope toe is the largest, and the increase is the most obvious.
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Fig. 6. Internal force increment and strength reduction coefficient of different anchor cables

The 1; and A, values and safety factors of the anchor cable slope under the conditions
500, 550, 600, 650, 700, 750, and 800 kN initial prestress are listed
in Table 1. Meanwhile, the relationship between initial prestresses and safety factors (4,
and 1) is depicted in Fig. 7. With the increase of prestress, the safety factors (41, and ;)
gradually increase and tend to be stable, and the trends in the increase of the safety factors
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Table 1. 11, A, values of different prestressed anchor cables

Prestress/kN | 300 | 350 | 400 | 450 | 500 | 550 | 600 | 650 | 700 | 750 | 800
Safety factor | 1.20 | 1.23 | 1.28 | 1.36 | 1.50 | 1.65 | 1.78 | 1.87 | 1.93 | 1.96 | 1.98
A1 120 | 1.25 | 1.31 | 1.35 | 1.50 | 1.66 | 1.80 | 1.86 | 1.90 | 1.95 | 1.98
A 2.80 | 2.85 (292 |3.05|327|345|359|3.67 373|376 | 3.78

4. Slope warning method based on the internal force
increment ratio of anchor cables

4.1. Slope classification warning

Wau [7] proposed the use of the slope safety factor as the warning index in the landslide
state warning criterion. Table 2 lists the values of the internal force increment of anchor
cables when the strength reduction coefficient of slope rock mass corresponds to the safety
factor under different prestresses. Table 2 demonstrates that when the slope toe begins to
slide, the internal force increment of the anchor cable is insignificant, and the internal force
of the upper anchor cable has no noticeable change, indicating that the reinforcement effect
of the anchor cable on the slope has not been fully exerted. This state only implies that the
slope begins to enter the unstable state, which should be used as the starting point for the
early warning.

Table 2. The internal force increment value of the cable when the strength reduction factor
is equal to the safety factor

Prestress/ kN 300 350 400 450 500 550

Internal force increment/ kN 22.7 21.1 20.8 20.5 194 17.5
Prestressed/ kN 600 650 700 750 800
Internal force increment/ kN 16.8 16.2 12.5 11.5 10.1

According to the analysis of Section 3, as the strength reduction coefficient exceeds the
safety factor 41, the displacement of the slope toe increases rapidly, the internal force of the
anchor cable increases, and the sliding zone of the slope develops upwards. The unstable
state of the slope further develops. When the strength reduction coefficient is equal to A;,
the rate of increase in the internal force of the anchor cable reaches the maximum, and
the internal force increases significantly. At this time, the sliding zone of the slope runs
through, the slope enters the dangerous state from the unstable state, and the risk increases.

Therefore, based on the above analysis, the internal force increment of the anchor cable
corresponding to A4} and A, can be used as two different warning levels, that is, the internal
force increment of the anchor cable with the strength reduction coefficient of A; is used
as the first warning point, and the increase in the internal force of the anchor cable with
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the strength reduction coefficient of A, is used as the second warning point, to realize the
classification warning management of the anchor slope.

4.2. The internal force increment of anchor cable

It can be seen from Table 2 that the increment of internal force corresponding to
the safety factor of a slope under different prestresses is different due to the different
reinforcement effects of different prestress on the slope. With the increase of prestress,
the larger the reinforcement force to overcome the slope sliding. Therefore, the internal
force increment of the anchor cable decreases. An early warning index for engineering
application is established to eliminate the influence of initial prestress, and the internal
force increment ratio k is defined thus:

_AF

T F

in the formula, AF denotes the internal force increment of the anchor cable, and the unit
is N; F is the initial prestress of the anchor cable, and the unit is N.

According to the conclusion drawn from Fig. 6, the closer the anchor cable is to the
slope foot, the higher the sensitivity to internal force change; because the internal force
increment of anchor cable 1 is the largest, the slope stability can be judged according to
the change of the internal force increment ratio of anchor cable 1. Fig. 8§ demonstrates the
relationship curve between the internal force increment ratio k and the strength reduction
factor G under different initial prestresses on anchor cable 1. With the increase of ini-
tial prestress, the internal force increment ratio of anchor cable under the same strength
reduction coefficient decreases continuously, and the variation range of the curve is also
diminished. The k versus G ¢ curves under different prestresses have similar characteristics.
The curve is flat when Gy < A1, with the increase of Gy, the k value increases slowly.
When 1; < G5 < A, k increases with the increase in G5; when G > Ay, the slope of the
curve suddenly increases, and k changes rapidly.

“4.1) k
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Fig. 8. Curve of internal force increment ratio and strength reduction coefficient of anchor cable

According to the conclusion in Section 4.1, point A; corresponding to the strength
reduction coefficient Gy, is the first-level warning point of the slope reinforced by anchor
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cables, and point A, is the second-level warning point of the slope reinforced by anchor
cables. The 4, and A, values under different prestress are corresponding to Fig. 8, and the
internal force increment ratios k| and k; at the warning point are obtained. The k| and k;
values at the early warning point can be used as early warning indexes for evaluating slope
stability (Table 3).

Table 3. k1 and ky values of different prestressed anchor cables

Prestress/ kN 300 350 400 450 500 550
k1 0.076 | 0.061 0.052 | 0.046 | 0.039 | 0.032
ko 0.393 0362 | 0.308 | 0.271 0.247 | 0.202
Prestressed/ kN 600 650 700 750 800
k1 0.028 | 0.025 0.018 | 0.016 | 0.013
ko 0.168 | 0.162 | 0.140 | 0.122 | 0.116

Figure 9 shows the relationship between the primary warning index value k; and the
initial prestress under different conditions. With the increase of prestress, the internal force
increment ratio decreases. The curve shows an exponential relationship. After fitting, the
function can be expressed as:

—-0.003
(4.2) ki = 0.2154¢70-003F
2 008 [
g
= y = 0.2154e0.003x
(=3 -
g oo i, R?=0.9926
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-2 N
g 002 T e
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S o000 . ] . . '
€ 3000 4000 5000 6000 7000  800.0
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Fig. 9. The relationship between the first-level early warning indicator k; and the initial prestress

Figure 10 illustrates the relationship between the secondary warning index value k»
and the initial prestress under different prestresses. With the increase of prestress, the
internal force increment ratio decreases gradually. The curve also exhibits an exponential
relationship. After fitting, the function can be expressed as:

(4.3) ko = 0.8626¢70-003F

Based on the relationships as shown in Figs. 9 an 10, the slope early warning threshold
and anchor cable prestress show a similar e-index relationship. Therefore, the calculation
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Fig. 10. The relationship between the first-level early warning indicator k, and the initial prestress

model of the ratio of initial prestress to the internal force increment of the anchor cable
slope is established:

(4.4) y = AeB*

where, y is the internal force increment ratio of anchor cables in the slope early warning
discriminant index; x represents the initial prestress on an anchor cable; A and B are
constants related to the geological conditions of the slope and the nature of the cable itself.

The internal force increment ratio of anchor cables is used as the early warning index of
slope stability evaluation, which enriches the slope stability evaluation system. Meanwhile,
the multi-index warning method makes the slope warning more accurate.

5. Verification using an engineering project

5.1. Engineering overview

Zhijing River Bridge on the Shanghai-Chongqing Expressway is in the first group,
Zhijinghe Village, Badong County (Enshi Tujia and Miao Autonomous Prefecture, Hubei
Province, China). The area features complex geological conditions and harsh climate. The
stability of the slope where the bridge abutment is built plays a decisive role in the safe
operation of the expressway bridge, and it is a key issue in the safe operation of the
expressway.

Zhijing River Bridge was constructed on peak clusters and trough valleys formed due
to erosion and dissolution, and joint fissures are extremely developed in the mountains
on both sides. The surface rocks are seriously weathered, and the surface strata of moun-
tains are somewhat between a weathered residual soil and a fully-weathered rock mass.
To ensure stability of the slopes around the Zhijing River Bridge, the support structure
combining anchor cables, wire mesh, and shotcrete was applied to the high, steep slopes
on both sides of the bridge. The spacing, length, and anchorage length of the anchor cables
were separately 3.0 m, 25 to 30 m, and 10 m, and their initial pre-load was 500 kN. The
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sections of the slopes with highly fractured rock and soil were also reinforced through
grouting.

To assess the potential risk of the slopes timeously, during live operation of the bridge,
a section with poor geological conditions was selected as the main monitoring section
according to geological data pertaining to the slope. Changes of the long-term pre-load on
the anchor cables at the toe of the slope were monitored. The stability of the slope was also
assessed in real-time according to the results.

5.2. Judgement of slope stability

Figure 11 shows monitored pre-load data pertaining to key anchor cables in the slope,
in which ZXMS-1, ZXMS-2, and ZXMS-3 are separately located near the toe of the
slope at the bridge abutment. The monitoring started on July 1, 2019 and lasted for more
than two years.
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Fig. 11. Monitored internal force of anchor cable
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The monitored anchor cable pre-load data show fluctuations under the various environ-
mental influences. For the sake of safety, the maximum change in the anchor cable pre-load
was used as the basis for assessing the stability of the slope; according to the results, the
specific indices are listed in Table 4.

Table 4 lists the indices summarized according to the research results; the initial pre-
loads on three key anchor cables were 430, 530, and 550 kN (values of December 2021),
and the maximum increment was between 5 and 8 kN. In accordance with the results,
k-values of various anchor cables were between 0.009 and 0.015 (all smaller than the
corresponding primary warning index value k); the slope was thus deemed stable.

Table 4. k| and k, values of the monitored anchor cable

Numbering F/ kN AF/kN K kq ko
ZXMS-1 430 6 0.014 0.059 0.227
ZXMS-2 530 5 0.009 0.044 0.169
ZXMS-3 550 8 0.015 0.041 0.157

5.3. Application suggestions

The method, and indices, used to assess the safety of the slope in the most dangerous
sliding state were studied using the theory governing circular slips. It is worth noting that
circular sliding is the most common mode of failure in soil slopes, so the results are not
completely applicable to rock slopes with relatively intact structures. The results could
be applied to severely weathered residual soil slopes with developed joint fissures or soil
slopes. The applicability of the present results to rock slopes remains to be further verified.

6. Conclusions

The variations in the displacement of the slope toe and internal force increment of
anchor cable with a strength reduction factor of the slope reinforced by different prestressed
anchor cables are determined by establishing the calculation model of the high and steep
slope. Based on the understanding of the variations of the internal force in an anchor
cable, the early warning method and criterion of slope stability are proposed by taking the
internal force increment ratio of anchor cables as the early warning index. The following
conclusions are obtained as follows:

1. The internal force of anchor cables can be used to judge the stability of slope
reinforced by prestressed anchor cables, which is in line with the displacement
method and is suitable as the judgment basis for slope monitoring and early warning.
The internal force change sensitivity of the anchor cables at the foot of the slope is
higher, and the slope stability can be judged by monitoring the internal force change
of anchor cables at the foot of a slope;
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. The increment ratio of the anchor cable internal force is established as the early
warning index of slope safety and stability. According to the incremental variations
of slope anchor cable internal force under different strength reduction coefficients
and the corresponding slope stability state, two early warning standards of slope
stability state are proposed. When the internal force increment ratio k£ of anchor
cables reaches the first warning standard, the slope begins to enter an unstable state.
When k reaches the second warning standard, it shows that the slope sliding zone
runs through, and the slope begins to slide;

. The internal force increment ratio k eliminates the influence of initial prestress,
which is convenient for engineering applications. The research implies that the
internal force increment ratio of cables in two early warning states shows an e-
exponential relationship with prestress, expressed by the formula y = AeZ*. In
practical application, the early warning of slope instability with different prestressed
reinforcements can be realized through this relationship.

. The applicability of the method to fully weathered rock and soil slopes was verified
based on an engineering project; however, because the method was developed using
the theory of circular sliding, it is mainly applicable to soil slopes. Its applicability
to rock slopes and the quantitative research on evaluation indices should be further
studied based on specific cases and in combination with various other mode of slope
failure.
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