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The establishment of the prestressed cable loss prediction model is a difficult problem faced by the popularization and use. This
article aims at the problem of the loss of anchor cable prestress over time in the soil-rock dual-structure slope. We relied on the
soil-rock dual-structure slope treatment project of section K5 + 220-K5 + 770 of Jiangwen Expressway and monitored the prestress
loss of the anchor cable in the slope through the anchor cable meter with built-in vibrating wire sensor. Using regression analysis
and segmented modelling methods, we established a comprehensive mathematical improvement model, analyzed the applicability
of the improved model, and obtained the error range, 0.04%-8.9%. This work offers a new approach for predicting anchor cable

prestress loss, which has certain practical value for the use of prestressed anchor cables.

1. Introduction

Slopes composed of an upper gravel soil layer and lower
weathered bedrock layer are known as soil-rock dual-
structure slopes. Engineering projects are typically difficult
to implement on soil-rock dual-structure slopes, as poor
design or construction work can easily lead to geological
failures, such as landslides and slope collapses, which can
threaten the safety of the project. To address these chal-
lenges, antislide piles and anchor cables are widely used in
slope support and reinforcement structures because they can
bear some of the sliding force of the slope and help prevent
geological failure. However, due to the complexity of en-
gineering geological conditions and the relaxation of the
anchor cable itself, it is difficult to calculate the prestress loss
of the anchor cable. Therefore, grasping the short-term and
long-term prestress loss of anchor cables and quantifying the
prestress loss of anchor cables have become a necessary
research content.

Li et al. [1] used a contact friction interface element to
analyze the interaction and coupling between a simulated

anchor cable, slurry, and rock interface. In that study, nu-
merical simulation was used to analyze the mechanical
mechanisms and reinforcement effect of a single anchor
cable. More significantly, other studies have provided in-
novative approaches to solving the challenges associated
with prestressed anchor cables. However, the problem of
prestress dissipation over time has not been adequately
addressed. Brahim and Ballivy [2] conducted a five-year
monitoring project on the prestress of nine anchor cables.
The measured prestress losses were then divided into three
major stages: sharp decline, fluctuating change, and gentle
change. Nonetheless, the study did not thoroughly inves-
tigate the mechanisms and challenges of prestress loss over
time. Based on this prestress loss framework, Brahim et al.
[3] then studied the law of anchor cable prestress change and
proposed that, in the second half of the change process, the
rate of prestress change gradually decreases due to the long-
term creep of the anchor cable. The research analyzed the
prestress loss directionally and lacked quantitative predic-
tion of the prestress loss law. Xiao [4] examined the changes
in anchor cable prestress in the high slope of the Three
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Gorges Sluice and verified the reinforcement of the ship lock
provided by the prestressed anchor cables. This study also
did not involve prediction of prestress losses. Li et al. [5]
evaluated the construction quality of rock anchors and
provided different perspectives on the effects of anchor cable
reinforcement as assessed by the change in anchor cable
prestress. Ding and Bai [6] studied prestressed anchor cables
used for rock mass reinforcement from a theoretical per-
spective and classified prestress loss in the rock mass cable
into two types of prestress loss: free segment and anchor
segment. They concluded that the main loss of anchor cable
prestress is caused by the creep of the rock mass in the free
and anchor cable segments and the inherent relaxation
characteristics of the anchor cable. However, this study also
lacks an investigation into the prediction of prestress losses.
Chen et al. [7] conducted model tests, examined the creep
equations of simulated soft rock materials, and derived an
estimation method for anchor cable tonnage loss over time.
However, this method is based on assumptions and sim-
plifications; thus, it is insufficient to be used effectively in
conjunction with field monitoring data.

In addition, while there is ample literature regarding the
analysis of monitoring data, the modelling of anchor cables
is less well studied. Zhu et al. [8, 9] analyzed the excavation
of an underground cavern group by numerical simulation
and proposed an empirical formula for the elastoplastic
displacement of the powerhouse side wall accounting for the
effects of the excavation. Li et al. [10] implemented the
damage rheological coupling model in FLAC3D software,
analyzed the fracture failure characteristics of the sur-
rounding rocks during cave excavation, and used the frac-
ture failure criteria to predict the deformation caused by the
opening of the crack. The cleavage failure area caused by
stress release was also calculated. Wu et al. [11] used the
numerical simulation and analyzed monitoring data to study
the deformation, failure mechanisms, and stress charac-
teristics of prestressed anchor cable in the rock surrounding
Jinping Hydropower Station, which was under high geos-
tress. Wang et al. [12] studied the coupling of anchor cable
prestress loss and rock mass creep in underground pump
station buildings. In particular, they verified the formula for
anchor cable prestress loss calculations and compared and
analyzed the differences between the theoretically calculated
and the measured values of anchor cable prestress loss.
Finally, Cheng et al. [13] analyzed the prestress loss of
anchor cables in a rock mass damaged by excavation and
unloading under high geostress and rock creep conditions.
They also proposed a model for long-term prediction of
anchor cable prestress based on the equivalent strain as-
sumption. These studies used numerical simulation methods
to analyze the stress and deformation of the prestressed
anchor cable and the surrounding rock and soil body
according to different site conditions. However, these studies
did not establish a model of anchor cable prestress loss.

Therefore, this study aims to address the challenge of
predicting anchor cable prestress loss. This study used the
monitoring data collected from prestressed anchor cables
used for a slope protection engineering project to investigate
the phenomenon of prestress loss. In particular, the prestress
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loss and the prestress change process of the anchor cables
were analyzed. Furthermore, regression analysis was used to
develop an improved model of prestress loss that was shown
to have robust applicability. The results of this research
demonstrate that the proposed model can be used to fa-
cilitate accurate prediction of on-site prestress loss, over-
coming the limitations of previous work in this area.

2. Materials and Methods

2.1. Study Area. This study examined the right slope of the
TJ1A K5 +220-K5 + 770 section of the Jiangwen Expressway
Governance project. During the excavation of the slope,
tension cracks formed on the ground surface three times. As
a result, different degrees of slippage occurred, and con-
struction safety was seriously affected. The first instance
occurred on April 3, 2014, when ground cracks formed in the
K5 + 680 to K5 + 770 section, causing slope slip. The second
instance occurred on June 1, 2014, in the K5+540 to
K5+ 680 section of the right slope between 30 and 50 m
north of the west side. Due to the lack of timely treatment
and continuous rainfall, the first landslide continued to
develop, which induced a second traction slip. The third
occurrence was on September 28, 2014, when ground surface
subsidence occurred between K5 + 385 and K5 + 500.

The first support structure was designed for the left and
right sides of the K5 + 327 to K5 + 520 section. The grade of
the first slope was 1:0.75, and it had a height of 8m and a
window-type retaining wall for protection. The second slope
had a grade of 1:0.75, a slope height of 8 m, and grass
planted in a prestressed anchor cable frame for protection.
The anchor cable was 20 m long and the anchor was 10 m
long. The third slope had a grade of 1:1, a slope height of
8 m, and grass planted in a prestressed anchor cable frame
for protection. The anchor cable was 20m long and the
anchor was 10 m long. Finally, the fourth slope had a grade
of 1:1 and reached the top of the slope. The fourth slope was
protected by a grass block and a stone grid.

Antisliding piles were added at the third-level platform
for additional reinforcement. The cross-sectional dimen-
sions of the antisliding piles were 3 x2.4m, the distance
between the piles was 5.0 m, and the length of the piles was
30 m. Three levels of anchor cables were added for slopes 2
and 3. The slope was reinforced every 3 m, and the anchor
cable was a 4 @s 15.24 scattered-type cable with a downward
tilt of 20” and a drilling hole diameter of 130 mm. The total
length of the anchor cable was 20 m, the anchor section was
10m long, and the anchor cable prestress was 500 kN.

On September 28, 2014, cracking occurred on the right
slope of the K5+ 385 to K5+ 500 section. The cracks were
intermittently continuous arcs ranging from a 2-12 m long,
1-3cm wide, and 0.4-2.0m deep. The second stage of re-
inforcement was thus designed and constructed between
October 2015 and December 2016 in the K5+336 to
K5 + 500 section. The cross section of the antisliding piles
was 3mx2.4m, and the pile spacing was 5.0 m. An addi-
tional anchor beam was added to the top of the antisliding
pile using a 6 ®s 15.24 anchor cable tilted 28° downwards
with a hole diameter of 130 mm. The antisliding piles were
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numbered Z11 to Z17, the length of the anchor cable was
33 m, the anchoring section was 11 m long, and 750kN of
prestress was applied. A row of anchor cable antisliding piles
was also added to the secondary platform of the slope, and
the tops of the piles were connected by beams. These
antisliding piles were 33-34m long. The pile top anchor
cable was a 6 ®s 15.24 dispersion type cable angled 20°
downbhill with a drilling hole diameter of 130 mm, an an-
choring section length of 12m, and a prestress of 750 kN.
The tops of piles Z47 and Z48 were not anchored by cable.
The first grade used a window hole-type retaining wall, and
the fourth grade used rhombic grid planting grass to protect
the slope.
The stratum and support are shown in Figure 1.

2.2. Relevant Geological Conditions

2.2.1. Topography. The study area has the structure and
erosion patterns of middle- and low-mountain topography.
The elevation of the area is 590-650m and the slope is
20°-45°. There is growth of natural, slope-protective vege-
tation on the mountain, and the slope is stable.

2.2.2. Formation Lithology. The strata in this section are
predominantly the Lower Cambrian Jindingshan Formation
(elj) and the Lower Cambrian Qingxudong Formation
(e1q). In the Jindingshan Formation (€lj), the upper section
is light gray calcareous shale interbedded with mudstone.
The lower section is sandy shale between shallow clay shale,
feldspar quartz sandstone, quartz sandstone, and other
minerals. Part of the formation is gray, dark gray, or gray-
black thin-thick layered sandstone with carbonaceous shale
and mudstone. Strata occurrence is affected by tectonic
movement in the area in accordance with the development
of folds. The Qingxudong Formation (€1q) has lithological
combinations of limestone, dolomite limestone, and marl
intercalated shale, among other features. The appearance of
the formation and the development of rock folds, small
faults, and joint fissures in this formation are affected by
tectonic movement.

2.3. Preliminary Model Assumptions. According to the
previous analysis, the long-term loss of anchor cable pre-
stress is mainly caused by the creep of rock and soil; factors
such as hole friction and slackening of steel strands have a
limited effect on prestress loss and can be mitigated by
overtensioning. Therefore, only the loss of prestress due to
rock and soil creep was considered for modelling. Many
scholars have investigated the rock mass creep failure
process, which can be divided into four stages, as shown in
Figure 2:

(1) The elastic deformation stage, in which the initial
stages of rock and soil deformation occur
(2) The creep deceleration phase, in which creep occurs

in the rock and soil, the rate of which decreases over
time

(3) The stable creep stage, in which stable creep occurs in
the rock and soil, and the creep rate remains ef-
fectively unchanged

(4) The accelerated creep phase, in which the creep rate
of the rock and soil body increases until damage to
the formation occurs

The rock and soil mass subjected to prestressing by an
anchor cable can only undergo the first three stages of creep.
Thus, the accelerated creep phase was unconsidered in this
model. According to the creep law of the rock and soil, the
anchor cable prestress loss law was modelled under the
following assumptions.

Assumption 1. The elastic modulus of the steel strand is
much greater than that of the rock and soil body, and the
stiffness and stability of the anchor are much greater than the
rigidity and stability of the rock and soil body. The steel
strand has only elastic deformation.

Assumption 2. The prestress fluctuations caused by anchor
clamping and channel friction during tensioning can be
ignored.

Assumption 3. The anchoring of the prestressed anchor
cable does not cause fundamental damage to the rock and
soil. The anchor cable is in a balanced state after being
tensioned and locked.

Under the action of simple stress, A. D. Manasevtsch [14]
obtained the relationship between strain and time as follows:

t
g =——+1, 1
O at+b ()
where a and b are experimental constants that depend on the
engineering characteristics of the soil.
The prestress of the anchor cable at t is therefore as
follows:

F.-F ( t) 2)
(0 = Fo &XP at+b/)’

When t — 00, the final prestress of the anchor cable
approaches

1
Fy =F, exp(—;), (3)

where F(q is the initial prestress and F (f) is the prestress
function at time t.

2.4. Anchor Cable Monitoring. An anchor cable meter with
integral sealing technology and a stable, high-sensitivity
vibrating wire sensor was installed on the hollow pressure-
bearing cylinder. Images from the installation and a
structural diagram of the meter are shown in Figures 3 and 4,
respectively. When aload acts on the anchor cable meter, the
deformation of the elastic cylinder is transmitted to the steel
string, which deforms accordingly. The electromagnetic coil
then excites the deformed steel string and measures its vi-
bration frequency. The frequency signal is transmitted to the
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FIGURE I: Slope strata and supporting measures with dual structure in the study area. (a) Overall plan of the slope (2016). (b) Cross-sectional
view of the slope at K5+ 365 (2014). (c) Cross-sectional view of the slope at K5 +420 (2016).
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Ficure 3: Installation of the anchor cable meter.

Side view

Height H

Outer diameter D

Bearing surface

Tob vi
op view Vibrating wire (3)

Seal joint

FIGURE 4: Structural diagram of a vibrating wire anchor cable meter.

vibrating wire reader via a cable, and the frequency input is
read and recorded. The recorded frequency can then be used
to calculate the load acting on the anchor cable in accor-
dance with the following equation:

K(T5i=Tp), @
where F is the load on the cable in kN and K is the sensitivity
coefficient reflecting the linear relationship between the
output frequency of the anchor cable meter and the cable
force, which is calibrated at the factory and reported in units
of kN/Hz?. Furthermore, 7 is the number of strings, f;; is the

output frequency of the jth string (1 <j < n) under the load at
time i, fio is the output frequency of the jth string in the initial
state, and K is the coeflicient describing the relationship
between cable force and temperature, which is calibrated
upon leaving the factory and reported in units of kN/°C.
Finally, Tj; is the temperature measured on-site, and Tj is the
factory calibration temperature, both in°C.

3. Results

3.1. Monitoring of Anchor Cable Prestress. After analyzing
the monitoring data of 72 anchor cables, the loss rate of
anchor cables within 24 hours of tension locking, the loss



rate within 72 hours of tension locking, and the long-term
loss rate of tension locking are shown in Tables 1-3.

Analyzing the monitoring data, the following can be
obtained: the prestress loss within three days of tensioning
accounts for about 75% of the long-term loss. The loss of the
first and second rows is also different. The average loss rate of
the second row is significantly lower than that of the first
row.

3.2. Monitoring and Analysis of Anchor Cable Prestress Loss.
Figure 5 shows the monitoring data from a first-row 750 kN
anchor cable located at K5 +420. The analysis of Figure 5
shows that the change in anchor cable prestress occurs in
roughly three stages: (1) Day 0 (after locking) to Day 4, the
rapid decline phase; (2) Day 5 to Day 14, the rise phase; and
(3) after Day 14, a slightly fluctuating phase.

3.3. Initial Model Verification. Figure 5 shows the moni-
toring data from the first row of the 750 kN locked load
cables in the K5 + 420 section, which was analyzed by linear
regression. To this end, this study used x=t and y=—t/In (0
(#)) in the standard linear equation. Figure 6 shows a linear
regression of the transformed data, and it was determined
that a=4.283 and b=-0.891 for these cables.

This process was repeated for the monitoring data from
the first row of the 500 kN anchor cables at K5+ 365. Fig-
ure 7 shows the linear regression of the monitoring data for
these cables, with a=28.534 and b =4.399.

However, with this model of prestress loss, several
challenges remain. First, the prestress loss in the first three
days was greater than in the remaining days; thus, accurate
prediction of prestress loss over this period was difficult.
Accordingly, this paper sought to ensure that the forecasted
data for the first three days were accurate in subsequent
iterations of the model. Second, on-site monitoring data may
be missing due to a variety of reasons. Thus, this paper
examined whether a small number of interval data points
could be used to predict the entire prestress loss cycle.

3.4. Improved Model Analysis. The prestress loss rates of 52
prestressed anchor cables with a locked load of 750 kN and
20 prestressed anchor cables with a locked load of 500 kN
over a 72 hour period to acquire additional data for model
development were recorded. The average prestress loss for
each locked load is shown in Table 4.

Table 4 shows that the average prestress loss of the
anchor cable with a tensile load of 750 kN was 183.4 kN over
the first three days. The average prestress loss of the anchor
cable with a 500 kN tensile load was 68.8 kN over the first
three days. From this information, a more ideal prediction
model for the prestress loss over the first three days was
identified such that

2
F 5 = F, —(0.00036672F; — 22.88) } 5)

Fy < 1500kN
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where F3) is the prestress value after three days and Fj is the
initial prestress. For cables where F, is greater than 1500 kN,
further confirmation of the applicability of this model is
required due to the large difference in load from the cables
evaluated here.

Through the previously mentioned analysis, we deter-
mined the optimized prediction model to be

F; = F, —(0.00036672F; - 22.88) —> t =3 )

[ [T

Fy < 1500kN

Once the three unknown quantities of F,, a, and b are
identified, the anchor cable prestress loss over time can be
determined. F, can be obtained after tensioning, and a and b
were obtained from monitoring data. Reliable determination
of these parameters is essential for the accuracy of this
model.

Using the data in Figure 5 as an example, t={1, 2,.. .,10}.
Linear regression of this data was used to obtain a =3.442
and b=2.707. Using the first set of 750 kN anchor cables at
K5+420 as an example and substituting Fy,=750kN,
a=3.442, b=2.707 into equation (6), the prestress data were
predicted according to the following equation:

—> t#3. (7)

t
F =750[1—e (—7”
® *P\ 34421 + 2.707

According to the data presented in Figure 8, the opti-
mized model effectively predicts the long-term loss of an-
chor cable prestress. The actual monitoring data showed
unstable fluctuations in the pretress values due to the in-
fluence of other factors, such as rainfall and construction.

3.5. Suitability Inspection and Model Validation

3.5.1. Inspection of Second-Row 750 kN Cables at K5 +420.
To test whether the model has universal applicability, the
second row of the 750 kN cables at K5 +420 was analyzed.
According to the prediction model, Fy=750kN and re-
gression analysis of the data prior to t = 10 days revealed that
a=2.2 and b=4.828. Substituting into equation (6), the
prestress loss is predicted by equation (8) such that

t

Fo=750|1—exp(——
(1) [ eXp( 221 + 4.828

)] — 3 (8)

Figure 9 shows the comparison of the actual and pre-
dicted data for the second row 750kN cables at K5 pre-
diction model given by equation + 420.

Figure 9 shows that the prediction model is effective as it
is in good agreement with the actual data. Through the
analysis of multiple sets of anchor cables with a locked load
of 750kN, it was determined that the maximum difference
between the predicted data and the measured data was less
than 50 kN, and the error was between 0.04% and 8.9%.
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TABLE 1: 24 h loss

rate of anchor cable.

Anchor root number Maximum loss rate (%)

Minimum loss rate (%) Average loss rate (%)

72 15.93

2.94 9.56

TaBLE 2: 72h loss

rate of anchor cable.

Anchor root number Maximum loss rate (%)

Minimum loss rate (%) Average loss rate (%)

72 32.78

6.09 21.46

TaBLE 3: Long-term loss rate of anchor cable.

Anchor root number Maximum loss rate (%)

Minimum loss rate (%) Average loss rate (%)

72 46.41 10.31 28.30
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FIGURE 5: Prestress monitoring values for first-row 750 kN anchor cable located at K5 +420.
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FIGURE 6: Linear regression of the prestress loss of the first row of 750 kN anchor cables at K5 +420 over time.

3.5.2. Inspection of Second-Row 500 kN Cables at K5 + 365.
For the second-row 500kN cables located at K5+ 365,
Fy=500kN. Regression analysis of the monitoring data
obtained prior to t=10 days revealed that a=3.57 and
b=6.293 for this cable. Substituting into equation (6), the
predicted data was obtained (Figure 10) according to the
following equation:

t
F(t) = 500[1 - eXp(—

———— || — t#3.
3.57t +6.293

)

By analyzing multiple datasets from anchor cables with a
locked load of 500 kN, it was determined that the error of the
model was between 0.04% and 8.9%. Therefore, compared
with the preliminary model, the improved model overcomes
the two major problems—namely, difficulty to predict pre-
stress loss in the first three days and missing data, which can
hinder prediction. The improved model, thus, provides more

accurate and practical predictions for anchor cable prestress
loss.
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FIGURE 7: Linear regression of the prestress loss of the first row of 500 kN anchor cables at K5+ 365 over time.

TaBLE 4: Average prestress loss of prestressed anchor cables over 72h.
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FiGure 8: Comparison of measured data with improved model prediction data for the first row of 750kN anchor cables at K5 +420.
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Ficure 10: Comparison of measured and predicted data for the second row of 500 kN anchor cables at K5 + 365.

4. Discussion

The existing research on prestressed anchor cables has
predominantly focused on the numerical analysis of the
interaction mechanism of anchor cables and rock and soil
masses and on the mechanical deformation of anchor cables.
There are few studies on the dissipation of anchor cable
prestress—an effect which has a significant impact on the
quality, safety, and integrity of a construction or engineering
project. The existing methods for determining the prestress
loss of anchor cables are as follows. The first method is based
on using existing monitoring data to summarize the pre-
stress loss law and perform a qualitative analysis of loss
characteristics. This method lacks generalizability and does
not facilitate quantitative calculation. The second common
method is based on laboratory tests, which are used to
perform a full life cycle study of the prestressed anchor
cables. However, this method is subjected to many ideal
assumptions that are adopted to reduce the research area
when implementing indoor models. The third method is a
process analysis based on the numerical simulation method.
This method requires a number of idealized assumptions,
and the analysis of prestress loss over time has always been a
major barrier to effective numerical simulation. In order to
overcome the shortcomings of the previously mentioned
methods, this paper used a regression analysis of on-site
monitoring data and existing indoor research results to
establish a mathematical model of anchor cable prestress loss
over time based on comprehensive factors. This represents a
significant improvement in modelling of anchor cable
prestress loss compared with previous work. Furthermore,
this study determined that the proposed model has broad
applicability and the fundamental concept behind this model
can be extended to other research methods. This statistics-
based mathematical modelling and optimization approach
overcomes many of the challenges associated with the ac-
curate prediction of anchor cable prestress loss.

The main conclusions of the study are as follows. First,
the loss of anchor cable prestress over time can be divided
into three phases: the rapid decline phase after locking, the

rise phase, and the stable phase. Second, the prestress loss of
the anchor cable is related to rock mass creep, atmospheric
precipitation, and construction methods, with rock mass
creep being the most important factor. Based on these as-
sumptions, the anchor cable prestress overtime can be
expressed by a simple equation (equation (2)). Third, sta-
tistical data were used to improve the prestress loss model, to
obtain the improved model (equation (6)), which effectively
accounts for the accelerated prestress loss in the first three
days. Furthermore, the improved model was obtained using
a small amount of monitoring data, overcoming some of the
challenges associated with lost or missing monitoring data.
This model was used to accurately predict the characteristics
of long-term prestress loss. The improved model had an
error of 0.04% t08.9% between the predicted and measured
values of anchor cable prestress. Thus, compared with the
preliminary model, the improved model overcomes the two
significant challenges of prestress loss being unpredictable in
the first three days and being unable to predict prestress loss
due to missing data.

5. Conclusions

In this study, a mathematical model for the prediction of
anchor cable prestress loss was established based on moni-
toring data and regression analysis. This concept can also be
extended to the analysis and modelling of other similar data.
While this work has made a significant contribution to the
quantitative modelling of prestress loss, a qualitative analysis of
the interaction mechanism between the anchor cable and the
rock and soil body remains to be explored. Finally, it is nec-
essary to carefully consider the influence of rock mass creep,
regional rainfall, and vibration on anchor cable prestress in
order to create an effective prediction model of prestress loss.
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