Ocean Engineering 369 (2026) 128625

FI. SEVIER

journal homepage: www.elsevier.com/locate/oceaneng

Contents lists available at ScienceDirect

ENGINEERING

Ocean Engineering

Research paper

Disturbance effect on interface shear creep behavior of soil anchors

a,b,c,*

Genbao Zhang
Changjie Xu ©

, Tianchong Feng ™, Yibing Liu“, Haibin Ding",

2 College of Civil Engineering, Hunan City University, Yiyang, 413000, China

Y State Key Laboratory of Safety and Resilience of Civil Engineering in Mountain Area, East China Jiaotong University, Nanchang, 330013, China

¢ Hunan Engineering Research Center of Structural Safety and Disaster Prevention for Urban Underground Infrastructure, Yiyang, Hunan, 413000, China
4 School of Civil Engineering, Xiangtan University, Xiangtan, Hunan, 411105, China

€ School of Civil Engineering and Architecture, East China Jiaotong University, Nanchang, Jiangxi, 330013, China

ARTICLE INFO

Keywords:

Grouted soil anchor
Anchor-soil interface
Disturbance-creep model
Disturbance energy ratio
Disturbed state concept

ABSTRACT

Shear creep tests on the anchor-soil interface of grouted soil anchors were carried out under disturbance conditions. A
disturbance energy ratio index was proposed to quantify the degree of shear disturbance on the interface, and the
combined effect of disturbance and shear stress on the creep behavior was investigated. The disturbance-creep
response exhibits four stages: primary creep, secondary creep, disturbance-induced jump, and post-disturbance
creep. The disturbance-induced jump is irreversible, and its magnitude increases with shear stress level. An equiva-
lent creep curve method was developed by minimizing the area deviation before and after the jump. A disturbance-
creep model incorporating disturbance energy ratio and shear stress level was established using the Disturbed State
Concept (DSC). The model showed strong training and prediction performance, with all parameters conforming to a
unified correlation. The initial shear modulus decays sharply under low-stress and low-disturbance conditions, while
the viscosity coefficient decreases significantly with increasing disturbance energy ratio, highlighting the need for field
disturbance monitoring to assess residual anchor service life. This study provides a new tool for quantifying the
disturbance-creep behavior of anchor-soil interfaces and offers valuable insights for the resilience design of coastal

highway slope anchorage systems under environmental disturbances.

1. Introduction

Grouted anchorage systems have been employed as a core technical
means in geotechnical engineering applications such as tunnel support,
slope reinforcement, and deep excavation stabilization due to their excel-
lent load transfer capacity and stability (Ma et al., 2013; Chen et al., 2020;
Dai et al., 2004). In major infrastructure projects such as high-speed rail-
way tunnels and high-steep slopes in mountainous areas, the service life of
anchorage structures is often required to last for several decades or even
longer. As a result, strict requirements are placed on the long-term per-
formance of anchors (Zhao et al., 2020; Yang et al., 2025a, b). The interface
that is formed between the grout body and the surrounding geomaterial is
known to be a critical component governing the stress transfer of anchors.
The creep behavior of this interface is directly linked to the long-term
performance of the anchorage system (Chen et al., 2021).

Coastal highway slopes are exposed to complex service conditions,
posing a dual challenge to the long-term stability of the anchor-soil

interface. Geologically, these slopes are often composed of weathered rock
masses or poorly consolidated sediments, which are characterized by low
strength and high sensitivity to environmental changes (Rahardjo et al.,
2013). In terms of loading conditions, coastal highway slopes are inevi-
tably subjected to multiple environmental disturbances during their ser-
vice life, including traffic-induced vibrations, impacts from rockfalls,
excavation unloading, and rainfall infiltration. As illustrated in Fig. 1.
Among these, traffic-induced vibrations, particularly those generated by
high-speed railway systems, have been extensively studied in the context of
vehicle-track-bridge coupling under seismic conditions (Lai et al., 2025;
Peng et al., 2025). The combined effects of the above disturbances and
unfavorable geological conditions can disrupt the existing long-term me-
chanical equilibrium of the anchor-soil interface, inducing accelerated
creep and strength degradation, and ultimately leading to anchorage fail-
ure. For example, the Xiaomojiu landslide, located in the upper reaches of
the Jinsha River on the Qinghai-Tibet Plateau, experienced long-term creep
deformation of a large deep-seated deposit landslide due to the frequent
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disturbances of long-term river erosion, short-term extreme flood events,
and rainfall-induced surface erosion (Yang et al., 2025a, b). The significant
influence of environmental disturbances on the long-term performance of
anchor-soil interfaces is clearly shown by this case.

To date, the short-term mechanical behavior of soil anchor interfaces
has been investigated by many studies. The effects of different anchor
configuration factors-such as grout strength, anchor surface morphology,
soil/rock type, and tendon material-on the interface shear strength char-
acteristics have been mainly focused on in these investigations (Xu et al.,
2018; Yu et al., 2022, 2025; Teymen and Kili¢, 2018; Zhang et al., 2022,
2026). However, the long-term performance of anchor-soil interfaces has
been studied by only a limited number of investigations. In these few
studies, the influence of soil physical state parameters, such as moisture
content and dry density, on the long-term mechanical response has been
examined (Zhang et al., 2020; Zhu et al., 2023). The effects of environ-
mental disturbances encountered in field conditions have been largely
overlooked, even though such disturbances are common.

In the studies that have addressed the long-term bearing characteristics
of materials under environmental disturbances, the focus has mainly been
placed on single geomaterial media. Physical model tests conducted under
disturbance conditions (such as excavation and vibration) have been used
to reveal the influence mechanisms of disturbance parameters (e.g., in-
tensity and frequency) on the long-term deformation of rock and soil
masses (Chen et al., 2025a, 2025b; Zhao et al., 2024, 2025; Zha et al., 2021;
Niuetal., 2024). However, the anchor-soil interface has not been addressed
in these investigations. This interface constitutes the critical load-transfer
component of an anchor. Therefore, it is still not understood how envi-
ronmental disturbances trigger creep at the anchor-soil interface or how
these disturbances are linked to the loss of the interface's long-term bearing
capacity. As a result, the evolution of the long-term mechanical perfor-
mance of anchor-soil interfaces under disturbance conditions remains
largely unknown.

Fairly mature theoretical models have been established to describe the
creep behavior of single geomaterials (Zhao et al., 2017; Liao et al., 2017).
However, the anchor-soil interface is a composite system. Under environ-
mental disturbances, significant nonlinear time-dependent characteristics
are often exhibited by this interface. Sudden changes in creep rate, pre-
mature onset of tertiary creep, and early interface failure are included in
this complex response. The theoretical modeling of such complex creep
behavior often requires the application of the Disturbed State Concept
(DSC) theory (Desai and Ma, 1992; 2001; Frantziskonis and Desai, 1987). A
single system that can include the complex mechanical behaviors of various
materials is provided by DSC theory. The appropriate limit state models
and disturbance function forms can be flexibly selected based on specific
material characteristics. The capability of DSC to characterize nonlinear,
discontinuous, time-dependent, and disturbance-sensitive responses has
already been confirmed in applications such as long-term tunnel settlement
analysis and rock creep modeling (Zhu et al., 2014; Huang et al., 2020a,
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2020b). However, the application of DSC theory to characterize the creep
behavior of soil anchor interfaces subjected to external disturbances has
not been reported in the literature.

In this study, a series of tests was carried out to investigate the creep
characteristics of anchor-soil interfaces under varying levels of disturbance
energy. From these tests, creep curves corresponding to different combi-
nations of disturbance energy and shear stress were obtained. Then, DSC
theory was introduced to establish a disturbance-creep model for the
anchor-soil interface. Through model parameter identification, the evolu-
tion of interface creep behavior under disturbance conditions was revealed.
The findings of this research are expected to provide an important theo-
retical reference for the prediction of long-term service performance and the
prevention of hazards related to soil-anchored coastal highway slopes.

2. Disturbance-creep tests on anchor-soil interface
2.1. Experiment materials

The preparation of grouted anchor specimens primarily involved
three types of materials: soil, cement mortar, and reinforcement bar. The
soil samples were collected from a reserved land parcel of Hunan City
University in Yiyang, Hunan, China. The collected soils were oven-dried,
crushed, and passed through a 5 mm sieve for later use. Fig. 2 shows the
soil particle-size distribution curve. The cement mortar was prepared
using ordinary portland cement of grade 42.5, with a water-cement ratio
of 0.45. The reinforcement bar was a hot-rolled ribbed bar (HRB400)
with a length of 23 cm and a nominal diameter of 10 mm. One end of the
rebar was equipped with a 3 cm long screw thread to facilitate the
application of pullout load on the anchor. The material parameters of
the soil, cement mortar, and rebar are described in Table 1.
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Fig. 2. Particle-size distribution of the test soil.
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Fig. 1. Anchored coastal highway slope under environmental disturbances: (a) site photograph; (b) schematic diagram.
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2.2. Anchor specimens and test setup

Drawing upon the “element method” concept employed in the load
transfer analysis of anchors (Chen et al., 2015, 2019; Zhang et al., 2024),
the grouted segment of an anchor was discretized into a number of
elemental sections, and one such elemental section was selected for the
preparation of the element-scale anchor specimen. This testing method-
ology has been applied and validated in previous studies conducted by the
authors (Zhang et al., 2020; Zhu et al., 2023; Cai et al., 2024). The di-
mensions of the element-scale anchor specimen are illustrated in Fig. 3.

It should be noted that, in this test, the ratio of the bond length to the
diameter of the grout hole (L/d = 1.67 < 4) satisfies the condition
required for the uniform distribution of anchor-soil interface shear stress
along the element anchor (Benmokrane et al., 1995; Ma et al., 2013).
Furthermore, the ratio of the specimen diameter to the grout hole
diameter (L/d = 6.25 > 5) ensures that the influence of boundary ef-
fects can be neglected (Chen and Zhu, 2024).

The tests were carried out using a specially developed creep pullout
testing setup for element-scale anchors under disturbance conditions, which
was designed by the authors' research group (Zhang et al., 2020; Gao et al.,
2018). This setup is primarily composed of a loading system and a mea-
surement system, as shown in Fig. 4. In the loading system, a combination of
dead weights and a pulley assembly was adopted to achieve the stepwise
application of pullout force. A disturbance in the pullout force was induced
at a given load level by allowing a disturbing weight of a specified mass to
fall freely from a predetermined height, impacting the dead weight corre-
sponding to the current load level. It should be clarified that, in practical
engineering, anchor systems are subjected to various types of environmental
disturbances. The impact method using dead weights employed in this test
was primarily designed to simulate the disturbance of the locked-in prestress
of anchors induced by events such as rockfalls and vehicle collisions. During
the test, the creep displacement and the pullout load were monitored in real
time by a displacement gauge and a load cell, respectively.

2.3. Test design

2.3.1. Definition of disturbance energy ratio

To quantitatively characterize the extent to which environmental
disturbances affect the creep behavior of the anchor-soil interface, an
index termed the “Disturbance Energy Ratio” (R4e) was introduced in
this study. This index was defined as the ratio of the cumulative
disturbance energy (Eq) acting on the anchor-soil interface to the failure
energy (Ef) required for the failure of the anchor specimen under ulti-
mate conditions, which can be expressed as:

Table 1

Properties of materials used in element anchor specimens.
Properties/Description Values/Description
Soil
Specific gravity, G 2.68
Liquid limit, w; (%) 44.3
Plastic limit, w;, (%) 25.2
Maximum dry density, pamax (g/cms) 1.68
Optimum water content, Wop (%) 17.0
Uniformity coefficient, C, 107.0
Coefficient of curvature, C. 3.42
Cohesion, ¢ (kPa) 8.34
Internal friction angle, ¢ (°) 9.29
Cement mortar
Cement type P.0 425
Water/cement ratio (%) 45
Grouting method Gravity
Diameter of grouting hole, d (mm) 48
Reinforcement bar
Tendon type HRB 400
Diameter, dj, (mm) 10
Tensile strength, f; (MPa) 460
Elastic modulus, E;, (GPa) 200
Yield strength, f, (MPa) 380
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For the present test, the specific definition of the disturbance energy
ratio is illustrated in Fig. 5. The disturbance energy E4 was determined
jointly by the times of impacts of the disturbing body (n), the mass of the
disturbing body (m), and the drop height (Ah), such that E; = mg-n-Ah.
This represents the theoretical input energy estimated from the gravi-
tational potential energy. Since the loading apparatus has high rigidity
and the impact duration is short, the energy losses caused by weight
rebound and local contact deformation are relatively small and were
therefore not considered in this study. Failure energy E; is defined as the
product of the ultimate pullout force F, of the anchor specimen and its
corresponding displacement S, i.e., E; = F,-S,, rather than the area
under the complete pullout force-displacement curve. This simplifica-
tion is intended to provide a concise reference energy scale, but may
slightly underestimate the absolute value of Rqe, because the actual area
under the softening curve is smaller than F,-S,. However, since all
specimens share the same geometry and loading configuration, and the
impact mass, drop height, and time interval were kept constant with
only the number of impacts varied, R4 remains a consistent relative
comparison index among different conditions.

Although the definition of the disturbance energy ratio (Rge) was pro-
posed on the basis of the disturbance-creep tests conducted on the anchor-
soil interface, it can be extended to quantify the disturbance effects expe-
rienced by general geomaterials during long-term loading processes. It
should be clarified that R is not intended to establish an equivalent me-
chanical work relationship between E4 and Ey. Instead, it is a dimensionless
normalized index that characterizes the relative magnitude of the external
disturbance energy with respect to the ultimate energy capacity of the
material, This is similar to commonly used normalized indices in engi-
neering, such as stress ratio or safety factor. To verify the applicability of
this definition, a partial statistical survey of existing data from disturbance
uniaxial compression creep tests and direct shear creep tests reported in the
literature (Liu et al., 2021; Wang et al., 2020; Hu et al., 2025; Fan et al.,
2024; Sun et al., 2018; Zhu et al., 2019) was carried out by the authors,
and the corresponding disturbance energy ratios were calculated, as pre-
sented in Fig. 6. It should be clarified that, in the disturbance uniaxial
compression creep tests on rock, the disturbance energy Eq was calculated
from the cumulative input of impact loading, and the failure energy Ef was
taken as the product of the ultimate compressive strength and the corre-
sponding strain. In the disturbance direct shear creep tests on rock, Eq can
be characterized by the shear stress—displacement curve, and Ef was
expressed as the product of the peak shear stress and the corresponding
displacement. From the perspective of statistical distribution characteris-
tics, the disturbance energy ratios of geomaterials in disturbance creep tests
generally follow a log-normal distribution, which is commonly observed in
natural phenomena. Although Ef depends on the anchorage area, the ratio
form of R4 weakens the specimen geometry effect, ensuring good
comparability across different test setups, and to some extent reflecting the
reasonableness of using this index to quantitatively characterize the
disturbance-creep behavior of geomaterials. It should be noted that the
available data are all from impact loads and the sample size is limited;
caution is required when extending this index to non-impact disturbances
or non-geomaterials.

2.3.2. Design of disturbance conditions

Based on the statistical distribution characteristics of the disturbance
energy ratio reported in the literature, combined with the pullout creep
characteristics of element-scale anchor specimens embedded in clayey
soils in the absence of disturbance, the disturbance loading conditions
for the disturbance-creep tests on the anchor-soil interface were
designed, as presented in Table 2. Due to the natural variability of soil
materials, which is much greater than that of homogeneous rock ma-
terials, parallel specimens often exhibit considerable scatter. Therefore,
only one independent specimen was tested for each condition. Such
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Fig. 4. Creep pullout testing setup for element-scale anchor specimen: (a) photograph of actual setup; (b) schematic diagram.
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Fig. 5. Schematic diagram illustrating the definition of disturbance energy ratio in the present test.

specimen variability mainly affects the instantaneous pullout stage, i.e.,
the displacement at the moment of loading may show some deviation; It
is noteworthy that, when the disturbance loading conditions adopted in
this test were incorporated into the statistical distribution shown in
Fig. 6, the corresponding disturbance energy ratios were found to be
located near the mean value of the log-normal distribution. This
observation provides additional support for the reasonableness of the
disturbance condition design employed in the present test.

2.3.3. Design of loading strategy

To conduct the pullout creep tests on the element-scale anchor
specimens embedded in clayey soils, a stepwise loading strategy for the
pullout force was required to be determined. Short-term (rapid) pullout
tests were first carried out on element-scale specimens prepared from

the same batch. From these tests, the pullout force-displacement curves
of the specimens were obtained, and the peak pullout force was further
determined (as illustrated in Fig. 5). Subsequently, load levels corre-
sponding to 48%, 57%, 66%, 75%, 84%, and 91% of the ultimate pullout
force were selected as the load levels for the pullout creep tests. The
holding period for each load level was designed as 48 h. After each load
level was applied and held for 24 h, a disturbance load was applied, with
a disturbance time interval set to 5s. Once the disturbance application
was completed, the specimen continued to sustain the load until the
holding period was fulfilled. The next load level was then applied, and
the aforementioned disturbance application procedure was repeated.
The specific loading strategy is illustrated in Fig. 7.
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Table 2
Test design for disturbance loading conditions.

Specimen Number of Disturbance energy Disturbance energy
ID impacts N EQW) ratio Rge

A0 0 0 0

Al 3 0.6 0.58

A2 6 1.2 1.16

A3 9 1.8 1.74

A4 12 2.4 2.32

A5 15 3.0 2.90

A6 18 3.6 3.48

2.4. Test procedures

2.4.1. Preparation of element-scale specimens

To ensure the consistency of the element-scale anchor specimens to
the greatest extent possible, the specimen preparation process in this test
followed a standardized five-step procedure. The specimen morphology
corresponding to each step is illustrated in Fig. 8.

(1) Moisture content conditioning: The soil samples collected from
the field were crushed and passed through a 5mm sieve. The
sieved soil was then spread evenly on trays and placed in an oven
at 105°C for continuous drying over a period of 8h to ensure
complete desiccation. After the soil material was cooled to room
temperature in a desiccator, a predetermined amount of distilled
water was uniformly sprayed onto the soil using the atomization
method to achieve the natural moisture content of 24%.

(2) Moisture equilibration: The moisture-conditioned soil material was
sealed in plastic bags and allowed to equilibrate for 24 h to ensure
adequate migration and uniform distribution of moisture within the
soil mass.

Disturbance

 Pullout force |

0 48 96 144 t/h

Fig. 7. Design of loading strategy for disturbance-creep tests.
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(3) Soil blank preparation: The layered compaction technique was
employed to control the dry density of the soil. The required
amount of soil material was weighed according to the designed
dry density and placed into the mold in multiple layers. Each
layer was compacted individually, and the surface of each com-
pacted layer was scarified to ensure proper contact between
adjacent layers, thereby producing a homogeneous soil blank.

(4) Grout injection into anchor hole: Cement mortar was injected
into the preformed anchor hole within the soil blank. The pres-
sure grouting method was adopted to form the grout body,
ensuring that the grout was densely compacted and that a well-
bonded interface was formed with the surrounding soil.

(5) Curing: The prepared specimens were placed in a constant-
temperature curing room and allowed to cure undisturbed for
72 h. This curing period was intended to allow the grout body to
attain initial strength while maintaining a stable moisture content
within the soil mass.

2.4.2. Loading and measurement

The disturbance-creep characteristics of the anchor-soil interface in
clayey soils were investigated through pullout creep tests conducted on
element-scale specimens. The tests specifically involved a two-stage
loading procedure, consisting of the application of a constant pullout
force corresponding to the interface shear stress and a subsequent
impact load corresponding to the interface disturbance shear stress. The
overall loading procedure was carried out as follows.

(1) Specimen installation: The element-scale anchor specimen was first
positioned centrally within the testing frame and fixed to the frame
using an acrylic cover plate and bolt assemblies. Subsequently, the
centering device, displacement gauge, and load cell were installed,
as illustrated in Fig. 4. It should be noted that, in order to minimize
the influence of ambient temperature and humidity fluctuations on
the moisture content of the soil during the test, a layer of petroleum
jelly was uniformly applied along the interface between the sidewall
of the soil specimen and the surrounding air.

Data acquisition: The displacement gauge and the load cell were

connected to a data acquisition system to enable real-time moni-

toring of displacement and load variations during the creep process.

During the creep loading stage, displacement data were automati-

cally recorded by the system at 1-min intervals, with an acquisition

accuracy of 0.01 mm, which was deemed sufficient to meet the
observational requirements for interface creep deformation.

(3) Application of stepwise loads: In accordance with the design of
disturbance conditions shown in Fig. 6 and the design of the
loading strategy illustrated in Fig. 7, the stepwise loads and the
corresponding disturbance loads were applied.

(4) Termination of loading: Step (3) was repeated until creep failure
of the specimen occurred under the final load level.

(2

—

3. Test results and analysis
3.1. Complete creep curves under disturbance

The complete disturbance-creep curves obtained from typical spec-
imens A2 and A4 are presented in Fig. 9, corresponding to disturbance
energy ratios Rqe of 1.16 and 2.32, respectively. The complete creep
curves for the remaining specimens are provided in Appendix A. It
should be clarified that the pullout load applied to the element-scale
anchor specimen has been converted into the average shear stress
level along the anchor-soil interface through the assumption of uniform
shear stress distribution over the surface of the element-scale specimen.

An examination of the common characteristics of the disturbance-creep
curves under a single load level reveals that the disturbance load induces a
small abrupt increment in creep displacement, resulting in a four-stage
feature as illustrated in Fig. 10. These four stages are identified as primary
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Fig. 8. Preparation procedure for element-scale anchor specimen: (a) moisture content conditioning; (b) moisture equilibration; (c) soil blank preparation; (d) grout
injection into anchor hole; (e) curing.

creep, secondary creep, disturbance-induced jump, and post-disturbance
creep. The specific behavior observed in each stage is described as follows.

@

(2

(3)

Primary creep stage: At the instant of load application, an
instantaneous elastic deformation is produced in the specimen,
and the creep deformation rate reaches a local maximum. Sub-
sequently, under the action of a constant load, the deformation
rate gradually decreases with elapsed time, and the interface
progressively enters a steady-state development phase.
Secondary creep stage: Continuous deformation of the interface is
generated at an approximately constant creep rate. The creep rate
is governed by the level of interface shear stress. As the shear
stress level increases, the creep rate correspondingly increases,
exhibiting a clear stress-dependent behavior.
Disturbance-induced jump stage: At the instant the disturbance
load is applied, an irreversible small abrupt change occurs in the
interface creep. With an increasing number of disturbances, these
abrupt changes accumulate to form a distinct creep jump. The
magnitude of the abrupt change is positively correlated with both
the disturbance energy and the shear stress level. Specifically, the
greater the disturbance energy or the higher the shear stress, the
more pronounced the displacement increment induced by a sin-
gle disturbance becomes. Additionally, the force fluctuation
induced by each impact stabilizes within approximately 1,

(a)

S
Ry=1.16
A2 3

7,=1038kPa 7,=12.43kPa
7;=14.53kPa 7,~16.61kPa
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Fig. 10. Four-stage characteristics of disturbance-creep curve under a single
load level.

indicating that the interface quickly re-establishes equilibrium
after disturbance without sustained stress concentration.

(4) Post-disturbance creep stage: During this stage, the creep rate is

~
o
~

5 w b

Displacement(mm)

approximately zero, and the influence of the shear stress level and
disturbance energy on the creep rate is no longer significant. The
displacement increment during this stage is nearly zero, which
further confirms that the interface shear stress remains uniform after
impact.

’ Ry=2.32

A4
7,=10.38kPa 7,=12.43kPa
7=14.53kPa 7,=16.61kPa
z=18.69kPa

L]

150

50 100 200

Time(h)

Fig. 9. Complete disturbance-creep curves of anchor-soil interface: (a) Specimen A2; (b) Specimen A4.
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3.2. Equivalent creep curves

In order to quantify the influence of the disturbance-induced jump on
the creep characteristics under each load level, a power function was
adopted to perform an equivalent fitting of the three stages-namely, sec-
ondary creep, disturbance-induced jump, and post-disturbance creep-on
the basis of the overall trend analysis of the disturbance-creep curves.
Through this fitting procedure, the original curves were transformed into a
single equivalent creep curve, as illustrated in Fig. 11.

The power function employed for the equivalent creep curve is
expressed as follows:

f(x):ax%—&-bx—&-c ()]

Where q, b, and ¢ are equivalent parameters. This power function was
selected because its x!/2 term captures the decelerating secondary creep, the
linear term bx reflects the steady-state trend, and the constant term c rep-
resents the initial displacement, consistent with the observed creep devel-
opment. With only three parameters, it simplifies the constrained
optimization and avoids over-parameterization. Compared with exponen-
tial and hyperbolic functions, it is simpler in form and does not introduce
extra inflection points or oscillations, thereby preserving the original vari-
ation trend.

The parameters a, b, and ¢ were determined by a constrained nonlinear
least-squares method under four constraint conditions: (1) the equivalent
curve must pass through the starting point of the secondary creep stage; (2)
the equivalent curve must pass through the end point of the post-disturbance
creep stage; (3) the equivalent curve must pass through the midpoint of the
disturbance-induced jump stage; and (4) the relative difference between the
areas S; and S, enclosed by the equivalent curve and the secondary creep
stage and the post-disturbance creep stage, respectively, shall not exceed
1%. It should be noted that the use of an area-difference criterion for
parameter identification is not new; similar approaches have been adopted
in previous studies for curve fitting and creep parameter extraction (Qamar
and Wilayat Husain, 1993; Campbell et al., 2017). Initial values of a, b, and c
were obtained by linearizing the function with respect to the three constraint
points. The iteration was considered converged when the relative change in
the objective function between two consecutive iterations was less than 0.1
and the area-difference constraint was satisfied.

The four-stage creep curves corresponding to different load levels
were first processed using Chen's loading method (Chen and Kang,
1991). Subsequently, the processed curves were transformed using the
aforementioned equivalent method, thereby yielding the separate
loading creep curves for the anchor-soil interface under different
disturbance conditions, as shown in Fig. 12.

P,: Start point of secondary creep stage
P,: Midpoint of the disturbance-induced jump stage
P;: End point of the post-disturbance creep stage

1 s
f(x)=ax’+bx+c Sy
E ,—"——‘—gl P2
= e
|
2 1S1— 5,
El/lp <0.01
3 1
o
A = Original test curve
=== Equivalent creep curve
O Area
Time(h)

Fig. 11. Schematic diagram illustrating the transformation into equivalent
creep curve.
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3.3. Total creep displacement under different disturbance conditions

To investigate the influence of disturbance on the creep behavior of the
anchor-soil interface, the corresponding total creep displacement (i.e., the
maximum creep displacement on the curve) was extracted from the sepa-
rate loading creep curves presented in Fig. 12. From these data, the vari-
ation of the total creep displacement with the disturbance energy ratio
under different shear stress levels was obtained, as illustrated in Fig. 13. It
should be clarified that, when the disturbance energy ratio was relatively
large (exceeding 1.16), shear failure of the element-scale specimen
occurred under the fifth load level (shear stress of 18.69 kPa). Conse-
quently, the total creep displacement corresponding to the fifth load level
could not be monitored during the test, and only three data points under
lower disturbance energy ratios are presented for this load level.

An examination of Fig. 13 reveals the following observations. At
relatively low shear stress levels (e.g., 10.38 kPa and 12.43 kPa), the total
creep displacement is not significantly sensitive to variations in the
disturbance energy ratio, and the overall variation amplitude is relatively
small. This behavior reflects that, under low shear stress conditions, the
disturbance toughness of the anchor-soil interface is relatively high, and
no appreciable damage occurs at the interface. With an increase in the
shear stress level, a trend of increasing total creep displacement with
increasing disturbance energy ratio becomes progressively apparent, and
the rate of increase becomes more pronounced. Specifically, the in-
crements corresponding to the respective shear stress levels are 0.06 mm,
0.19 mm, 0.32 mm, 0.89 mm, and 0.47 mm, respectively. This indicates
that, under higher shear stress conditions, the disturbance toughness of
the anchor-soil interface gradually decreases, and irreversible damage
accumulation progressively develops at the interface.

4. DSC-based disturbance-creep model for anchor-soil interface

According to the Disturbed State Concept (DSC) theory, the macroscopic
response of a material is regarded as a weighted combination of two limit
responses: the relatively intact (RI) state and the fully adjusted (FA) state,
with a continuous transition between them achieved through a disturbance
function. Given that the disturbance damage accumulation at the anchor-
soil interface during the creep process is fully consistent with this funda-
mental principle, and that this theory has been effectively applied to the
characterization of the long-term bearing behavior of the anchor-soil
interface (Zhu et al., 2023; Cai et al., 2024), the DSC theory is further
extended in this study to the disturbance-creep behavior of the anchor-soil
interface. Unlike existing studies that mainly address short-term or static
loading, this work focuses on the progressive degradation of the interface
from the RI state to the FA state under external disturbances, based on which
the corresponding disturbance-creep model is established.

4.1. Model establishment

Based on the DSC theory, the anchor-soil interface is considered to be
composed of two types of randomly distributed units: those in the RI state
and those in the FA state. The RI units represent the initial undisturbed
state, in which the structural integrity is well preserved. The FA units
correspond to the limit state in which the structure has been fully damaged
and hasreached a stable condition after sufficient disturbance. At the initial
moment, all units are in the RI state. As the load is applied or the distur-
bance is intensified, the RI units are gradually transformed into FA units.
These two types of units work together, and the macroscopic mechanical
response is governed jointly by the dynamic adjustment of their pro-
portions and the corresponding sharing of stress.

For the disturbance-creep conditions of the anchor-soil interface
examined in the present test, the RI and FA units are required to satisfy a
displacement compatibility condition, i.e., the two types of units sustain
the load simultaneously. Under this condition, the interface shear creep
displacement can be taken as the sum of the contributions from the two
states. Consequently, a DSC-based interface creep model was established
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Fig. 12. Separate loading creep curves of anchor-soil interface under different disturbance conditions (a) Specimen AOQ; (b) Specimen Al; (c) Specimen A2; (d)
Specimen A3; (e) Specimen A4; (f) Specimen A5; (g) Specimen A6.

by connecting the rheological models corresponding to the two states in . N
series, as illustrated in Fig. 14. This series configuration can not only cap- { =1t :RI A 3)
ture the elastic-viscoelastic creep behavior of the RI state but also char- $=(1=Dy)s" +Dis

acterize the plastic-viscoplastic creep response of the FA units.
Accordingly, the model is capable of effectively describing the develop-
ment process of the anchor-soil interface from instantaneous deformation
to steady-state creep under the action of shear stress. The mathematical
expression of this model is given in Eq. (3).

where D is the disturbance function; s} is the shear displacement of the
anchor-soil interface in the RI state; s* is the shear displacement of the
anchor-soil interface in the FA state; 7} and 7" are the shear stresses at
the anchor-soil interface in the RI state and the FA state, respectively;
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Fig. 13. Relationship between total creep displacement and disturbance energy
ratio under different shear stress levels.

and s and 7 are the shear displacement and the shear stress at the anchor-
soil interface measured in the disturbance-creep tests, respectively.

4.1.1. RI state

At the early stage of service, the mechanical behavior of the anchor-
soil interface is governed primarily by the intact cementation and
interlocking effects. Its creep response exhibits a typical primary creep
characteristic: the creep rate gradually decreases with elapsed time and
eventually approaches a stable value. The physical mechanism under-
lying this characteristic lies in the fact that the shear band at the anchor-
soil interface undergoes self-stabilizing time-dependent structural
adjustment, rather than irreversible macroscopic slip. As a constitutive
model capable of simultaneously characterizing time-dependency and
deformation self-stabilization, the Kelvin model yields a mechanical
response of strain rate decay and stabilization that is highly consistent
with the physical mechanism described above. Accordingly, the Kelvin
model can be adopted to describe the relatively intact (RI) state of the
anchor-soil interface. The corresponding creep equation is expressed as:

Rip_ |1 _Et
S —

Where E; is the interface shear modulus; and 7, is the interface shear
viscosity coefficient.

4.1.2. FA state

When the anchor-soil interface reaches the fully adjusted (FA) state as a
result of accumulated damage, its cementation effect is essentially lost.
Under this condition, the applied load is transferred primarily through a
friction-dominated macroscopic slip mechanism. The creep behavior en-
ters a stage in which deformation develops at an approximately constant
rate (i.e., secondary creep), while a certain elastic response capability is still
retained. To describe the creep behavior in this state, the constitutive creep
model is required to meet two conditions: first, it must be capable of rep-
resenting long-term steady viscous flow to simulate the continuous slip;
and second, it must incorporate an instantaneous elastic response to
characterize the elastic adjustment of the slip surface contacts. The
constitutive equation of the Maxwell model naturally decouples instanta-
neous elastic deformation from linear viscous flow. Both its mathematical
form and the underlying physical mechanism can accurately correspond to
the macroscopic slip state described above. Therefore, the Maxwell model
can be adopted to describe the FA state of the anchor-soil interface. The
corresponding creep equation is expressed as:

RIPart —~ FAPart o —
T T

Fig. 14. RI-FA series model for disturbance-creep of anchor-soil interface.
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Where E, is the interface shear modulus; and 7, is the interface shear
viscosity coefficient.

4.1.3. Disturbance function

The disturbance function D reflects the degree of disturbance expe-
rienced by the anchor-soil interface under external loading through the
load-sharing proportion between the Rl-state and FA-state units. Its
value ranges between 0 and 1. A larger value of D indicates a higher
degree of disturbance. When D = 0, no disturbance exists at the anchor-
soil interface, and all units remain in the RI state. When D = 1, the
anchor-soil interface is fully disturbed, and all units have been trans-
formed into the FA state. The disturbance function D of the anchor-soil
interface is defined as the ratio of the number of damaged interface units
ng to the total number of interface units n, which is expressed as:

" n

D ©

It is assumed that the strength of the individual interface units fol-
lows a Weibull distribution (Baghini et al., 2018; Huang et al., 2020a),
with the probability density function f(x) given by:

o2 el 2]

Where 5 and ¢ are probability parameters.
When the shear displacement is, the number of damaged interface
units n¢ can be determined as:

nf:/Osn-f(x)dx:n-{l—exp{—(%)?} 8)

By substituting Eq. (8) into Eq. (6), the expression for the disturbance
function D can be obtained as:

)

The fundamental nature of creep tests lies in the continuous accumu-
lation of interface damage with elapsed time. To characterize this time
effect, a time variable must be introduced within the DSC framework to
describe the progressive evolution of damage from the initially intact state
to the fully adjusted state. In creep tests, the shear stress is constant and the
interface shear displacement increases monotonically with time; therefore,
the displacement s can be regarded as a monotonic function of time t. Based
on this relationship, the displacement-based disturbance function can be
converted into a time-dependent form, thereby establishing a quantitative
relationship between the degree of disturbance and creep time.

Accordingly, the time-dependent disturbance function Dy is defined
as the ratio of the number of FA-state anchor-soil interface units to the
total number of units, and its expression is given by:

D =1—exp {— (é) q (10)

It should be noted that micro-units in the interface have random
strengths; under disturbance, weaker units fail first and transform into
the FA state, with cumulative failure following a Weibull distribution.
Since displacement and time are monotonically related, replacing
displacement with time preserves this statistical law, so the Weibull
form remains applicable.

In accordance with the RI-FA series modeling logic of the DSC theory
(Fig. 14), the DSC-based disturbance-creep model for the anchor-soil
interface can be obtained by substituting Egs. (4), (5) and (10) into
Eq. (3), as illustrated in Fig. 15. The corresponding mathematical
expression is given by:
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s(t) =exp {7 <£>ﬁ} z (1 - exp( — E—lt)>
a/ | Ey m
(o )2
a Ey 1y
Where E; , Ex , 1, , 5 , @ and g are the model parameters to be
determined.

A further analysis of the displacement response corresponding to the
DSC-based disturbance-creep model for the anchor-soil interface is pre-
sented in Fig. 16. It can be observed that, at the initial stage of creep, the
RI-state components dominate the anchor-soil interface, and the visco-
elastic behavior described by the Kelvin model plays a predominant role.
Under this condition, the interface shear displacement increases slowly
with elapsed time and tends to stabilize within this stage, indicating that
the shear band at the anchor-soil interface is undergoing elastic adjust-
ment and delayed deformation. As the disturbance function D; gradually
increases, the proportion of FA-state components at the anchor-soil
interface progressively rises, and the viscoplastic flow behavior
described by the Maxwell model becomes increasingly apparent. Corre-
spondingly, the creep rate tends to stabilize, indicating that the anchor-
soil interface has entered the secondary creep stage. As the disturbance
function D; approaches its limit value, the anchor-soil interface is essen-
tially fully transformed into FA-state components, and the creep rate re-
mains constant, suggesting that the anchor-soil interface has entered a
continuous slip stage. It should be noted that the model does not include
an explicit criterion for accelerated creep or failure. The above analysis
focuses on the primary and secondary creep stages.

(€8]

5. Discussion
5.1. Model parameter identification

To identify the parameters of the DSC-based disturbance-creep
model for the anchor-soil interface, the proposed model was adopted to
characterize the disturbance-creep response of Specimen Al (corre-
sponding to a disturbance energy ratio of 0.58 and a shear stress level of
18.69 kPa). The characterization results are presented in Fig. 16. The
model parameters identified through this process are as follows: E; =
35.0kPa.mm™1,E; =6.4kPamm™!,n, =8.4kPa.mm™!,n, = 6006.0kPa.
mm~!, a = 0.36, and 8 = 0.33. By employing the identified parameter
values, the creep responses of the anchor-soil interface in the fully RI
state and the fully FA state were further obtained using Egs. (4) and (5),
respectively (see Fig. 17).

5.2. Effect of disturbance energy ratio

To further investigate the influence of disturbance on the creep
characteristics of the anchor-soil interface, a sensitivity analysis of the
model parameters under varying disturbance energy ratios was con-
ducted using the DSC-based disturbance-creep model for the anchor-soil
interface. Furthermore, a disturbance-creep model incorporating the
effect of the disturbance energy ratio was established. The specific
procedure is outlined below, taking the specimens under a shear stress
level of 16.61 kPa as an example.

RI Part (1-D,
7Ty, FAPat(Dy
e AA LB Mmoo
s WY .
] -+
T M= b Pt
g LC e
L My J

Fig. 15. Structure of the DSC-based disturbance-creep model for anchor-
soil interface.
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Fig. 16. Displacement response of the DSC-based disturbance-creep model for
anchor-soil interface.

(1) The disturbance-creep curves of the anchor-soil interface for seven
groups of specimens under a shear stress level of 16.61 kPa, cor-
responding to different disturbance energy ratios, were first
divided into a training set (corresponding to Rg4. values of 0, 0.58,
1.74, 2.32, and 3.48) and a validation set (corresponding to Rge
values of 1.16 and 2.90). The training set covers the full range from
no disturbance to relatively high disturbance and provides
comprehensive information for parameter calibration. The vali-
dation set lies within this range and was not involved in calibra-
tion, and is used to examine the interpolation prediction capability
rather than extrapolation. It should be noted that the disturbance
energy ratio corresponding to the validation case of 2.90 exceeds
approximately 79% of the data compiled in this study, representing
a relatively high disturbance level, which may to some extent
reflect the generalization capability of the model.

The DSC-based disturbance-creep model for the anchor-soil
interface was employed to fit the five curves in the training set.
The fitting results are presented in Fig. 18, and the corresponding
values of the six model parameters (E;, Ea, 11, 112, @, ) were ob-
tained, as summarized in Table 3.

(2)

As shown in Table 3, the fitting accuracies of the DSC-based distur-
bance-creep model for the training data under a shear stress level of
16.61 kPa all exceeded 0.9, and the prediction accuracy for the valida-
tion data also exceeded 0.85. These results validate the capability of the
proposed model to characterize the creep response of the anchor-soil
interface under different disturbance conditions. However, it should
be noted that the correlation matrix of the fitted parameters indicates
that some parameter pairs are strongly correlated, and the confidence
intervals for these parameters are relatively wide. This is a common
phenomenon in nonlinear creep models. It can be attributed to inherent

3
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B
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Fig. 17. Characterization results of the DSC-based disturbance-creep model for
the creep response of Specimen Al.
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Fig. 18. Training and prediction of the DSC-based disturbance-creep model for
anchor-soil interface under different disturbance energy ratios.

coupling and compensation effects between parameters, as well as
overlapping functions of some parameters in controlling the creep
response. Furthermore, the limited number of creep tests restricts the
independent information available for uniquely identifying all
parameters.

(3) Based on Table 3, the evolution of each model parameter with the
variation of the disturbance energy ratio was further analyzed, and the
corresponding correlations were established, as illustrated in Fig. 19.

With increasing disturbance energy ratio Rge, the model parameters
exhibited distinct trends. The parameter a decreased continuously,
reflecting a transition from strain hardening to strain softening that
becomes progressively dominant under high disturbance energy. The
parameter f increased continuously, with a relatively rapid rate at the
initial stage, indicating accelerated damage accumulation. The interface
shear modulus E; decreased sharply at first and then approached a re-
sidual value, suggesting that even a small disturbance can transform
near-surface units into the fully adjusted state and cause an abrupt
stiffness reduction. In contrast, E; remained stable and was insensitive to
disturbance. The interface shear viscosity coefficient 7; showed an
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initially slow decrease followed by an accelerated decline, revealing a
threshold in damage accumulation. The viscosity coefficient 7
decreased continuously and was highly sensitive to disturbance, indi-
cating that long-term creep behavior strongly depends on the state
transformation of the interface, once it begins, the long-term creep
resistance is significantly weakened.

(4) By substituting the established correlations between the model pa-
rameters and the disturbance energy ratio into the model function,
the disturbance-creep model for the anchor-soil interface incorpo-
rating the effect of the disturbance energy ratio under a shear stress
level of 16.61kPa was obtained. The corresponding function is
expressed as Eq. (12):

s-on () 5 (-ow() )+ (1-e |-G ]) <1,
a=0.54exp(—0.14R4.)+0.01
#=0.20R4."*%+0.14
E;=98.33exp(—4.01R4.)+30.66
E;=12.94exp(—(Rg.—2.10)/20.78)
7, =—0.29R4e>%*+9.23
17,=9799.77exp(—0.82R4.)+872.73

12)

5.3. Effect of shear stress level

To further investigate the influence of shear stress level on the
disturbance-creep characteristics of the anchor-soil interface, a sensi-
tivity analysis of the parameters of the DSC-based disturbance-creep
model for the anchor-soil interface was conducted under varying shear
stress levels. Furthermore, a disturbance-creep model incorporating the
effect of shear stress level was established.

Following a modeling procedure similar to that presented in Sect.
5.2, the disturbance-creep curves corresponding to five different shear
stress levels were divided into a training set (shear stress levels of
10.38 kPa, 12.43 kPa, 16.61 kPa, and 18.69 kPa) and a validation set
(shear stress level of 14.53 kPa), taking the specimens under a distur-
bance energy ratio of 1.16 as an example. The values of the model pa-
rameters are summarized in Table 4, and the training and prediction
performance of the model is illustrated in Fig. 20. It can be observed that
the training accuracy of the model reached 0.85, and the prediction
accuracy reached 0.89, thereby validating the capability of the proposed
model to characterize the creep response of the anchor-soil interface
under different shear stress levels.

Based on Table 4, the correlations between the model parameters
and the shear stress level were established, as illustrated in Fig. 21.

With increasing shear stress level 7, the model parameters exhibited
distinct evolution trends. The parameter a decreased gradually and
continuously, reflecting a steady transformation of more units into the

Table 3

Parameter values of the DSC-based disturbance-creep model for anchor-soil interface (corresponding to a shear stress level of 16.61 kPa).
Rge Model parameters R? RMSE

a B Ey (kPa.mm ) E, (kPa.mm’l) m (kPa-h) n2 (kPa-h)

Fitting
0 0.53 0.14 132.1 11.7 9.1 10500 0.90 0.093
0.58 0.51 0.31 38.4 11.8 8.9 7534 0.93 0.042
1.74 0.44 0.40 30.2 13.5 8.3 3541 0.92 0.082
2.32 0.43 0.48 30.1 13.0 8.1 1896 0.91 0.036
3.48 0.31 0.60 40.4 12.3 2.0 1645 0.92 0.077
Prediction
1.16 0.47 0.36 31.6 12.4 8.8 4655 0.85 0.059
2.90 0.37 0.49 30.6 12.5 3.5 1768 0.89 0.094

11
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fully adjusted state without abrupt changes. The parameter f increased
gently, with no distinct acceleration stage, far less pronounced than the
exponential acceleration induced by disturbance energy. The interface
shear modulus E; showed an initial sharp decay followed by a residual
value; compared with the disturbance-induced decay, this decay was
gentler in the low-stress range and more continuous. The interface shear
modulus E; decayed exponentially and sharply, a dominant effect
unique to 7. Its plastic hardening capacity depended strongly on stress
level and was almost entirely lost at high stress levels, although a re-
sidual friction modulus remained. The interface viscosity coefficient #;
decreased uniformly without a threshold, suggesting that the regulation
of short-term viscosity by 7 is closer to a linear relationship, unlike the
disturbance-induced decrease. The parameter 75 also decreased contin-
uously and was sensitive to disturbance, though the magnitude of
variation under 7 was smaller than that induced by disturbance energy.
By substituting the established correlations between the model pa-
rameters and the shear stress level into the model function, the
disturbance-creep model for the anchor-soil interface incorporating the
effect of shear stress level under a disturbance energy ratio of 1.16 was
obtained. The corresponding function is expressed as Eq. (13):
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«-exp () [ (e (5 )+ (-0 - ()] ) ()
a=47.777"17+0.02
$=0.147"%_0.065
E;=56.96/(r—10.13)+25.77
E»=3513.00exp(—0.297)—30.00
7, =845.18:1%-0.16
11,=1131.00exp[—0.58(r—10.38)]+-3909.00
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5.4. Combined effect of disturbance energy ratio and shear stress level

The DSC-based disturbance-creep model for the anchor-soil interface
was adopted to characterize all the creep curves obtained from the tests,
and the corresponding values of the model parameters for each curve
were determined, as presented in Appendix B.

To analyze the combined effect of the disturbance energy ratio and
the shear stress level on the creep response of the anchor-soil interface, a
three-dimensional response surface was employed to describe the evo-
lution of each model parameter with variations in the disturbance en-
ergy ratio and the shear stress level, as illustrated in Fig. 22.

A further analysis of Fig. 22 reveals that the variation of each model
parameter with the disturbance energy ratio and the shear stress level
conforms to a unified correlation, i.e., it can be described by a single
function. This observation further indicates that the DSC-based distur-
bance-creep model for the anchor-soil interface proposed in this study
possesses a favorable generalization capability. The specific function
form is expressed as:
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Fig. 20. Training and prediction of the DSC-based disturbance-creep model for
anchor-soil interface under different shear stress levels.

Table 4

Parameter values of the DSC-based disturbance-creep model for anchor-soil interface (corresponding to a disturbance energy ratio of 1.16).
7 (kpa) Model parameters R? RMSE

a B E;, (kPa.mm™1) E, (kPa.mm™1) n (kPa-h) 112 (kPa-h)

Fitting
10.38 0.90 0.30 254.6 150.2 19.2 5124 0.85 0.015
12.43 0.71 0.31 50.2 45.1 11.3 4312 0.91 0.030
16.61 0.47 0.37 35.4 10.9 8.6 4112 0.93 0.047
18.69 0.31 0.38 31.2 7.0 8.1 3914 0.90 0.120
Prediction
14.53 0.51 0.35 38.7 21.0 9.9 4010 0.89 0.028
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Where y represents a specific model parameter; and a, b, ¢ and d are the
undetermined coefficients of the function. The specific values of these co-
efficients corresponding to each model parameter are summarized in
Table 5

By combining Fig. 22 with the unified correlation of the model pa-
rameters, the mechanism by which the disturbance energy ratio and the
shear stress level jointly influence the disturbance-creep response of the
anchor-soil interface can be further analyzed.

Parameter a decreases continuously, indicating a transition from
strain hardening to strain softening, loss of plastic deformation capacity,
and increased brittle failure risk; its value can serve as a reference for
evaluating interface embrittlement. Parameter f increases exponentially
with shear stress level and Rge, reflecting accelerated damage; it can
serve as a reference index for assessing whether the anchorage system is
approaching instability, and when f rises rapidly beyond a threshold,
timely reinforcement or unloading measures should be taken.

Shear modulus E; decreases sharply under low stress and low
disturbance and then approaches a residual value, reflecting degrada-
tion of initial elastic stiffness; in slope reinforcement, attention should
be paid to early-stage stiffness reduction, with a higher safety factor or
strengthened near-surface structure. Shear modulus E; decays expo-
nentially mainly with shear stress level and is insensitive to disturbance
energy, indicating that plastic hardening capacity is controlled almost
entirely by shear stress level; in permanent anchor design, Es should be
reasonably reduced according to the anticipated shear stress level to
avoid overestimating residual strength.

Viscosity coefficient ;1 decreases with increasing shear stress level
and Rge, and the decrease accelerates after the disturbance energy

14)
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exceeds a threshold; for coastal highway slope anchors subjected to
frequent disturbances, high-viscosity grouting materials or improved
interface roughness should be adopted to delay deformation. Viscosity
coefficient #y is most sensitive to disturbance, decreasing sharply with
increasing Rqe and closely related to the creep rate. A substantial
decrease in 7 accelerates deformation even in the secondary creep
stage, which may lead to prestress loss and excessive deformation. Using
the proposed model with field-monitored disturbance energy, the trend
of 75 can be preliminarily estimated to provide a reference for long-term
performance assessment of the anchorage system.

6. Conclusions

In this study, shear creep tests on the anchor-soil interface of grouted
anchors embedded in clayey soils were carried out under different
disturbance conditions, and the evolution of the interface creep behavior
under the combined action of disturbance and shear stress was system-
atically investigated. Based on the Disturbed State Concept (DSC), a
disturbance-creep model capable of comprehensively incorporating the
effects of both the disturbance energy ratio and the shear stress level was
established. The main conclusions drawn from this study are as follows.

(1) From an energy perspective, an index termed the disturbance
energy ratio was proposed. This index effectively characterizes
the proportional relationship between the shear disturbance
acting on the anchor-soil interface and the ultimate bearing ca-
pacity of the interface, thereby providing a unified quantitative
index for evaluating the influence of shear disturbance on the
long-term bearing performance of the anchor-soil interface.
The disturbance-creep process of the anchor-soil interface can be
divided into four stages: primary creep, secondary -creep,
disturbance-induced jump, and post-disturbance creep. The appli-
cation of a disturbance load induces an irreversible creep jump, and
the magnitude of this jump increases with increasing shear stress
level.

(3) An equivalent creep curve method was proposed by minimizing
the area deviation between the creep curves before and after the
disturbance-induced jump. This method transforms the
disturbance-creep curve into a creep curve free of disturbance-
induced jumps, thereby providing benchmark data for the theo-
retical modeling of disturbance-creep behavior.

(4) ADSC-based disturbance-creep model for the anchor-soil interface
was established, which can comprehensively incorporate the ef-
fects of both the disturbance energy ratio and the shear stress level.
The model demonstrated a significant performance in both
training and prediction with respect to the experimental data, and
the model parameters were found to conform to a unified corre-
lation with the disturbance energy ratio and the shear stress level.

(5) Among the parameters of the disturbance-creep model for the
anchor-soil interface, the initial shear modulus E; undergoes a
sharp decay under low-stress and low-disturbance conditions,
and particular attention should therefore be paid to the stiffness
degradation of the anchor-soil interface at the early stage. The
viscosity coefficient 5 decreases sharply with increasing distur-
bance energy ratio, and field disturbance monitoring could be
beneficial for assessing the long-term performance of anchors.

2

—

The above research provides a new tool for quantitatively character-
izing the shear creep behavior of the anchor-soil interface under distur-
bance, and the findings can serve as a reference for the resilience design of
anchorage systems. However, several limitations should be noted. The
generalizability of the proposed disturbance energy ratio to other
disturbance patterns or non-geomaterials requires further verification. In
addition, the DSC-based disturbance-creep model does not include an
explicit accelerated-creep or failure criterion, and some model parameters
are strongly correlated with relatively wide confidence intervals. The
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Fig. 22. Combined variation of model parameters with disturbance energy ratio and shear stress level: (a) a;(b) $;(c) E1;(d) Eo; (€) 51;(f) n2.

disturbance energy was estimated from gravitational potential energy
rather than measured directly, and the assumption of uniform interface
shear stress was not verified by local stress measurement. Moreover, Due
to the inherent discreteness of soil materials, parallel replicate tests were
not conducted. Future work will extend the tests to other soils and impact
patterns, perform direct energy calibration and local stress measurement,
supplement replicate and independent validation, and incorporate a
failure criterion and anchor configuration effects into the model.

Table 5
Values of undetermined coefficients for the unified correlation of model
parameters.

Model parameters Correlation coefficients R?
a b c d

a —-0.02 3.04 9.43 6.40 0.95
B 0.76 —0.80 51.11 3.53 0.94
E; 42.93 284404.73 1.48 5.98 0.84
E, 9.55 73202.48 1.63 2.17 0.95
m -17.91 63.37 20.71 9.12 0.80
N2 1148.13 20899.69 19.50 1.37 0.92
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Fig. 23. Complete disturbance-creep curves of anchor-soil interface: (a) Specimen AO; (b) Specimen Al; (c) Specimen A3; (d) Specimen A5; (e) Specimen A6
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Table 6
Parameter values of the DSC-based disturbance-creep model for anchor-soil interface under all test conditions
Specimen 7 (kpa) Model parameters R?
a B E; (kPa.mm ™)) E, (kPa.mm™1) n1 (kPa-h) n2 (kPa-h)

A0 (Rge=0) 10.38 0.98 0.11 284.3 103.9 20.4 12120 0.90
12.43 0.75 0.12 175.6 38.0 15.4 11420 0.93
14.53 0.62 0.13 144.2 19.5 12.4 11031 0.94
16.61 0.53 0.14 132.0 11.7 9.1 10500 0.97
18.69 0.38 0.17 124.2 6.9 8.5 9861 0.97

Al (Rge =0.58) 10.38 0.91 0.27 264.1 101.0 20.3 11540 0.90
12.43 0.74 0.28 125.4 44.2 11.6 10540 0.90
14.53 0.61 0.29 45.4 21.5 111 8346 0.91
16.61 0.51 0.31 38.0 11.8 8.9 7534 0.93
18.69 0.36 0.33 35.0 6.4 8.4 6006 0.90

A2 (Rge=1.16) 10.38 0.90 0.30 254.6 150.2 19.2 5124 0.85
12.43 0.71 0.31 50.2 45.1 11.3 4312 0.92
14.53 0.52 0.35 39.5 22.0 9.7 4100 0.87
16.61 0.47 0.37 30.0 12.2 8.6 4112 0.94
18.69 0.31 0.38 31.2 6.9 8.1 3914 0.90

A3 (Rge=1.74) 10.38 0.83 0.34 244.5 153.0 18.4 4507 0.87
12.43 0.65 0.38 84.4 47.5 10.8 4241 0.91
14.53 0.46 0.39 35.4 23.5 9.5 3712 0.85
16.61 0.44 0.40 30.0 13.5 8.3 3541 0.92

A4 (Rge =2.32) 10.38 0.71 0.40 216.5 159.4 17.3 4473 0.91
12.43 0.60 0.44 69.7 48.1 10.6 3675 0.92
14.53 0.44 0.46 30.5 22.4 8.4 1946 0.91
16.61 0.43 0.48 30.1 13 8.1 1896 0.91

A5 (Rge =2.90) 10.38 0.65 0.41 211.7 145.4 9.8 3975 0.92
12.43 0.52 0.45 33.5 42.3 21 2312 0.85
14.53 0.40 0.47 32.3 23.1 21 2104 0.88
16.61 0.38 0.47 29.4 12,5 21 1842 0.93

A6 (Rge =3.48) 10.38 0.51 0.53 205.4 138.6 9.4 3691 0.91
12.43 0.38 0.57 42.1 43.7 2.1 2535 0.91
14.53 0.32 0.58 31.4 22.1 2.0 1895 0.93
16.61 0.31 0.6 40.4 12.3 2.0 1645 0.92
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