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Abstract

Pullout test of element anchor specimens have been increasingly adopted to characterize the interface behavior of ground anchors.
The effect of the configuration conditions of element anchor specimens on their interface characterization were investigated combining
the laboratory tests and numerical simulations. Forty-eight element anchor specimens, reinforced with rebar tendons, were prepared
using multiple bond/free length ratios and tested using consistent loading modes to quantify interface shear. The peak average interface
shear strength was almost insensitive to configuration conditions when the ratio between bond length and grout diameter exceeded 2.10
or the ratio between free length and grout diameter exceeded 0.53. Additionally, the normalized peak average interface shear strength
measured in the interface characterization was found to grow linearly with the increasing free/bond length ratio of the specimen. An
interface shear displacement zone with a spindle-shaped distribution was found to develop within the soil surrounding the element
anchor specimens when reaching the peak interface shear strength. However, the soil deformation zone developed a uniform distribution
along the entire interface once testing reached the residual shear phase. Use of the reserved anchorage method to achieve a consistent
interface shear area was found to effectively improve the uniformity of interface shear displacement throughout the interface.
© 2026 Japanese Geotechnical Society. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The characteristics of the interface shear of anchors gov-
ern the actual magnitude of the anchor’s bearing capacity.
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interface (i.e., an adequate anchorage interface shear
model) is necessary to produce reliable anchor design cal-
culations (Ren et al., 2010; Martin et al., 2011; Ma et al.,
2016; Zou and Zhang, 2019). Currently, two methods have
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been primarily adopted to predict anchorage interface
shear characteristics. The first method is a semi-empirical
field approach, which involves conducting a back analysis
using data collected from an in-situ pullout test of a full-
scale anchor (Benmokrane et al.,, 1995; Cheng et al.,
2016; Liu et al., 2017). The second method involves a lab-
oratory approach in which the anchorage interface behav-
ior is directly characterized through pullout testing of
element anchor specimens (Chen et al., 2018, 2019, 2020;
Zhang et al., 2020). While field method offers prototype-
scale conditions, its results are subjected to often unknown
subsurface and environmental conditions and implementa-
tion of a comprehensive program may be cost-prohibitive.
On the other hand, the laboratory method facilitates the
physical simulation of anchorage interfaces under well con-
trolled conditions and enables cost-effectively testing of
combinations of design variables. Actually, the element-
scale shear test has been widely used to obtain the shear
behavior of newly developed geomaterials (Chen et al.,
2025) and varying interfaces between the underground
structure and the ground (Li et al., 2024). Based on exten-
sive data analysis, previous studies have applied the labora-
tory method to develop theoretical (Ma et al., 2016, Chen
et al., 2022b, Han et al., 2022) or data-driven (Zhang
et al., 2022a, 2022b, 2022¢) bond-slip models as well as
time-dependent rheological interface models (Chen et al.,
2021, 2022a; Zhu et al., 2022) for different anchorage inter-
faces. However, results from the latter approach require
careful consideration of the test configuration and scale
considerations to make improvement of physical simula-
tion for field conditions of the full-scale anchor
(GB50086-2015, 2016).

The characterization of anchorage interfaces involves
element specimen concepts (i.e., use of a specimen in ele-
ment scale simulating a point in mechanical analyses) that
have been widely adopted in laboratory testing of grouted
anchors and rock bolts (Chen et al., 2019). This character-
ization involves assumptions such as stress—strain-homoge
nization over the interface, and the use of comparatively
short anchors that are subjected to pullout loading. The
resulting test data is suitable to develop or calibrate inter-
face bond-slip models to simulate the pullout load and dis-
placements applied at the anchor specimen head (Chen
et al., 2018, 2020; Zhang et al., 2020). Consequently, the
implementation of element specimen concepts is critical
for such anchorage interface characterizations. However,
the influence on test results induced by the specimen config-
urations for element anchor specimen, particularly the
bond/free length ratio as well as the alternatives to main-
taining the consistent interface shear area, have not been
thoroughly investigated. This situation impedes the stan-
dardization of the testing protocols for characterization
of the anchorage interface behavior in engineering practice.

In order to address the limitations identified for charac-
terization of anchor interfaces using a laboratory method,
this study presents the results of a comprehensive experi-
mental testing program complemented with numerical
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modeling of the pullout test. The overall objective of the
study is to investigate the influence on the interface charac-
terization results brought from the varying configuration
conditions of element anchor specimens when tested in
the laboratory, which include specifically the bond/free
length ratio of element anchor specimen and the alterna-
tives maintaining the consistent interface shear area. In
doing so, the study also provides indirect insight into the
extent to which the actual shear displacement distribution
approaches the idealized uniform state under different con-
figurations, and clarifies the mechanism by which the free
section contributes to the interface shear response. A total
of 48 element anchor specimens with varying bond/free
length ratios were prepared and tested as part of this study.
In addition, numerical simulations of a typical pullout test
on an element anchor specimen were carried out using dif-
ferent methods to achieve a consistent interface contact
area. The study includes a thorough analysis of the pullout
response of the element anchor specimens as well as the
strain behavior of the soil shear bands that develop near
the anchor interface in order to ultimately determine the
optimal configuration conditions for testing element
anchor specimens.

2. Pullout testing program of element anchor specimens with
varying configurations

2.1. Testing program

A specially-designed system to characterize the interface
frictional behavior of anchor elements was adopted in this
study as part of the sample preparation and subsequent
pullout testing. Specific details on the test device and test-
ing protocols have previously been reported in the litera-
ture (Chen et al., 2019; Zhang et al., 2020). The test
method follows a load-transfer analysis framework previ-
ously established by the authors for translating interface
parameters from the element scale to the field scale (Chen
et al., 2021, 2022a). It is noteworthy that the confining
pressure of the element anchor specimen was not incorpo-
rated into the loading scheme for the test device used in this
work. This design is justified by a previous investigation by
the authors, which demonstrated that the ground pressure
confining the anchor in practice is remarkably released dur-
ing borehole drilling due to the soil arching effect around
the anchor hole, and therefore has negligible influence on
the interface shear behavior of the element anchor speci-
men (Chen and Zhu, 2024). Similar stress release induced
by soil arching during borehole drilling has also been
widely reported across different soil types, from soft clays
to sandy soils (Wang et al., 2023; Li et al., 2021; Zhao
et al., 2025; Liu et al., 2022). Consequently, the interface
shear strength measured under the zero-confinement condi-
tion can be regarded as a baseline value for the anchor-soil
interface. In practical anchor engineering, the confining
pressure around the borehole gradually recovers after
grouting, and the resulting frictional component can only
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increase rather than reduce the interface resistance; adopt-
ing this zero-confinement baseline value as a design refer-
ence is therefore conservative. Preparation of the element
anchor specimens included placing the surrounding soils
using a consistent target water content and dry density.
The testing program involved element anchor specimens
tested under different configurations, which were achieved
by varying the bond/free length ratio of the different ele-
ment anchors. The free section of the anchorage facilitates
the use of a constant interface contact area without chang-
ing the size of the anchor element.

The element anchor specimens were inserted into an
anchor hole with a diameter of 3.8 cm and were prepared
adopting bond lengths ranging from 3 cm to 10 cm. It is
noteworthy that the diameter ratio between the specimen
and the anchor hole is specially set to be 22/3.8 (i.e., 5.8),
which exceeds the diameter ratio threshold of 5 established
in a previous investigation by the authors (Chen and Zhu,
2024). That study demonstrated that, under unconfined
conditions, when the diameter ratio between the specimen
and the anchorage body exceeds 5, the influence of bound-
ary conditions on the interface shear behavior can be elim-
inated. Therefore, the diameter ratio of 5.8 adopted in this
study is sufficient to eliminate boundary effects for the
tested clay, and the effect of boundary conditions can be
considered negligible. The free length of the anchor ele-
ments was varied from 2 cm to 7 cm, a range that was
determined based on the pullout displacement limit
(2 cm) of the loading device. A 1-cm-thick plexiglass stop-
per was placed at the bottom of the anchor hole to facili-
tate tendon alignment and the leak-tightness of cement
mortar, resulting in a total specimen length ranging from
6 cm to 18 cm. The range of bond length and free length
when normalized to the diameter of grouting hole is 0.79
to 2.63, and 0.53 to 1.84, ensuring the specimen short
enough (normalized full length range of 1.58-4.73) to be
an element comparing with the prototype-scale anchor
(normalized full length range of 30-100) (Benmokrane
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et al., 1995; Chen et al., 2019). Fig. 1 presents the schematic
view of an element anchor specimen, illustrating its bond
and free sections, which were varied to achieve anchor ele-
ments prepared using different bond/free ratios. The vari-
ous bond and free length combinations adopted in this
study are shown in Table 1. Additionally, each specimen
can be named using the combination of bond/free length
in Table 1 to facilitate the following descriptions, e.g., spec-
imen b3u3 corresponds to the specimen with bond length
of 3 cm and free length of 3 cm. Specimens were organized
into eight testing groups characterized by a specific bond
length. The anchor elements tested in each group were in
turn prepared using six different free lengths.

2.2. Testing materials

Table 2 summarizes the properties for the various mate-
rials used in the testing program conducted in this study.
The clay samples were collected from the floodplains near
the Xiangjiang River in the City of Changsha, China. After
the removal of impurities and oven-drying, the clay sam-
ples were sieved under 5 mm in order to use this material
as surrounding soils for the element anchor specimens.
The physical and mechanical properties of the clay samples
were experimentally obtained as part of this study. The gra-
dation curve of the clay soil is shown in Fig. 2. Cement
mortar prepared using a water-cement ratio of 0.45 was
used to grout the anchor hole. The density of the surround-
ing soils for all specimens were consistently used at 1.5 g/
cm3 with the consistent moisture content at 18%. Rear ten-
dons of HRB 400 were used as reinforcement. The details
of specimen preparation can be referred to the previously
published work (Chen et al., 2019; Zhang et al., 2020).

3. Pullout test results

All the tested specimens experienced the shear failure at
the interface between the grout and the surrounding soils.

Rebar tendon (connected to force transducer)

9je[d 10400 JoMOT

(1030w 19dd9)s 0) payoouT0d)

3.8 cm

Fig. 1. Schematic of an element anchor specimen prepared using bond and free sections selected to achieve a target free/bond ratio.
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Table 1
Combinations of different bond/free length ratios of element anchor
specimens tested in this study.

Bond length (cm)

Free length (cm)

2 3 4 5 6 7

3 b3u2 b3u3 b3u4 b3u5 b3u6 b3u7
4 b4u2 b4u3 bdud b4u5 b4u6 b4u7
5 b5u2 b5u3 b5u4 b5us b5u6 b5u7
6 b6u2 b6u3 b6ud b6us b6ub b6u7
7 b7u2 b7u3 b7u4 b7us b7u6 b7u7
8 b8u2 b8u3 b8u4 b8u5 b8u6 b8u7
9 b9u2 b9u3 b9u4d b9u5 b9u6 b9u7
10 bl0u2 blOu3 blOu4 blOu5 blOu6 blOu?
Table 2

Properties of materials used in the testing program.

Properties Values/Description
Clay soil

Specific gravity 2.69
Plastic limit (%) 20.9
Liquid limit (%) 36.8
Controlled dry density (g/cm?) 1.5
Controlled moisture content (%) 18
Nonuniformity coefficient C, 3.75
Coefficient of curvature C, 0.42
Cohesion (kPa) 24.5
Internal friction angle (°) 38.7

Cement mortar

Sand type Medium sand
Cement type P.O 42.5
Water/cement ratio (%) 45

Grouting method Gravity
Diameter of grouting hole (cm) 3.8
Reinforcement

Tendon type Rebar of HRB 400
Diameter (mm) 8

Tensile strength (MPa) 460

Elastic modulus (GPa) 40

Yield strength (MPa) 380

100 # »
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The pullout responses (i.e., pullout force-displacement
curves) for each group of specimens are presented in
Fig. 3. The characteristic points in each pullout responses
were identified using the peak and the residual values of
the pullout forces as schematically shown in Fig. 4. The
information deduced from the characteristic points corre-
sponding to different specimen groups were presented in
Table 3.

3.1. Free length-induced soil confinement

It is noteworthy that the pullout responses are sup-
posed to be in a similar pattern for the specimens with
the same bond length. However, it is observed in Fig. 3
that the free length of the element anchor specimen sig-
nificantly affects the pullout response. As seen in Fig. 5,
the increase of free length can lead to the increasing
peak pullout force for the specimens with the same
bond length with the increase amplitude ranging from
25.1% (for b = 8 cm) to 81.2% (for b = 3 cm). This
trend indicates that the bond length of 8 cm (i.e., of
2.10 normalized to grouting hole diameter) attains the
best insensitivity to the free length variation, and this
value can be regarded as an empirical reference thresh-
old derived from the materials tested in this study. Its
applicability to other soil types or grouting materials
remains to be further verified.

The confinement caused by the soils in free section
(Fig. 1) can be used to explain the free length difference
induced increase of the peak interface shear strength.
The shear band developed in the surrounding soil along
the interface, which would be resisted by the soil con-
finement. In the perspective of energy dissipation, the
interface shear is accompanied with the soil deforma-
tion, of which both consumes the energy applied by
the pullout force. The thicker free section overburdening

90
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Fig. 2. Particle size distribution of the clay soil used in the testing program.
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Fig. 3. Pullout response of element anchor specimens prepared using different bond lengths: (a) 3 cm; (b) 4 cm; (¢) 5 cm; (d) 6 cm; (e) 7 cm; (f) 8 cm; (g)
9 cm; and (h) 10 cm. (Note: H-S-R indicates the pullout response manifested by hardening—softening-residual phase, while H-S by hardening-softening

phase).

the shear band results in the greater energy consump-
tion, which corresponding to the greater interface shear
strength. In terms of mechanical roles, the free section
transmits only axial tensile stress, whereas the bond sec-
tion sustains both axial tensile stress and interface shear
stress. Hence, the confinement provided by the free sec-
tion does not originate from its own bond resistance,
but rather from the passive restraint exerted by the
overburdening soil against the shear deformation in
the bond zone. A longer free section means a thicker
overburden, which intensifies this passive restraint and
leads to a higher peak interface shear strength.

3.2. Bound value of freelbond length ratio

Fig. 6 presents the softening rate of pullout response
(manifested by the descending rate of pullout force over
the increasing pullout displacement as seen in Fig. 4) versus
the u/b (the ratio between the free length and bond length)
for the specimen group with the same bond length. It is
observed that the softening rate of the specimens was
remarkably affected by the u/b.

Observations upon the trend of softening rate at dif-
ferent value of the u/b, a bound value can be found
appropriately at the value of 1, as demonstrated by the
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Fig 3. (continued)

neighboring slope change in Fig. 6. Specifically, for the
specimen groups with the u/b smaller than I, the greater
softening rate (indicated by shadow zone with the value
of 15.0 in Fig. 6) can be obviously observed comparing
with that with the u/b greater than 1 (e.g., specimens
b3u2 versus b3u4, bdu3 versus bdu6, b6u3 versus
b6u7). In the limit case, when the softening rate reduces
to zero, the softening phase would transfer to the resid-
ual phase (e.g., specimens b3u5, b6u7). Although the
bound value can be used to distinguish the general trend
of the softening rate, the significant nonlinearity between
the softening rate and the u/b can be observed, which
makes it difficult to find a reasonable correlation between
the two parameters. Mechanistically, when the free
length equals the bond length (u/b =~ 1), the additional

radial stress generated by the restrained contraction of
the free section reaches a transition point in its distribu-
tion along the bond section. For u/b < 1, the free section
is relatively short and this radial stress primarily influ-
ences the near end of the bond section, making the inter-
face strength sensitive to changes in u/b. When u/b > 1,
the radial stress can no longer proportionally enhance
the average strength of the entire bond section, resulting
in a slower strength increase and a transition in the post-
peak softening mode. It should be noted that this thresh-
old was identified from the specific clay tested in this
study, and its precise value may depend on soil proper-
ties such as modulus, Poisson’s ratio, and interface dila-
tancy characteristics. Its applicability to other soil types
requires further verification.
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Fig 3. (continued)

The bound value for the u/b can also explain why the
difference of softening rate for specimens in Fig. 3e-h is
much greater than that in Fig. 3a—d. The maximum free
length used in the testing program is 7 cm, the free/bond
length ratio of specimens in Fig. 3d-h (corresponding to
bond length 7-10 cm) is almost smaller than the bound
value (seen in Fig. 6e-h). The effect induced by the bound
value of the u/b can also be remarkably validated in the
comparison between the pullout responses of specimens
b6u7 (in Fig. 3d) and b7u7 (in Fig. 3d). The variation of
1 cm at bond length between two specimens leads to a sig-
nificant change of softening rate in pullout response (trans-
fer from H-S-R to H-S).

3.3. Peak average interface shear strengths

In interface characterization of ground anchor, the peak
interface shear strength is the most concerned design
parameter as it dictates the pullout resistance of an anchor.
The peak and residual pullout forces were used to calculate
the corresponding average interface shear strengths (shown
in Table 3) by distributing the pullout force over the inter-
face area (i.e., the cylindrical area defined by the diameter
of the grouting hole and the length of the bond section).
Fig. 7 presents the change of peak average interface shear
strength versus the bond length for specimen groups with
the same free length.
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Fig 3. (continued)

As shown in Fig. 7, the peak average interface shear
strength was found to decrease linearly with increasing
bond length. Similar to the influence of free length, this
can also be attributed to the soil confinement difference
induced by the increasing length of bond section (Fig. 1).
The bond length induced influence was measured by the
slope of the fitting function seen in Fig. 7. It is found that
the increasing free length intensifies the bond length
induced decrease of peak average interface shear (slope
increasing from 4.84 to 11.13). The slightest decrease (slope
of 4.84) can be observed for the specimen group with free
length of 2 c¢cm (i.e., of 0.53 normalized to grouting hole
diameter). This minimum slope indicates that the sensitiv-
ity of peak strength to bond length variation is relatively
low under this configuration, and therefore this normalized

free length can serve as an empirical reference threshold
under the present test conditions.

With respect to the interface shear of soil anchor, it is
reported that the shear essentially occurs in the soils adja-
cent to the interface (Zhang et al., 2020), and the zone with
shear deformation is defined as shear band. Hence, the
interface shear strength for the soil anchor is obviously rel-
evant to the soil shear strength. In addition, the soil shear
strength is constituted of the confinement-free cohesion,
and the confinement-dependent friction. As the interface
of soil anchor is free of confinement after drilling the
anchor hole, the interface shear strength can be straightfor-
ward normalized with respect to the soil cohesion. Thus,
the peak interface shear strength of soil anchor normalized
to the soil cohesion as shown in Table 1 was obtained,
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Fig. 4. Schematic of typical characteristic points identified in pullout
response.

which was denoted by ty. In addition, the u/b was used to
represent the combined influence of bond and free length
observed in Fig. 7. Thus, the relationship of the ty and
the u/b was illustrated in Fig. 8.

It is found that the 1y develops in a linear pattern within
a band (i.e., the shadow zone) over the increasing u/b as
shown in Fig. 8. The physical mechanism underlying this
linear relationship can be explained as follows. During
pullout, the soil in the free-section zone is progressively
compacted until the initial gap between the grout and the
surrounding soil is closed. Once contact is established, fur-
ther radial contraction of the tensioned free section is
resisted, generating additional radial compressive stress at
the interface. This stress is transmitted to the bond-
section interface, increasing the normal stress acting on
it. A longer free section involves a greater volume of com-
pacted soil and thus a larger total confining force, while a
longer bond section distributes this force more thinly along
the interface. As a result, the average normal stress incre-
ment becomes approximately proportional to u/b. Accord-
ing to the Mohr—Coulomb criterion, the frictional
component increases linearly with normal stress; conse-
quently, Ty increases linearly with u/b.

The finding indicates that the influence of soil confine-
ment induced by the difference between the free and bond
sections of the element anchor specimen on the interface
characterization results can be quantitatively calibrated in
processing the testing results. Additionally, the observa-
tions on the intersections of the bounds for the linear band
(the value of 1.00 for the lower bound and 2.20 for the
upper bound) can be used to derive the essential range of
the peak interface shear strength tested from the specific
interface characterization as the influence of the u/b is elim-
inated at the value of zero. It should be noted that the
intersection of the lower bound observed at the value of
1.00 indicates that the soil cohesion could be the basic
source of the interface shear strength as the normal con-
finement of the interface was released fully in hole drilling.
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It should also be noted that this linear trend is valid within
the tested u/b range of 0.20-2.33, and direct extrapolation
beyond this range is not recommended; factors such as
specimen alignment deviation and soil density variation
may also cause actual results to deviate from this linear
band.

4. Numerical modeling of anchor elements

Based on the previously mentioned element concept in
laboratory testing of geotechnical materials, the interface
bond-slip model of an anchor was directly characterized
by the relationship between interface shear stress and inter-
face shear displacement. However, different configuration
conditions of element anchor specimens result in varying
size and boundary effects, leading to observable differences
in pullout response and peak interface shear strength. Con-
sequently, numerical modeling of a pullout test for a typi-
cal element anchor specimen was carried out using the
FLAC?P (Itasca Consulting Group, 2016) to further inves-
tigate the influence of specimen configuration conditions. It
should be noted that the cable or pile element (either is
from terminology in FLAC?P, as an optional type of struc-
tural elements) is commonly adopted in the numerical
modelling of soil anchor using FLAC*P due to their con-
cise definition of model parameters. The pile element dis-
tinguished with the cable element by the ability of
considering the anchorage stiffness and the specific inter-
face bond-slip behavior. As the interface shear (i.e.,
bond-slip) behavior of soil anchor was straightforwardly
obtained from the pullout test of element anchor specimen
in this work, the pile element was adopted specially in
numerical modelling aiming to implement the customiza-
tion of interface behavior using the tested results.

Specifically, the straining behavior of the surrounding
soils, pullout response and the influence of the method used
to maintain a consistent interface contact area were
monitored.

4.1. Establishment of the numerical model

The soils surrounding the element anchor specimen
were modeled using general grids while the pile structural
elements served as the anchorage. As depicted in Fig. 9,
the free section of the specimen was simulated by speci-
fying free attachment conditions for links of pile ele-
ments. As the shear strength indices of the soils for the
tested element anchor specimen were determined using
quick direct shear test, the surrounding soils in the
numerical model are assumed to comply with the
Mohr-Coulomb behavior throughout pullout loading
without considering the consolidation. The node of the
tendon head was fixed. Aiming to eliminate the loading
rate dependency in the numerical modelling, the grids
for the upper face of the surrounding soils exerted a
downward velocity of 1.67e-5 m/sec, corresponding to
the test pullout rate of 1.0 mm/min.
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Table 3

Information derived from pullout responses of each element anchor specimen.

b u u/b Peak Residual Softening
P, 5] S P, 123 S> rate
cm cm N kPa mm N kPa mm N/mm
3 2 0.667 265.87 74.23 9 120.94 33.77 16.1 20.41
3 1.000 300.85 84.00 7.4 167.92 46.89 16 15.46
4 1.333 316.19 88.29 7.6 269.66 75.30 19.5 391
5 1.667 336.05 93.83 4.1 306.84 85.68 10.4 4.64
6 2.000 369.81 103.26 10.3 306.57 85.60 16 11.10
7 2.333 481.76 134.52 10.5 441.78 123.35 17.1 6.06
4 2 0.500 331.83 69.49 8.5 273.56 57.29 16 7.77
3 0.750 384.81 80.58 7.3 135.93 28.47 19.9 19.75
4 1.000 412.79 86.44 2.3 172.80 36.19 20 13.56
5 1.250 451.77 94.61 10.6 320.84 67.19 16 24.25
6 1.500 516.74 108.21 12.2 438.78 91.89 20 10.00
7 1.750 524.73 109.89 5.6 420.79 88.12 19.9 7.27
5 2 0.400 388.06 65.01 3.5 153.57 25.73 20 14.21
3 0.600 430.78 72.17 8.6 356.31 59.69 16 10.06
4 0.800 490.75 82.22 15.8 438.41 73.45 19.9 12.77
5 1.000 509.17 85.30 10.7 466.92 78.22 17.4 6.31
6 1.200 540.73 90.59 7.9 441.78 74.01 15.6 12.85
7 1.400 597.70 100.13 7 506.48 84.85 12.3 17.21
6 2 0.333 444.77 62.09 6 394.07 55.02 16 5.07
3 0.500 491.75 68.65 10.3 407.65 56.91 16 14.75
4 0.667 563.71 78.70 6.1 524.86 73.27 14.9 4.42
5 0.833 524.13 73.17 9.8 462.22 64.53 17.9 7.64
6 1.000 540.73 75.49 8.4 441.78 61.68 15.6 13.74
7 1.167 629.15 87.84 4.9 579.56 80.91 10.2 9.36
7 2 0.286 481.76 57.65 10.5 441.78 52.87 17.1 6.06
3 0.429 531.71 63.63 11.2 495.13 59.25 18.7 4.88
4 0.571 601.75 72.01 8.7 549.24 65.72 19.4 491
5 0.714 602.70 72.12 10.6 502.66 60.15 17.1 15.39
6 0.857 619.69 74.16 17.3 609.69 72.96 18.8 6.66
7 1.000 618.39 74.00 2.3 433.48 51.87 12.9 17.44
8 2 0.250 481.76 50.44 10.6 441.78 46.26 17.3 5.97
3 0.375 584.70 61.22 10.1 449.77 47.09 20 13.63
4 0.500 593.95 62.19 7.3 449.77 47.09 13.8 22.18
5 0.625 616.69 64.57 9 460.77 48.25 19.9 14.30
6 0.750 643.37 67.37 5.8 578.27 60.55 15.4 6.78
7 0.875 602.69 63.11 6 550.49 57.64 14.6 6.07
9 2 0.222 504.74 46.98 7.9 484.75 45.12 17.4 2.10
3 0.333 591.80 55.08 6.7 554.70 51.63 14.5 4.76
4 0.444 635.68 59.16 8 540.54 50.31 18.9 8.73
5 0.556 629.68 58.61 7.1 567.79 52.85 19.2 5.12
6 0.667 666.24 62.01 12.1 645.08 60.04 16.7 4.60
7 0.778 635.82 59.18 8.9 567.62 52.83 13.3 15.50

v 12 Suvyz ‘H

€€8101 (9207) 99 suonepuno,] pue s[og
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Fig. 5. Peak average interface shear strength versus the free length of the
specimen.

The interface shear behavior between the pile element
and soil grid was simulated by a shear coupling spring,
characterized by interface shear stiffness (‘cs_sk’), and a sli-
der, characterized by interface shear strength (‘cs_scoh’), as
shown in Fig. 9.

Using specimen blOu5 as a representative case, the
‘cs_sctable’ command specified with the pile element was
used to achieve the customized input of the interface
bond-slip model. Specifically, the governing parameter of
the slider in Fig. 9 (i.e., ‘cs-scoh’) was customized by an
input array of cohesion-displacement pairs, which were
essentially the data points of the obtained interface bond-
slip curves. Correspondingly, the interface bond-slip model
was derived based on the pullout response of specimen
b10u5 (Fig. 3h). Specimen b10u5 (bond length = 10 cm,
free length = 5 cm) was selected because its bond length
was the longest among all tested configurations, which
allows the most complete observation of the stress transfer
and deformation distribution along the bond section in the
numerical model. Table 4 presents the material properties
used in the numerical model.

The numerical model adopts several simplifications con-
sistent with the testing conditions. The loading rate is suf-
ficiently low (1 mm/min) that the entire pullout process
can be regarded as quasi-static, rendering rate effects negli-
gible. The soil, compacted at a moisture content of 18%
(below the plastic limit of 20.9%), has low saturation,
and together with the slow loading, the test can be reason-
ably approximated as drained shear; hence, pore pressure
coupling was not incorporated. These simplifications are
specific to the present study and would require re-
evaluation under substantially different loading or drainage
conditions.

4.2. Verification of numerical modeling
The loading of the specimen in the numerical model was

terminated at the calculation step of 2500, corresponding
to a pullout displacement of 4.2 cm. It is noteworthy that
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Fig. 6. The softening rate of pullout response versus the free/bond length ratio for specimen groups under different bond lengths: (a) 3 ¢cm; (b) 4 cm; (¢)
5 cem; (d) 6 cm; (e) 7 cm; (f) 8 cm; (g) 9 cm; and (h) 10 cm.
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Fig. 7. Peak average interface shear strength versus the bond length of the
specimen.

pullout displacement was terminated at 2 cm due to the
limited range of the step motor in the laboratory test. An
extended pullout displacement range was used in numerical
modeling to ensure the interface shear reached the strain
softening or residual phase. The unbalanced nodal force
at the top of the pile element was monitored as the pullout
force throughout the loading process (Itasca Consulting
Group, 2016). The pullout response of the numerical model
is presented in Fig. 10 along with the shear stress distribu-
tion of the surrounding soils upon termination of loading.

7.00
] @  Data point
-------- Fitting function
6.00 - = 1.51(u/b) + 1.75
R2=0.854
5.00 A
7y = 1.51(u/b) +2.20
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1.00 ]
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Fig. 8. Normalized peak average interface shear strength versus the free/
bond length ratio.

As can be observed in the pullout response in Fig. 10, a
marginal pullout force was generated at the anchor head,
between 0 and 0.5 cm of displacement (range AB), reveal-
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Fig. 9. Schematic of anchor modeled using structural pile element in FLAC3P.

Table 4 ing that no interface shear occurred at the bond section of

Material properties used in numerical model. the specimen. This range typlcglly' corresponds tq the com-
- ; paction of the surrounding soils in the free section of the

Material properties Value . [ .

: - specimen. Next, the compacted soil in the free section

Cohesion of soil model (kPa) 245 transferred the shear stress to the interface in the bond sec-
Frictional angel of soil model (°) 38.7 . . .. .
Elastic bulk modulus of soil model (MPa) 16 tion, resulting in interface slip when the shear stress
Elastic shear modulus of soil model (MPa) 10 exceeded the interface shear strength (range BC). The inter-
Elastic modulus of anchorage (GPa) 20.0 face slip corresponding to the interface shear strength was
Poisson’s ratio of anchorage 0.25 confirmed by the peak pullout displacement of 1 cm at the
Anchorage diameter (cm) 38 anchor head. Thereafter, the interface gradually developed
Bond length of the specimen (cm) 10 ’

Free length of the specimen (cm) 5 into the strain softening phase (range CD) and the pullout
force decreased to its minimum value. The interface strain
softening was accompanied by the recovery of elastic defor-

FLAC3D 5.00
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Step 2500
2018872 17.1203 6.5

Contour of XY-Stress
Plane: on back 6.0
Calculated by Volumetnc Averagng

1.7111E«05
1.5000E +05 5.5

»
”
1

0.0000€E +00

"~
o~
1

“
E
e
Pile Coupling Stress (shear) ; 3.04
=
=

o
’ S
-3 9958E +04 A7 0% 100 15 200 250 300 350  4.00
37 X-Force of PReSEL 181 Nail head displacement (m) x10"-2

Fig. 10. Pullout response obtained from numerical simulation of specimen b10uS5.
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Fig. 11. Comparison of input and histories of interface shear behavior.

mation of the soil at certain interfaces, causing an uplift
effect on the anchor demonstrated by the increasing pullout
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force (range DE). The pullout force remained constant and
soil deformation remained stable (range EF).

Additionally, the interface shear stress-displacement his-
tories for three pile elements (sel01, 06 and 10), correspond-
ing to the specimen bottom, middle and top, were obtained
for comparison with the interface bond-slip model input as
depicted in Fig. 11. Good agreement across all three posi-
tions can be observed, thus validating the correspondence
of the input interface model in the numerical model and
laboratory testing. The good agreement observed at these
three positions also confirms that the selection of b10u5
as the calibration baseline is reasonable.

4.3. Numerical prediction of soil deformations
During the pullout loading process, a uniform distribu-

tion of interface shear displacement over the bond length
can be assumed when the surrounding soils deform uni-
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Fig. 12. Soil deformation at various positions along element anchor specimen: (a) displacement; and (b) compression.
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formly across the bond section along with increasing pull-
out displacement. However, it is difficult to achieve these
conditions with an element anchor specimen. This is
because, from the onset of loading, the surrounding soils
at different positions along the specimen undergo changes
in density and varying degrees of compaction induced by
different soil compressions throughout the loading process.
Fig. 12 shows the displacement of the surrounding soils at
six different positions along the anchor, including the top
of the specimen, middle of the free section, top of the bond
section (the boundary between the free and bond sections),
middle of the bond section, bottom of the bond section,
and bottom of the specimen, as well as the corresponding
soil compression between adjacent positions.

As seen in Fig. 12a, the soil displacement at the top of
the specimen (point f) increased linearly with an increasing
calculation step, corresponding to a loading rate of 1 mm/
min at the upper boundary of the specimen. As seen in
Fig. 12b, an approximate zero compression for segment
a-b can be observed in the closeup range with the maxi-
mum lower than 0.01 mm. For the remaining positions
(points c-f), the soil displacement gradually decreased from
the top of free section (point f) through the bottom of the
bond section (point b), indicating an accumulation of soil
compression from the bottom (free surface) to the top
(loading surface) of the specimen. However, the soil dis-
placement exhibits similar trends at different positions with
increasing calculation steps, implying the soil compression
shifted to the stable phase.
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The soil compression of different segments reached its
peak within a loading displacement of 0.85 cm followed
by a variable decrease. For different segments of the same
soil thickness within the free section, less soil compression
was observed farther away from the bond section than clo-
ser to the bond section, indicating that the propagation of
interface shear stress in the surrounding soils effectively
enhanced soil compression. Furthermore, the maximum
soil compression occurred at the boundary of the bond
and free sections (segments c-d and d-e), indicating the
interface shear stress could concentrate at the free/bond
transfer zone. Additionally, the soil compression of seg-
ments within the bond section (segments b-c and c-d) was
greater than that in the free section (segments d-¢ and e-
f); and within the bond section, the soil compression in
the segment near the bottom (segment b-c) was less than
that near the top (segment e-f); these observations indicate
that the interface shear stress decreased from the bottom
(free surface) to the top (loading surface) of the specimen.
It is noteworthy that the soil compression of all segments
decreased overall with increasing loading displacements,
but with rebounds in certain sections. A maximum
rebound was reached at a loading displacement of
2.1 c¢cm, corresponding to the rebound of the pullout force
from the trough to the stable phase (point D to point E
in Fig. 10).

Fig. 13 depicts the strain distribution of the surrounding
soils at different stages of the pullout response (Fig. 10).
Soil deformation mainly occurred around the free section
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Fig. 13. Soil strain distribution for different stages of pullout response in Fig. 6: (a) point A — 1.67 mm; (b) point B — 5.01 mm; (c¢) point C — 14.20 mm; (d)

point D — 22.55 mm; (e) point E — 30.06 mm; and (f) point F — 35.07 mm.
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in the early stages of displacement loading (Fig. 13a). Fur-
thermore, soil compression developed toward the bond sec-
tion, indicating the initialization of interface shear
(Fig. 13b). Next, the area of soil deformation near the
interface reduced significantly. Here, the radius of interface
shear influence is defined as the maximum radial extent
within which identifiable shear deformation occurs in the
surrounding soil; its specific values can be quantitatively
extracted from the numerical output files. Based on this
definition, the maximum radius of the interface shear influ-
ence area decreased, from 6 cm at initialization to 3 cm at
the peak pullout force (Fig. 13c¢), stabilizing at around 4 cm
(Fig. 13e and f). It should be noted that these values were
obtained from the specific clay and anchor diameter
adopted in this study; the reproducibility of this radius
under different soil types or anchor diameters remains to
be verified through further investigation.

At the stage corresponding to the peak pullout force, a
spindle-shaped distribution was observed along the bond
length. At the stage corresponding to the minimum pullout
force, an inconsistent distribution of soil deformation was
observed along with a discontinuous local strain concentra-
tion and partial rebound (Fig. 13d). At the stage corre-
sponding to the residual pullout force, a nearly uniform
distribution of soil deformation over the bond length
(Fig. 13f) was observed near the interface.

Because the anchorage deformation was negligible due
to its large axial stiffness, the soil deformation distribution
represents the interface shear displacement distribution. It
can be concluded that the uniformity of the interface shear
displacement distribution under the residual pullout force
was greater than that under the peak pullout force, while
both exceeded that under the minimum pullout force.

It is noteworthy that the soil deformation near the inter-
face caused a change in the distribution of shear interface
displacement and that the consistency of the shear stress
distribution along the interface also varied according to
the interface bond-slip model (Fig. 11). Additionally, soil
deformation could have induced the variation in soil den-
sity of the specimen. While the initial compactness was
due to conditioning in specimen preparation to achieve a
uniform density distribution, varying soil compression at
different positions was observed during the pullout loading

Pullout force
i
(@

Reserved soil

y ¥

Bond section
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procedure (Fig. 12). It has previously been reported that
interface shear behavior can be affected by the soil density
of an element anchor specimen (Zhang et al., 2020) and an
optimized interface bond-slip model accounting for the
coupled effect between soil compression and soil density
is greatly needed for an effective simulation and prediction
of the pullout response. In the present model, however,
such density variations and their effect on the interface
response were not taken into account. Because the accumu-
lated soil compression prior to and around the peak is rel-
atively small, neglecting these variations has little influence
on the simulated peak and softening stages. The residual
stage, where more pronounced compression and rebound
may develop locally, is more likely to be affected.

4.4. Comparison of two methods ensuring constant specimen
interface area

Two methods can be used to ensure a constant interface
contact area of the element anchor specimen: the reserved
soil method and the reserved anchorage method. The
reserved soil method is implemented by establishing a free
section at the front of the bond section in the pullout direc-
tion (Fig. 14a), while the reserved anchorage method is
implemented by creating a reserve anchorage at the rear
of the bond section in the pullout direction (Fig. 14b).

Using specimen bl0u5 as a typical example, element
anchor specimens were prepared via the two methods pre-
viously described, and both were numerically modelled
based on the same material properties, loading strategy
and interface model discussed in section 4.1. A comparison
of the pullout responses of element anchor specimens for
the two methods is shown in Fig. 15.

As Fig. 15 demonstrates, the two methods produce very
different effects on the pullout response of an element
anchor specimen. Compared with the reserved soil method,
a 6.5% decrease in peak pullout force and 5.2% increase in
residual pullout force were observed with the reserved
anchorage method. This discrepancy can be attributed to
the occurrence of rebound soil deformation seen with the
reserved soil method, which is revealed in the pullout
response by the rebound from the trough of the pullout
force. Specifically, this rebound pullout force was mainly

Pullout force
i
(b)

Bond section

Reserved anchorage

(A v

Fig. 14. Two methods to ensure constant anchor interface area: (a) reserved soil method; and (b) reserved anchorage method.
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caused by the compression of reserved soil prior to the ini-
tialization of interface shear, which corresponds to the
development of pullout force until a pullout displacement
of 5 mm was reached.

Fig. 16 compares the variation in soil compression
between the loading and free surfaces for the reserved soil
and reserved anchorage methods. The reserved soil method
led to an increased rebound of soil deformation, peaking at
30% of the maximum soil compression. In contrast, the
reserved anchorage method yielded negligible soil rebound
throughout the pullout loading process. Since the soil com-
pression dictates the interface shear displacement, the
reserved anchorage method is recommended for element
anchor specimen preparation, as it eliminates the soil
rebound effect and achieves a more uniform distribution
of shear displacement along the interface. In field practice,
this method is preferentially recommended for
deformation-sensitive projects where construction condi-
tions permit, while the reserved soil method remains a
viable option for conventional applications.

5. Conclusions

This study explores the influence of the configuration
conditions of element anchor specimens on the characteri-
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zation of an anchorage interface. Pullout tests were carried
out on 48 sets of element anchor specimens with different
bond/free length ratios. The effects of soil deformation
and methods to ensure a constant interface contact area
were analyzed using numerical simulations. Based on the
results obtained, the following conclusions were drawn:

(1) The free/bond length ratio of the specimens was
found to significantly influence the interface charac-
terization results. The softening rate of the pullout
response does not constitute a continuous quantita-
tive functional relationship with u/b; however, two
distinct softening modes can be significantly distin-
guished by a bound value of the free/bond length
ratio at around 1. The normalized peak average ulti-
mate interface shear strength linearly increased with
the free/bond length ratio at least within the tested
free/bond length range used in this work.

(2) Size effect of element anchor specimens is obviously
observed. To minimize the effects of different config-
uration conditions on interface strength, an element
anchor specimen with a combination of bond length/-
grout diameter ratio at 2.1 and a free length/grout
diameter ratio at 0.52 was suggested.

(3) A numerical model of an element anchor specimen
effectively simulated the pullout response in labora-
tory tests. The radius of the interface shear influence
area decreased gradually after the initialization of
interface shear. The influence area exhibited a
spindle-shaped distribution in the peak pullout phase,
while a uniform distribution over the length of the
interface was observed in the residual phase.

(4) To ensure a constant interface contact area of the ele-
ment anchor specimen in interface characterization,
the reserved soil method increased the rebound effect
of soil deformation, peaking at 30% of the maximum
soil compression; however, the reserved anchorage
method led to negligible rebound throughout the
loading process and achieved a more uniform distri-
bution of interface shear displacement. The reserved
anchorage method was therefore suggested for ele-
ment anchor specimen preparation. In field practice,
this method is preferentially recommended for
deformation-sensitive projects where construction
conditions permit, while the reserved soil method
remains a viable option for conventional
applications.

It should be noted that this study was conducted using
element-scale specimens on a single clay type under zero-
confinement conditions. The quantitative thresholds identi-
fied and the linear tn—u/b relationship are therefore empir-
ical in nature, and their generalizability to other soil types
or stress states requires further verification. The numerical
model was calibrated against a single specimen and serves
primarily as a mechanistic interpretation tool; systematic
multi-configuration validation remains a future task. The
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description of the shear deformation zone is qualitative,
and quantitative characterization of the shear band was
not performed. Extrapolation of the element-scale findings
to field-scale anchors follows a load-transfer analysis
framework, which still requires validation through full-
scale field pullout tests. Future work will extend the tests
to other soil types, pursue quantitative shear band charac-
terization, incorporate systematic numerical validation,
and develop a more complete theoretical framework.
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