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To obtain the failure evolution law, a pullout test model of the anchor system is proposed based on the digital image correlation
(DIC) measurements. By the study of the displacement field, the strain field, and the force transfer law of the anchor system
under the pulling load, the failure law of the anchor system is revealed. The results show that (1) the failure mode and the
ultimate bearing capacity of the anchor system are related to the thickness of the anchor agent; (2) in the anchor system, the
pulling force is gradually transferred from the loading end to the free end along the steel bar, and the greater the thickness of the
anchoring agent, the deeper the transfer range; (3) during the loading, the deformation of the anchoring system is mainly
concentrated at the interface between the anchoring agent and the concrete and expands to the depth along the steel bar; and
(4) the failure evolution rate of the anchorage system is related to the loading stage. The failure evolution of the anchor system

can be divided into the elastic phase, the plastic phase, and the deformation rebound phase.

1. Introduction

The need to reduce on-site construction time in civil in-
frastructure has led to an important increase in the use of
precast concrete elements (PCEs). PCEs provide structures
with higher material quality, better durability, reduced en-
vironmental impact, and increased work zone safety. The
connection of these elements is typically done using field-
cast nonshrink cementitious grouts [1-4]. The grout material
not only needs to exhibit enough strength, but it should also
offer a good bond to the concrete element to ensure adequate
stress transfer.

Bond in cementitious materials is a topic that has been
extensively researched in the past decades [5-10].

Studies of grout interface for rebar show that bonding
forces is made up of three components: chemical adhesion,
friction, and mechanical interlock. The adhesive strength
between the interface is negligible [11,12]. In addition, the
adhesive strength of the bond cannot be mobilised with
frictional strength during the pullout process [13]. The
frictional components can be categorized into dilation slip,

shear failure of surrounding medium, and torsional resis-
tance of rebar [14]. The mechanical interlock component of
the bond strength plays an important role in the load
transfer capacity of the reinforced anchor system [15].
However, despite a relatively large body of knowledge,
there is still a lack of a good understanding of the failure
evolution law, which has prevented the development of
rational anchorage design procedures. This is due mainly to
the fact that all kinds of transducer embedded in concrete
can only be used to monitor the particular deformation at a
certain region and it is difficult to directly observe the in-
ternal failure process of the anchor system. If the damage
and crack arose at the other region that has not been
monitored by an embedded transducer, it would fail to get
any valuable data. However, the deformation in these re-
gions is important because it might cause the entire failure
eventually. It is difficult to determine the possible weak
regions for concrete by theoretical analysis and calculation
beforehand due to many holes and microcracks exist in
concrete. Sometimes concrete might break in the region that
was considered as low stress previously because damage in
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this region would result in the redistribution of stress
[16-18].

The full-field measurement method provides a solution
to the above problems which is more adapted than point-
based techniques to provide 2D displacement and strain
field within a given zone in the specimen. Among others,
Digital Image Correlation (DIC) is probably the most
widely adopted noncontact measuring technique in the
material testing and structure monitoring domain. DIC is
an optical technique to detect and quantify changes be-
tween a series of digital images. DIC-based approaches are
used as noncontact measurement techniques to analyze 2D
and 3D displacement fields. The early development of these
techniques in the mechanics’ research domain dates to the
80s [19-21]. Recent technological advances in high-reso-
lution digital cameras have considerably increased the
popularity of these methods and widened their application
to different civil engineering problems [22]. DIC has been
successfully applied for displacements measurement and
crack monitoring of different materials and structural
systems. Based on DIC, Muller et al. [23] analyzed the
strengthening of RC specimens with composite plates,
Tung et al. [24] studied crack variations in masonry walls,
and Ghiassi et al. [25] investigated the evolution of strain
fields in uniaxial tensile and shear debonding tests carried
out on FRP reinforced masonry systems. Helm [26] used
DIC to identify multiple growing cracks on an RC slab.
Choi and Shah [27] analyzed the nonuniform displace-
ments to detect the microscopic fracture process at the
interface between the cement matrix and the aggregate by
DIC.

Therefore, based on the advantages of DIC, it is realized a
comprehensive observation and investigation of the failure
evolution law of the anchorage system during the loading
process. In this paper, based on DIC measurements, a
pullout test model of the anchor system is proposed.
Through the pullout test, the loading transmission route of
the reinforcing bar, the displacement field, and the strain
field of the anchor system can be observed during the whole
loading process. The deformation evolution characteristics
of the interface in the anchor system are analyzed and the fail
evolution law is explored.

2. Digital Image Correlation Principles

DIC method is mainly used to measure the deformation
field of a material or structure surface under external load
or other factors. It has the advantages of full-field mea-
surement, noncontact, relatively simple optical path, and
adjustable measurement horizon. Ruocci et al. [28] pointed
out that it was a measurement technique that could provide
the full-field surface displacement in the region of interest
by using a series of digital images taken at different loading
steps as input. In the application of DIC, speckles on a
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specimen surface before and after deformation are digitized
into source and target images. As illustrated in Figure 1(a),
the image is divided into a grid of subsets (i.e., a square
group of pixels), which is identified by a distinctive grey
value pattern. If it assumes that the grey value distribution
of the same subset in both images remains unchanged to
deformation, the subsets matching can be performed by
maximizing the correlation between their greyscale values.
In Figure 1, points P(xp, yp) and Q(xq, yo) in the source
image move to P* and Q" in the target image. Equation (1)
is used to express the relationship between these two
points:

Xq=xpt+A, "
Yo=Jypt+A,,

where Ax and Ay are the distances between points P and Q
along x and y directions. After deformation, displacements
of point P are up and v, and point Q are g, and v, in the x
and y directions, respectively:

,
Xp = Xp + Up,

*
Yp=JYptVp,
. (2)
xG = Xqg + U
yé, = Yo + Vo

Considering tensile and shear effects with very small Ax
and Ay, ug and v, are represented as [29]

Uu. au
Ug =up + a—:Ax + a—:A},,
5 5 (3)
vP vP
= vp+ 2PA +2EA
VQ VP + ax x + ay y
Substituting equations (1) and (3) into (2), then
* auP uP
Xq=Xptup+——A +——A,
0, 9,
5 5 (4)
* vP vP
Yo=YptVp + A, +—Ay.
0, 9,
Generally, for an arbitrary point Q,
al/l
f= A, +=2A,
X' =x+u+ 5.0 + 5,
0 0 ©
Tyt v+ SA +EA
Yy =ytv 3, %",

In the case of a very small PQ, the following relationships
can be obtained:
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Figure 1: Illustrative of the principle of DIC in-plane displacements. (a) Before deformation f (x, y). (b) After deformation g(x*, y*).

dx sz_xP’

dy=yo=p ©
d, = xa - Xp,
d, = y5-yp

The distance before and after deformation can be ob-
tained as follows:

IPQI* = (dx)* + (dy),

(7)
P*Q°[* = (dx) + (dy")’.

Therefore, the strain in all direction can be defined as
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Figure 1 shows the in-plane displacement field (u,v)
which is determined by matching subsets S and the corre-
sponding subset S* before and after the deformation [30,31].
The typical correlation function is expressed by

= -M[f (o)~ Fla (<5 - )

o

where C is the correlation coefficient, f(x;, y;) and g(x}, y%)
are the grey values of points in subsets before and after
deformation, and f and g are the average grey values of
(i y1) and g(x;, 7).

_MZ;”

3. Experimental Program

3.1. Pullout Test Model of the Anchor System. Figure 2 shows
the specimen model in the conventional pullout test which is
always a concrete cylinder. The rebar generally deforms in
the axial direction but not out of plane due to the restraint by
the surrounding material. The load, constraint, and geo-
metric model are all axial symmetry; therefore, the stress and
strain of the reinforcing bars and concrete are axisym-
metrically distributed during the loading process. From the
Kelvin problem in the elastic mechanics, the concentrated
force produces symmetrical strain and displacement to the

= M[f (o) - FPAE =M x]

9)

~M[g (=) - 3]’

axis of the rebar which has no concern with the hoop co-
ordinate. Therefore, the model is designed as shown in
Figure 3 in order to observe the displacement field on the
interfaces of the bar-grout agent-concrete and investigate
the failure evolution law of the anchorage system. The model
consisted of a concrete semicylinder in which a ¢ 25 mm
hot-rolled ribbed rebar was anchored at the center of the
axial surface. Based on Chinese Code for Design of Concrete
Structures (GB50010-2010) [32], the anchorage length of the
rebar should be at least 600 mm, so the height of the
specimen is designed as 700 mm. At the same time, the
diameter of the semicylinder specimen is 350 mm which is
14 times the diameter of the rebar for reducing the influence
of the concrete body size and effectively observing the
evolution of the displacement field of the rebar-grouting
agent-concrete. The observing surface was painted in black
and sprayed with white spots to form the artificial speckle
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FIGURE 3: Proposed model in the pullout test.

field. Two steel ring hoops with 20 mm wide and 5 mm thick
were set on the top and bottom as the constraint to prevent
the out of plane displacement of the rebar.

Many factors affect the bonding performance between
two materials, the anchoring agent thickness being one of
them. The bars are anchored in holes with diameters of 40,
50, 75, and 160 mm corresponding to the anchoring agent
thickness of 8, 13, 25, and 93 mm, respectively. The details of
the specimen parameters are shown in Table 1.

3.2. Specimen Manufacture. An ordinary Portland cement
P-042.5 with a Blaine fineness of 382 m*/kg and a density of
3070 kg/m’ was used to prepare the concrete. The fine ag-
gregate (FA) was an ordinary river sand with an apparent
specific gravity of 2.59. The coarse aggregate (CA) consisted
of dolomitic limestone with an apparent specific gravity of
2.85. The concrete mixture was developed to perform
similarly to a prefabricated concrete element in terms of
strength. Therefore, the concrete was designed with a water-
to-cement ratio of 0.35 by mass, cement : FA : CA ratio of 1:
1.7:2.5 (by mass), and a targeted 28 d compressive strength
of 55 MPa.

The available commercially nonshrink cementitious grout
was used in the test. The grout was supplied in a bag containing
the solid fraction that was mixed with a certain amount of
water following the manufacture’s recommendations. The

grout had a water-to-solid ratio of 0.16 by mass and produces a
28d compressive strength of 62 MPa.

The specimen manufacture process includes 4 steps.
First, corresponding to the specimens, the PVC pipes with
different diameters were embedded in the mold as the re-
served holes. Then, the concrete was vibrated in the mold, as
shown in Figure 4(a). Second, after 24 hours of concrete
solidification and formation, the mold and PVC pipe were
removed, as shown in Figure 4(b). Third, the specimens were
cured for 28 days. After that, the anchoring agent was put
into the reserved hole. The reinforcing bar attached with
strain gauge was put in the anchoring agent and kept half of
the bar without the strain gauge being covered by the an-
choring agent, as shown in Figure 4(c). Last, after 24 hours,
the top of the specimen as the target surface was smoothed
and painted to black background. Then, the white spots were
sprayed on the surface to make artificial speckle field, as
shown in Figure 4(d).

3.3. Test Procedure and Observation System. The test system
including an XY-350 hydraulic pullout instrument and a
reaction rack was used to apply load at the specimen (as
illustrated in Figure 5). The XY-350 hydraulic puller was put
on the top plate of the reaction rack, and the specimen was
placed under the plate to ensure the specimen was in axial
tension state as much as possible.
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TaBLE 1: Specimen parameters.

Number Rebar diameter (mm) Hole diameter (mm) Anchoring agent thickness (mm)
SJ-40 25 40 8
SJ-50 25 50 13
SJ-75 25 75 25
SJ-160 25 160 93

()

(d)

FIGURE 4: Specimen manufacture process. (a) Casting concrete matrix. (b) Removing the mold. (c) Embedding the rebar. (d) Spraying

speckle.

Appiled
load

Puller

Reaction plate

Support

Specimen

FIGURE 5: Loading system in the test.

In the test, the foil-type resistance strain gauge and one
CCD industrial camera were used to collect the deformation
data of the reinforcing bar and the target surface, respec-
tively. The strain gauges were placed at 5 measuring points
(MP 1°-5") from the loading end to the free end along the
upper edge of the reinforcement. Due to the symmetry, only
left half surface is analyzed. The resolution of the collected
speckle image was 1600 pixels x 1200 pixels, and the object
surface resolution was 0.24 mm/pixel. The location of the
strain gauge, coordinated system, and analyzed area is
shown in Figure 6.

4. Analysis and Discussion of the Results

4.1. Failure Modes. The specimens mainly exhibited two
failure modes including splitting failure (tensile cracks in
the concrete parallel to the reinforcing bar), shown in
Figure 7(a), and a failure at the interface between the
grout and the concrete, shown in Figure 7(b). These
failure modes often occurred in conjunction with the
formation of a shallow angle concrete cone surrounding
the reinforcing bar on the face of the specimen, shown in
Figure 7.
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FIGURE 7: Specimen failure. (a) SJ-40. (b) SJ-50. (c) SJ-75. (d) SJ-160.

For SJ-40, now that there was not sufficient bond
strength between the bar and the concrete due to the thin
thickness of the grouting agent, it was mainly splitting
failure. As the load increases, tensile cracks first appeared at
the interface between the bar and the grout near the loading
end and developed to the free end. Finally, the cracks
penetrated the entire specimen. The bar and the grout were
completely debonded, and the specimen was destroyed (as
shown in Figure 7(a)). A splitting failure indicates close
interaction between the grout and the surrounding concrete

and is usually accompanied by the failure at the reinforcing
bar-grout interface, not the grout-concrete interface.

With the increase of the grout thickness, the failure modes
of §J-50 and SJ-75 gradually transformed into the cracking at
the interface between the grout and the concrete, until to form
the shallow angle concrete cone in SJ-160, as shown in
Figure 7(d). Failure at the interface between the grout and the
concrete indicates a low bond strength between the two
materials. The thickness of the grouting agent has a great
influence on the failure mode of the anchor system.
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Table 2 shows the ultimate anchoring capacity of the
specimen when failure occurs. It can be found that for the
reinforced grout anchor connection, the ultimate anchoring
capacity increases with the thickness of the grouting agent.

4.2. Deformation Evolution and Load Transmission Law of the
Bar. Due to the similar law in specimens, SJ-160 is taken as
the typical representative for analysis. Figure 8 shows the
strain evolution law of the bar. It illustrates that the force-
strain curves present linear increase and the strain at MP
4"and MP 5" are approximately zero before the pullout force
is less than 55 kN. When the force reaches 55 kN, the turning
points appear in the force-strain curves of MP 1* to MP 3"
and the load has been transmitted to MP 4%. The overall
deformation of the anchor system is intensified. After that,
the strains increase rapidly and the growth rate of MP
1” > MP 2" > MP 3" > MP 4”. When the force reaches 62 kN,
the force-strain curves of MP 1"-4" turn again. The overall
deformation is intensified further.

From the above analysis, it can be found that the pullout
force is transmitted from the loading end to the free end
along the axial direction of the bar and the strain decreases
with the increase of the distance to the loading point. At the
same time, the evolution trend of the force-strain curves is
similar.

Figure 9 shows the difference of the axial force between
the two adjacent measuring points on the bar with the
pullout force. At the initial stage, the interface in the an-
choring system is in the elastic occlusal deformation stage. In
the bar, the force is relatively uniform and the strain at
different positions is almost the same. The axial force dif-
ference between two adjacent measuring points increases
with the pulling force. With the loading increases, the
bonding strength becomes weaken, and the growth rate of
the strain increases. The interface of the anchorage system
near the loading end first enters the plastic deformation. Due
to the thread of the reinforcing bar and the load transmitted
to the further end, the growth rate of the strain increases
again when the load reaches a certain value. When the
ultimate bonding strength is reached, the relative slip occurs
at the interface, and the static friction is changed to the
dynamic friction.

4.3. Evolution Law of the Deformation Field at the Interface.
Based on the DIC technology, the deformation field map of
the analyzed region is given including the displacement field
and the strain field.

4.3.1. Evolution Law of the Displacement Field. The dis-
placement field is calculated from equation (1) to equation
(7). Taking SJ-160 as an example, Figure 10 shows the
horizontal displacement field of the analyzed region. The
vertical line marks the interface of the grouting agent and
concrete. The zero of the abscissa locates the interface of the
bar and the grouting agent and the pixel movement along the
X-axis direction is specified as positive in the analysis. Both
the grouting agent and the concrete tend to movement away

from the bar, and the displacement is decreased from the
loading end to the free end. As the load increased, the
horizontal displacement is also growing. However, due to
the material discontinuity at the interface between the
grouting agent and the concrete, the contour lines at the
interface tend to fluctuate and gradually be transferred from
the loading end to the free end with the loading increased.
When the loading reaches 96 kN, the fluctuation is com-
pletely transferred to the free end. The horizontal dis-
placement at the interface of the grouting agent and the
concrete is greater than that at the same height.

Figure 11 shows the vertical displacement field of SJ-160.
It is specified that the pixel downward movement along the
Y-axis is as positive in the analysis. During the loading, the
vertical displacement fields are all negative. As closer to the
bar, the displacement is greater. When the loading reaches
62 kN, an outstanding increase district appears at the depth
of 50 mm, and the region is expanding. When the loading
reaches 96 kN, the contour lines have a break at the interface
of the grouting agent and the concrete. In the concrete side,
the contour lines are basically horizontal. In the grouting
agent side, the displacement is larger at the same height as
closer to the bar. Moreover, at the distance of 25 mm from
the bar, the displacement is more prominent near the
loading end.

4.3.2. Evolution Law of the Strain Field at the Interface.
Based on the displacement field, the principal strain is
calculated by

— 2 2
aa= 02 (220 (). o
> 2 2 2

Taken SJ-160 as an example, the ¢; field is shown in
Figure 12. At the beginning of loading, &, is mainly con-
centrated near the loading end in the grouting area.

When the loading reached 75 kN, the influence range of
&1 has been transmitted to the free end along Y-axis. At the
ultimate strength 96kN, ¢, at the interface between the
concrete and the grouting agent gradually expands to the
both sides. At last, & is developed to the bar, and the
specimen failed.

Based on the principal strain field, the maximum shear
strain can be further calculated by

) (11)

& tég
2

where y is the maximum shear strain, ¢; is the first principal
strain, and ¢, is the second principal strain.

The y field is illustrated in Figure 13. At the initial stage, y
mainly exists in the grouting agent near the bar at the
loading end. Then, the range of y is extended to concrete
region along the Y-axis. When the loading reaches 96 kN, the
y at the interface of the bar and grouting agent is much more
than the other region. And the shallow angle concrete cone is
pulled out from the specimen.

As shown in Figure 13(a), in the initial stage of loading
corresponding to the drawing force 36kN, y is mainly
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TaBLE 2: Pulling force when the specimen is broken.

Number Rebar diameter (mm) Anchoring agent thickness (mm) Ultimate anchoring capacity (kN)
SJ-40 25 8 49.00
SJ-50 25 13 69.04
SJ-75 25 25 76.34
SJ-160 25 93 96.08

Force (kN)

AForce (kN)

0 T T T T
0 250 500 750 1000 1250 1500 1750 2000
Strain (x107°)
-= MP1* —v— MP4*
—o— MP2* - MP5*
—A— MP 3"

FiGure 8: Curve of pulling force and strain.

20 40 60 80 100

Pullout force (kN)
-=— MP 1727 —A— MP 3%-4*
—e— MP2%-3* —v— MP4*-5%

FIGURE 9: Curve of axial force difference between the two adjacent MPs with the pulling force.

concentrated in the anchoring agent, the influence range of ~ concrete begins to increase, as shown in Figure 13(b). When
the deformation is about 100 mm from the loading end, and ~ the drawing force is increased to 75kN, the deformation
the deformation field is tapered. When the pulling force is  field of the anchoring agent affects about 200 mm from the
increased to 62 kN, the influence range of the deformation is loading end, as shown in Figure 13(c). In Figure 13(d), the
about 150 mm from the loading end and the y in the  drawing force is 96kN, and the influence range of the
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Figure 10: Horizontal displacement field of SJ-160. (a) 36 kN. (b) 62kN. (c) 75kN. (d) 96 kN.
0 “1.81 0 “1.10 07 131 0 102
>0 -1.98 >0 127 50 -1.38 50 109
100 215 100 -1.44 100 -1.46 100 -1.15
150 - -2.32 150 _161 150 L _1.53 150 121
E 200 -2.50 E 200 -1.77 g 200 -1.61 E 200 -1.28
™ 250 -2.67 ™ 250 -1.94 ™ 250 -1.68 ™ 250 -1.34
300 -2.84 300 - -2.11 300 -1.75 300 -1.41
350 -3.01 350 -2.28 350 -1.83 350 -1.47
400 -3.18 400 -2.45 400 -1.90 400 -1.54
150 100 50 0 150 100 50 0 150 100 50 0 150 100 50 0
x (mm) x (mm) x (mm) x (mm)

(a) (b)

O] (d)

FiGure 11: Vertical displacement field of SJ-160. (a) 36 kN. (b) 62kN. (c) 75kN. (d) 96 kN.

deformation field in the anchoring agent reaches 300 mm
from the loading end.

From the above analysis, it can be found that (1) under
the pulling force, the deformation of the anchoring agent
expands from the loading end to the deep, and the defor-
mation is continuously reduced and (2) due to the large
thickness of the anchoring agent, during the entire loading
stage, the maximum deformation value is always located at
the interface between the bar and the anchoring agent.

4.3.3. Evolution Characteristics of the Displacement Field of
the Anchor System. By analyzing the evolution character-
istics of the relative displacement between the anchoring
agent and the concrete, the transmission law of the force in
the anchoring system is analyzed.

The relative displacement of the anchoring agent and the
concrete is calculated as follows. The 5mm x5mm

calculation window of the pixel point is selected in the
anchoring agent and the concrete of the specimen, which
center is 5mm away from the interface, as shown in Fig-
ure 14 [33]. The displacement of the center point is rep-
resented by the average displacement of the speckle in the
calculation window. The displacement difference between
the center points of the two calculation windows in the y
direction represents the relative displacement of the an-
choring agent and the concrete. The relative displacement of
anchoring agent-concrete at 50, 100, 150, 200, and 250 mm
away from the loading end is analyzed, as shown in
Figure 15.

From Figure 15, it can be found that in the initial stage of
loading, the anchoring agent and the concrete are elastic as a
whole, and the relative displacement increases slowly. As the
drawing force increased to 62 kN, the anchoring agent and
the concrete enter the plastic expansion stage. Slip occurs at
the interface of the anchoring agent and the concrete. The
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FIGURE 12: ¢ field of SJ-160. (a) 36 kN. (b) 62kN. (c) 75kN. (d) 96 kN.
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increase of the relative displacement is significantly faster
than the elastic stage. The relative displacement decreases
with the increase of the distance from the loading end. At the
same time, the interface between the bar and the anchoring
agent is debonded in this stage, and the debonding region
gradually expands from the loading end to the free end.
When the pulling force exceeds 90 kN, most of the interface
between the bar and the anchoring agent is debonded, and
the deformation of the anchoring agent and the concrete
rebounds. The relative displacement is affected by the re-
sidual friction between the anchoring agent and the concrete
during the rebound process. From the above analysis, it can
be found that the relative displacement decreases as the
distance from the anchoring end increases, and the evolution
rate of the relative displacement is related to the deformation
stage of the anchoring agent and the concrete.

5. Conclusion

In the present work, a DIC-based method is proposed to
analyze the anchorage system. The method is applied to
measure the displacement field and the strain field of the
anchorage system. The failure evolution law of the bonding
interface in precast concrete structure is studied by the
pullout test. The following can be concluded:

(1) The failure mode and ultimate bearing capacity of the
anchor system is related with the thickness of the
anchor agent.

(2) In the anchor system, the pulling force is gradually
transferred from the loading end to the free end
along the steel bar. And the greater the thickness of
the anchoring agent, the deeper the transfer range.

(3) During the loading, the deformation of the an-
choring system is mainly concentrated at the in-
terface between the anchoring agent and the concrete
and expands to the depth along the steel bar.
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(4) The failure evolution rate of the anchorage system is
related to the loading stage. The failure evolution of
the anchor system can be divided into the elastic
phase, the plastic phase, and the deformation re-
bound phase.
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