Journal of Civil Structural Health Monitoring (2023) 13:117-132
https://doi.org/10.1007/513349-022-00626-9

ORIGINAL PAPER

=

Check for
updates

Experimental investigation and damage evaluation of a novel bond
type anchorage for carbon fiber reinforced polymer tendons

Shiyuan Ju' - Dongsheng Li' - Jinging Jia'

Received: 22 April 2022 / Accepted: 23 August 2022 / Published online: 3 September 2022

© Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

The bond type anchorage is most suitable for anchoring carbon fiber reinforced polymer (CFRP) tendons, but its shape
causes stress concentration. In addition, the failure modes of bonded anchors are difficult to observe and the damage process
is difficult to analyze. The aim of this study was to address the above problems. To relieve the stress concentration, a novel
arcuate-cone bond type anchorage was designed in this study. The failure modes and load-slip curves were obtained by ten-
sion tests on a group of anchors. The test results indicated that the stress concentration can be effectively alleviated. Acoustic
emission technique was used to monitor the damage process of bond type anchorages under tension load. By analyzing the
acoustic emission data, the damage process of bond type anchorage can be divided into three stages and the different failure
modes can be identified. Finally, the failure mechanism of bonded anchorages was discussed based on the test results and

monitoring data.
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1 Introduction

Carbon fiber-reinforced polymer (CFRP) is a new type of
material widely used in civil engineering because of its low
weight, high tensile strength, and corrosion resistance [1-3].
Therefore, CFRP tendons or cables are the best substitutes
for steel. Unlike steel, the transverse shear strength of CFRP
is significantly lower than its axial tensile strength [4]. The
difference in material properties makes it impossible to
directly apply conventional anchors for anchoring steel bars
to CFRP tendons. Consequently, it is necessary to design a
new anchorage system for CFRP tendons. Many research-
ers believe that the stress concentrations occurring in the
anchorage zone will lead to cut-off of the CFRP tendons
and will not be able to perform the load-bearing capacity
of the tendons [5-8]. Therefore, they studied mechanical
anchorages and bond type anchorages in order to solve this
problem.

The mechanical anchorage is composed of a steel bar-
rel and metal wedges [9]. Its important disadvantages are
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the tendon's susceptibility to damage and the presence of
stress concentrations [10]. The components of the bond type
anchorage are a steel barrel, filling materials, and CFRP ten-
dons [11]. As the filling materials and CFRP tendons are
solidified together, the tendons anchored with bond type
anchorages do not damage. Since the colloid in the bonded
anchorage is similar to the CFRP tendon matrix, the two
work better together. Many different types of bonded anchors
have been developed, as shown in Fig. 1. However, stress
concentration also occurs in conventional inner cone bond
type anchors at the loading end. For FRP materials, stress
concentrations will lead to premature failure of the tendons
before ultimate tensile strength can be reached, especially
in anchors with high stiffness [12, 13]. To avoid premature
failure of FRP tendons, many researchers have proposed
different methods for relieving stress concentrations in
anchorages.

Campbell et al. designed a wedge anchorage with an
angle difference between the barrel and metal wedges and
experimentally analyzed its mechanical properties [5]. Meier
and Farshad found that using variable stiffness material as
colloid obtains uniform stress distribution [6]. Considering
the complexity of Meier’s approach, Mei et al. proposed a
new method to solve this problem by changing the shape of
barrel, and carried out a series of experimental studies [7, 8].
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(c) composite type anchor

Fig. 1 Different types of bonded anchors

Despite the availability of many different types of anchor-
ages, stress concentrations in the anchorage zone still exist
and limit the performance of CFRP tendons. To relieve the
stress concentration phenomenon, the authors designed a
novel bonded anchorage.

In addition to the problem caused by the stress concentra-
tion phenomenon, there are two other problems to be solved:

(1) The bonded anchorage has a variety of failure modes,
which are difficult to observe in engineering applica-
tions,

(2) The damage process is difficult to analyze because the
filling materials are wrapped in the barrel.

Nevertheless, previous studies mostly focused on the
mechanical properties and bearing capacity of anchorage,
and a few studies investigated its failure mechanism. To
address the two problems requires the development of a non-
destructive health monitoring method to analyze the failure
mechanism of CFRP bond type anchorages.

Acoustic emission (AE) technique has been widely used
as a non-destructive testing (NDT) technique in structural
health monitoring and damage evaluation [14—17]. So far,
the application of acoustic emission technique in concrete
structure health monitoring has been mature [18-20]. When
plastic deformation or cracks occur under load, the energy is
released in the form of stress waves [21]. Acoustic emission
technique converts these waves into electrical signals (AE
signals) and extracts damage-related information from them.
When compared with other NDT techniques, AE technique
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is more sensitive to minor damage and has a larger monitor-
ing area; hence, it does not pre-judge the damage location
[22]. Owing to the aforementioned advantages, AE tech-
nique is very suitable for monitoring the damage process
of fiber reinforced polymer (FRP) materials with numerous
minor damages. Thus far, studies have proved that it is fea-
sible to use AE technology to monitor the damage of FRP
materials [23, 24].

In this paper, a series of studies are conducted based on
three problems of bonded anchorages and the task flowchart
is shown in Fig. 2. In this study, a novel arcuate-cone bond
type anchorage was designed to alleviate the stress concen-
tration phenomenon. The failure modes, ultimate bearing
capacity and load-slip curves were obtained by the tension
test. In addition, AE technique was used to monitor the dam-
age process of a group of bonded anchorages, to identify
different failure modes of bond type anchorages.

2 Experimental procedure
2.1 Specimen preparation

The specimens for tension tests can be divided into two
categories: conventional inner-cone anchorage and novel
arcuate-cone anchorage. The inner cone anchorage is the
main form of bonded anchorage currently applied in engi-
neering, but it leads to an inhomogeneous distribution of
bonding stress on the surface of CFRP tendons, stress con-
centration, and premature failure of tendons. To solve this
problem, the author designed a new arcuate-cone bonded
anchorage based on the conventional anchorage by chang-
ing the internal shape of the steel barrel. The sections of the
two anchorages are shown in Fig. 3, in which the parameters
are marked.

As shown in Fig. 3, the inner surface of the conventional
anchorage is a straight line, while that of the arcuate-cone
anchorage is an arc. In Fig. 3, R represents the radius of
the arc, and y represents the inclination angle. The inner
cone anchorages were labeled as “IC +bond length + (tany),”
and arcuate-cone anchors were labeled as “AC + bond
length + (tany).” To improve the generalizability of the test
results and to ensure that the test results are not affected
by specific anchorage parameters, eight different anchor-
ages were designed in this study by changing the anchorage
parameters. Two anchors with the same parameters of each
label were tensioned, where the test result of the first bro-
ken anchorage was taken as the test result of that label. The
labels of each anchorage and its corresponding parameters
are listed in Table 1.

The structure of the bonded anchorage is simple and
mainly consists of a steel barrel, filling materials, and
CFRP tendons. The barrel used in this test was a steel
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Fig.3 Sections of two types of anchorages

Table 1 Label and parameters Label Type of anchor Bond length Tangential value of incli- Radius (mm)

of each anchorage (mm) nation angle
1C200(0.09) Inner-cone 200 0.09 -
1C200(0.06) Inner-cone 200 0.06 -
1C300(0.09) Inner-cone 300 0.09 -
1C300(0.06) Inner-cone 300 0.06 -
AC200(0.09) Arcuate-cone 200 0.09 1,120
AC200(0.06) Arcuate-cone 200 0.06 1,675
AC300(0.09) Arcuate-cone 300 0.09 1,680
AC300(0.06) Arcuate-cone 300 0.06 2,655

Q345. Q345 steel is a Chinese GB standard Low Alloy
High Strength Structural Steel, its material density is 7.85 g/
cm?, yield strength is 345 MPa, ultimate tensile strength is
470-630 MPa. A Lica 300 epoxy resin adhesive produced
by Nanjing Hitech Composites Company was used as the
filling material because of its low elastic modulus, and
CFRP tendons with a diameter of 8§ mm were also manu-
factured by this company. The properties of each material

were measured by the manufacturer through standard tests.
Detailed material properties are listed in Table 2.

The specimen preparation process is categorized as
material handling, component assembly, and curing of the
bonding material. Material handling includes attaching
strain gauges to the surface of CFRP tendons, cleaning the
inner surface of the steel barrel with alcohol, and spray-
ing epoxy resin release agent on it. Component assembly
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Table 2 Material parameters of

- Material Tensile strength Compressive Elastic modu-  Axial Pois- Radial
specimen (MPa) strength (MPa) lus (GPa) son’s ratio Poisson’s
ratio
CFRP tendons 2,000 - 140 0.27 0.02
Lica300 adhesive 40.1 73.6 2.61 0.25 0.25
steel 345 345 206 0.3 0.3

includes assembling the barrel and CFRP tendon together,
and then pouring Lica 300 epoxy resin into the steel barrel
using a glue injection gun. In the last step, the colloid should
be cured naturally for 24 h at 25 °C, then wrapped around
the barrel using a heating plate, and the epoxy resin should
be cured for 5 h at 80 °C to achieve the designed strength.
The assembly and preparation process of the specimens are
shown in Fig. 4.

2.2 Test setup and procedure

The specimens were tested using a jack, and the load was
graded at a speed of 5 kN per stage. The failure sign of the
specimen is that the bearing capacity of the anchorages sud-
denly decreases or the slip increases instantaneously.

The values of the load, axial stress of tendons, and slip
of the CFRP tendon relative to the anchorage should be
obtained in tension tests of specimens. During the test, the
load was measured using a pressure sensor, axial stress was
measured using a strain gauge installed on the surface of
tendons, and slip of the CFRP tendon was estimated using
dial indicators; all data were recorded using a DongHua3820
signal acquisition instrument.

Fig.4 Specimen preparation
process a strain gauge attach-
ment b tendons through the
loading device ¢ anchorage
assembly d injection of epoxy b
resin e heating and curing ( )

The acoustic emission (AE) signals during the test were
collected using the Physical Acoustics Corporation’s eight-
channel signal monitoring system. An R15a acoustic emis-
sion sensor is connected at the end of each anchorage, which
is further connected to the AE signal monitoring system
through a preamplifier. To ensure the accuracy of the AE
data, Vaseline was used as a coupling agent between the
AE sensor and specimen. The pencil-lead break procedure
was conducted before the formal tension test. The schematic
diagram of the test setup and AE system is shown in Fig. 5.

3 Test results and discussion
3.1 Failure modes

There are three different failure modes of bonded anchorage,
including pull-out failure, partial debonding failure, and ten-
sile fracture of the CFRP tendons, which are shown (a)—(c)
in Fig. 6. Different anchorage parameters lead to different
failure modes; the failure modes of each specimen are listed
in Table 3.
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Fig.5 Testing setups and monitoring system of anchorages

Fig.6 Three failure modes a pull-out failure b partial debonding failure c tensile fracture

Among the three failure modes, pull-out failure is the
most common, which is caused by the relative slip of the
interface between the tendons and filling materials. How-
ever, the optimal failure mode is the tensile fracture of
CFRP tendons, which indicates that the tensile strength
of CFRP is completely utilized.

3.2 Load-slip relationship of anchorages

The slip in the load—slip curve refers to the slip of the CFRP
tendon relative to the steel barrel during the formal loading
process. Simultaneously, it can be divided into two parts:
the slip of reinforcement relative to the filling material, and
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Table 3 Failure modes of specimen

Label Failure mode

1C200(0.09) Pull-out failure

1C200(0.06) Partial debonding failure
1C300(0.09) Pull-out failure

1C300(0.06) Pull-out failure

AC200(0.09) Partial debonding failure
AC200(0.06) Partial debonding failure
AC300(0.09) Pull-out failure

AC300(0.06) Tensile fracture of CFRP tendons

the slip of the filling material relative to the barrel. The for-
mer occurs immediately prior to specimen failure, while the
latter continues to grow throughout the loading process. In
the existing literature on anchorages, the load—slip curve is
commonly used to describe the mechanical properties of
bond type anchors [7, 8, 25-27].

The load-slip curves of different bonded anchorages
obtained by tensioning tests are shown in Fig. 7. It is obvi-
ous from the figure that the load — slip curves of each speci-
men are nonlinear. At the lower load stage, the slip increases
approximately linearly with the increase in load. However,
when the load is about to reach the ultimate anchoring
capacity, the slip rapidly increases. In addition, the slope
of the load—slip curve reflects the slip degree of the colloid
relative to the barrel under the same load. Figure 7 compares
the load—slip curves of each specimen and shows that the
anchorage with a smaller slope at the initial stage of loading
has a greater ultimate anchoring capacity.

Some researchers have also performed tension tests on
bonded anchorages. Mei et al. conducted a set of tensile tests
of bonded anchorage and published the results in the article

"Experimental investigation on the mechanical properties
of a bond-type anchor for carbon fiber reinforced polymer
tendons" [7]. Mei et al. produced three types of anchors,
which were straight-type, inner cone type and composite-
type. The specific test parameters can be found in reference
7. The anchorages in Mei’s tests were different from the type
of anchorages in the present study, but were similar in size.
Therefore, the load—slip curves obtained experimentally by
Mei et al. were also shown in Fig. 7 as a comparison. The
straight, inner cone and composite anchors with a length
of 300 mm were labeled as ZT300, NZ300 and FH300,
and FH300S means that the tendon of this specimen has a
scattered-end.

For specimens with pull-out failure, the ultimate bearing
capacity obtained in this test was similar to the Mei’s results.
It can be inferred that the effect of anchorage type on the
ultimate bearing capacity is not significant. This is because
the arcuate-cone anchorage was designed to relieve stress
concentration, that is, to avoid premature failure, which did
not occur in the present test. Premature failure of tendons
due to stress concentration often occurs in anchorages with
high material stiffness, such as bonded anchorages with con-
crete mortar as filling material or mechanical anchorages
with steel as wedge [25]. In the present test, epoxy resin was
used as the filling material, whose stiffness was so low that
premature failure did not occur.

The slope of the load—slip curve indicates the tendon slip
under the same load. Obviously, the slips of the tendons
obtained in the present test were significantly less than those
of common anchors in Mei's test. While the slope of specimen
FH300S in Mei's test is more similar to the present study. This
is because an epoxy resin release agent was sprayed on the
inner surface of the barrel in this test, so that the cone can slide
relative to the barrel. The slip between the cone and the barrel
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during loading causes the tendons to be squeezed tighter, so
the slope of the load—slip curve is greater.

3.3 Stress analysis of CFRP tendon

In addition to the load—slip curve, the stress distribution of
CFRP tendon is also the objectives of tension test. The stress
distribution can intuitively reflect the difference between arcu-
ate-cone anchorage and inner cone anchorage. It can also be
verified whether the arcuate-cone anchorage can achieve the
desired results in design, i.e. whether it can alleviate the stress
concentration and reduce the peak stress.

In the bond type anchorage, the stress statues of the tendons
and the colloid is shown in Fig. 8. Based on the equilibrium
condition, the horizontal force can be derived according to the
following equation.

drT,

X
— =2xrt

d.x tox>

Tx Tx+dTx

Fig.8 Stress sketch of the infinitesimal element of the tendon and the
colloid

200

where x is the length of the free end, T, is the axial force of
the CFRP tendons at x, r, is the radius of the CFRP tendons,
7, 1s the shear stress at x. As shown in Fig. 8, the shear stress
on the surface of the tendon 7, representing the interfacial
bond stress, is proportional to the slope of the 7, — x curve.
In other words, the interfacial bond stress is proportional to
the axial stress of the CFRP tendons. Since the shear stress 7,
is difficult to obtain, a series of strain gauges were arranged
on the surface of the tendons. The experimentally obtained
axial stress of the tendons was used to indirectly reflect the
distribution of the shear stress. Figure 9 shows the location
of the strain gauges inside the anchorages.

Take a pair of inner cone and arcuate-cone anchors with
the same parameters as an example. The stress distribu-
tion curves of 1C200(0.06) and AC200(0.06) are shown
in Fig. 10. The legend of the same shape represents the
stress distribution curve of different anchor types under the
same load level. Compared with the traditional inner-cone
anchorage, it can be seen that the peak stress of arcuate-
cone anchorage is significantly reduced and transferred to
the interior of the anchor zone. In addition, the stress dis-
tribution of arcuate-cone anchorage is uniform in the whole
bond length. For different load levels, the greater the load,
the more obvious the effect of arcuate-cone anchorage on
relieving stress concentration.

To verify the effect of anchorage shape on the stress
concentration phenomenon, the 2D axisymmetric finite
element models of inner cone and arcuate-cone anchorages
were established using the ABAQUS program. Since the
finite element model is a two-dimensional axisymmetric
model, the element type of the present model is CAX4R.
The model consists of three parts: the anchor cup, the col-
loid and the tendon. In normal operation, the colloid—-ten-
don interface (blue line in Fig. 11) does not have a relative
slip. Therefore, the tendon and the colloid were bound by

| 200 ‘
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(a) Strain gauge location on the surface of CFRP tendons (bond length of 200mm)
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(b) Strain gauge location on the surface of CFRP tendons (bond length of 300mm)

Fig.9 a Strain gauge location on the surface of CFRP tendons (bond length of 200 mm), b Strain gauge location on the surface of CFRP ten-

dons (bond length of 300 mm)
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Fig. 10 Stress distribution curves of IC200(0.06) and AC200(0.06)

tie in ABAQUS. The anchor cup—colloid interface (orange
line in Fig. 11) allows relative slip to squeeze the colloid
and thus anchor the tendon. Therefore, the two surfaces
were connected by penalty in ABAQUS. The boundary
conditions were simulated by constraining the displace-
ment of the end of the anchor cup (red line in Fig. 11).

The loading condition of the anchor was simulated by
applying a 10 mm displacement at the tendon end. The dis-
tributions of shear stresses for inner cone and arcuate-cone
anchorages with same size were shown in Fig. 12. Fig-
ure 12a illustrates the stress distribution within the inner
cone anchorage, and it can be found that the stresses were
concentrated in a very small area at the end. In contrast,
the stresses within the arcuate-cone anchorage in Fig. 12b
were uniformly distributed over a large area. According
to the results of the FEM analysis, the peak stress of the
arcuate-cone anchorage was reduced by 61.5% compared
to the inner cone under the current loading conditions.
Therefore, the change in cone shape would have an effect
on the stress distribution within the anchor.

4 Analysis of monitoring data
4.1 Analysis of conventional AE parameters

There is a certain relationship between the parameters of the
AE signal. Figure 13 shows the two-dimensional correlogram
distribution of the amplitude with signal energy, and the ampli-
tude with center frequency during the loading process of the
specimen.

The energy and center frequency of the acoustic emission
signal both show a certain distribution pattern with the varia-
tion of the amplitude. The energy distribution diagram shows
that a few signals have extremely high energy. The energy
of these high-energy signals is several orders of magnitude
different from that of general signals, and their amplitudes
are approximately equal to 100 dB. Similarly, the amplitude
of most signals is concentrated below 70 dB, and the signal
center frequency shows a decreasing trend with an increase in
the amplitude. These distribution patterns are commonly found
among specimens with different failure modes.

4.2 Identification of anchorage's failure modes

To identify the failure modes of the anchorages, a series of
analyses were performed based on the acoustic emission
monitoring results. Three different failure modes are shown
in Fig. 6, which are pull-out failure, partial debonding failure
and tensile fracture of CFRP tendons. Obviously, the failure
modes are closely related to the shear failure of the tendon-
colloid interface. And whether the damage occurring in the
anchorage is a tensile crack or a shear crack can be determined
by the RA-AF analysis method.

The RA-AF analysis method defines two parameters of the
rise angle (RA) and the average frequency (AF) of the acoustic
emission signal, calculated as follows.

he rise angle = the rise time/the maximum amplitude

the average frequency = the AE counts/the duration time

Such some AE parameters as count, maximum amplitude,
duration time and rise time as shown in Fig. 14.

Fig. 11 Boundary conditions and interactions of FEM
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Fig. 12 Stress distribution by FEM analysis

The RA-AF analysis has been widely used in the field of
acoustic emission monitoring as a simple and accurate signal
processing method to distinguish tension cracks from shear
cracks. Because of the characteristics of short rise time,
short duration, and large amplitude of tension cracks, RA is
lower than AF, while shear cracks have a long duration and
have lower AF and higher RA values. Therefore, by mak-
ing a scatter plot of RA and AF for each signal, the signals
corresponding to tensile cracks show a different distribu-
tion from those corresponding to shear cracks. The acoustic
emission signals corresponding to these two different types
of cracks can be distinguished by a dividing line, as shown
in Fig. 15.

The number of damages in the bonded anchorages was
so large that more than a thousand signals were obtained
during the monitoring of each specimen. Therefore, it was
necessary to perform a statistical analysis of the AE signals.
Through the analysis of acoustic emission parameters in
Sect. 4.1, it was found that the energy and center frequency
both show a certain distribution pattern with the variation
of the amplitude. Therefore, the classification of signals by
their amplitude allows them to be categorized into several
classes with different characteristics.

To analyze the relationship between the monitoring data
and failure modes, the AE signals during the test process are
classified into five categories: Class1 (50—60 dB), Class2
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(60—70 dB), Class3 (70 — 80 dB), Class4 (80 —90 dB), and
Class5 (90 — 100 dB). Data such as the percentage of signal
to total signal, percentage of signal energy to total energy,
and average peak frequency of the five types of signals are
shown in Tables 4, 5 and 6; Fig. 16.

The energy of the acoustic emission signal represents the
severity of the damage that produced it. As can be seen in
Fig. 16, the percentage of each class’s signal number rapidly
decreases with an increase in amplitude, but the proportion
of energy rapidly increases. Among them, signals in Class1
have the largest percentage, accounting for 70-80% of the
total signals, but its energy contribution is approximately
0.05%, which is caused by a large number of slight dam-
ages. In contrast to Class1, the number of signals in Class5
accounts for approximately 1% of the total signals, but the
proportion of energy is as high as 99%. These signals are
produced by a few extremely serious injuries. This extreme
distribution proves that the number of signals produced by
the failure of the CFRP-bonded anchorage is small, and the
failure of the anchorage is instantaneous and unpredictable.

The acoustic emission results are not the same for speci-
mens with different failure modes, and a correlation between
the failure modes and the acoustic emission results can be
established by RA-AF analysis.

The energy of the signals represents the damage sever-
ity. Therefore, signals with different energies have different
importance. Tables 4, 5 and 6 show that the signals caused
by minor damages (Class 1 to 4) has a lower RA value and
relatively higher AF value. According to the principles of
RA-AF analysis, the crack type is a tensile crack with a short
rise time. For specimens with different failure modes, the
signals caused by minor damages did not show differences.

For signals caused by serious damages in Class5, the RA
and AF values of the three specimens are significantly dif-
ferent. For specimens whose failure mode is pull-out failure,
such as IC200 (0.09), the RA value of the signal in Class5
is greater than the AF value, which indicates that a serious
shear damage occurred. This is consistent with the failure
mode obtained from the tests, i.e., shear failure at the ten-
don-colloid interface.

The RA value of the high-energy signal generated when
testing specimens whose failure mode is tensile fracture,
such as AC300(0.06), is less than the AF value, which
proves that no dangerous interfacial shear crack occurs.

Specimens whose failure mode is partial debonding
failure, such as AC200 (0.09), is between the aforementioned
two kinds of specimens, the values of RA and AF of the AE
signal in Class5 are similar.

The RA-AF distribution of the high-energy acoustic
emission signals of the three specimens is shown in Fig. 17.
According to the principle of RA-AF analysis, the points
with lower RA values in Fig. 17 represent tension cracks.
The colloids in all anchorages will be squeezed to produce
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Table 4 Statistical analysis of 1C200(0.09) AE features
AE feature Amplitude (dB) Energy Peak frequency RA (ps/V) AF (kHz) Signal number Energy
(kHz) contribution (%) contribution
(%)
Classl 55.22 1841.23 48.12 10.19 48.77 68.45 0.05
Class2 62.86 9452.78 45.28 11.71 36.54 26.12 0.09
Class3 73.39 1.49E+05 40.66 31.11 23.63 3.41 0.19
Class4 83.79 1.91E+06 35.57 10.31 21.13 1.09 0.76
Class5 96.83 2.91E+08 46.42 32.69 19.09 0.93 98.92
Table 5 Statistical analysis of AC200(0.09) AE features
AE feature Amplitude (dB) Energy Peak frequency RA (ps/V) AF (kHz) Signal number Energy
(kHz) contribution (%) contribution
(%)
Class1 54.58 1040.18 60.10 3.53 58.93 82.31 0.04
Class2 62.63 8160.02 58.83 9.12 44.05 15.34 0.07
Class3 74.88 1.38E+05 56.41 10.32 32.86 1.29 0.09
Class4 83.43 1.42E+06 45.57 1.98 26.85 0.53 0.39
Class5 95.29 3.59E+08 42.57 17.25 18.03 0.53 99.40
Table 6 Statistical analysis of AC300(0.06) AE features
AE feature Amplitude (dB) Energy Peak frequency RA (ps/V) AF (kHz) Signal number Energy
(kHz) contribution (%) contribution
(%)
Classl 54.69 1167.81 58.51 6.00 66.29 74.57 0.03
Class2 62.92 8028.98 57.27 7.53 4791 20.51 0.06
Class3 73.26 1.32E405 54.28 7.14 30.44 3.06 0.15
Class4 84.00 1.57E+06 40.12 2.84 25.34 0.70 0.42
Class5 95.93 2.28E+08 29.39 9.61 16.65 1.16 99.34

tension cracks. Therefore, all specimens will have points
representing tension cracks in Fig. 17.

In Fig. 17, the points with high RA values and low AF
values are produced by shear cracks. It can be seen that
severe shear damage was present in IC200 (0.09) whose
failure mode is pull-out failure, and not in AC300 (0.06)
whose failure mode is tensile fracture. In the tension test,
a single serious shear damage would cause the anchorage
to fail. Therefore, only one shear crack could be collected,
that is, only one point representing shear crack in Fig. 17.
Thus, there are indications that the presence or absence of
points representing shear cracks is related to different failure
modes.

According to the above crack classification results, the
difference in RA-AF values of the high-energy signals
showed a correlation with the failure modes of bonded
anchorages.

4.3 Damage evolution based on accumulated
energy

During the test of CFRP tendon bonded anchorage from
tension to failure, each anchorage accumulated multiple
damages and produced a large number of AE signals. In
acoustic emission monitoring, the energy represents the
severity of the damage and the count represents the activity
of the acoustic emission. To understand the damage evalua-
tion of different specimens during the test, Figs. 18, 19 and
20 shows the loading history curve versus the count and the
cumulative energy curves of the AE signals.

The accumulation of energy means that the damage in the
anchorage is gradually increasing. According to the energy
accumulation curves and the count curves in Figs. 18, 19 and
20, the damage process of each specimen can be divided into
three stages: contact stage, sliding elastic stage, and damage
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Fig. 16 Histogram of statistical
signal number and correspond-
ing energy contribution: a
1C200(0.09) b AC200(0.09) ¢
AC300(0.06)
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Fig. 17 RA-AF distribution of high-energy acoustic emission signals

plastic stage. The contact stage refers to the first increase in
the energy accumulation value from the beginning of load-
ing, during which a small amount of AE energy is generated

Fig. 18 Loading history versus 4. 00E+009
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owing to the contact between the components of the test
device. The sliding elastic stage and damage plastic stage
are bounded by the first sharp increase in the accumulated
energy in the middle and later phases of loading. In the slid-
ing elastic stage, there is no accumulation of AE energy, i.e.,
the damage intensity is very small, and the slight damage has
little contribution to the failure of the specimen. In the dam-
age plastic stage, serious damage occurs, and the cumulative
AE energy increases exponentially. The count represents the
activity of the acoustic emission. As can be seen in Figs. 18,
19 and 20, the increases in cumulative energy are accompa-
nied by larger counts. It can be indicated that severe damage
is consistent with active acoustic emission.

Moreover, the growth of the energy accumulation value
shows a ladder type, and the energy is mainly generated by
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Fig. 20 Loading history versus 1200 7. 00E+009
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a few high-energy signals. When compared with other large
number of signals, the energy value of these signals is dif-
ferent with several orders of magnitude. In other words, the
failure of the bond-type anchorage is mainly caused by a few
serious damages, and is sudden.

4.4 Discussion on failure mechanisms

The inner cone and arcuate-cone anchorages can be collec-
tively called cone-type bonded anchorages. The principle
of cone-type bonded anchorages is combining the chemical
bonding force between CFRP and adhesives with the extru-
sion force produced by colloidal compression. Therefore, the
sum of the two forces is the anchoring capacity.

The colloidal extrusion force is generated with the rela-
tive slip between the colloid and the barrel, as shown in
Fig. 21a. Both tension test results and acoustic emission
monitoring confirmed that relative slip of the colloid to
the sleeve occurred in cone-type bonded anchorages. All
specimens in the present tensile test had relative slips at the
barrel—colloid interface, as shown in Fig. 21b. The damage
process was obtained from the analysis of the acoustic emis-
sion monitoring data in Figs. 18, 19 and 20 above, where
the sliding elastic stage without damage proves that the slip
occurs at the barrel—colloid interface.

The ultimate chemical bonding force between tendons
and adhesives is constant for anchors with a determined
length, while the extrusion force generated by colloid extru-
sion increases with the loading process. Hence, it can be
presumed that different extrusion force increments may lead
to different failure modes.

First, when the colloid is not squeezed or the increment
of the colloid extrusion force is very small, only the chemi-
cal bonding force plays an anchoring role. Along with the
loading process, when the load value reaches the maximum
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(a) Schematic diagram of relative slip

(b) Relative slip in the tested specimen

Fig. 21 The relative slip of the colloid to the sleeve

chemical bonding force, the tendon is pulled out from the
colloid. This failure mode is pull-out failure, and its princi-
ple is shown in Fig. 22a.

Second, during the loading process of the anchorage,
the colloidal extrusion force continuously increased with
the loading process, but its growth rate was slow. When the
load exceeds the sum of the colloidal extrusion force and
chemical bonding force at a certain time, partial debonding
occurs at the interface between the tendon and colloid, and
the CFRP tendon and part of the colloid are pulled out of the
barrel. This failure mode is partial debonding failure, and its
principle is shown in Fig. 22b.

Third, during the loading process of the anchorage, the
extrusion force increment increases rapidly with the loading
process, or because of the longer length of the anchorage,
the ultimate chemical bond force is larger. Hence, the load
cannot exceed the sum of the colloidal extrusion force and
chemical bonding force. The load increases continuously
until the CFRP tendon is broken. This failure mode is tensile
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Fig.22 Schematic diagrams of three failure modes

fracture of the CFRP tendons, and the principle is shown in
Fig. 22c.

5 Conclusion

In this study, a novel bonded anchorage was designed to
relieve the stress concentration phenomenon. Furthermore,
this investigation firstly applied acoustic emission monitor-
ing technique to bonded anchorages to obtain damage infor-
mation inside the anchorages. The following conclusions
can be drawn:

(1) The load-slip relationship of bonded anchor is non-
linear, and the slippages of CFRP tendons increase
significantly near the ultimate bearing capacity.
Changing the cone to a curved shape can relieve
the stress concentration, and the peak stress can be
reduced by 61.5% according to the present FEM
results.

There are some indications that the RA-AF analysis
results of the high-energy signals are related to differ-
ent failure modes of anchorages.

The damage process of bond type anchorage can be
divided into contact stage, sliding elastic stage, and
damage plastic stage.
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