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Abstract: Carbon-fiber reinforced plastic (CFRP) is ideal for bridge reinforcement due to its high
strength, light weight, and corrosion resistance. Studies on the friction loss of CFRP tendons in a
bending state form an important part of advancing the application of CFRP materials to external
prestressing strengthening technology. To understand the magnitude and variation of interfacial
friction loss of prestressed CFRP tendons under bending conditions, 12 single-bending prestressing
tension tests and 4 three-consecutive-bending prestressing tension tests were conducted in this study.
Two bending radii of 1.5 m and 2 m, two bending angles of 20◦ and 30◦, and three contact surfaces
with different friction coefficients were selected for the steering block condition to measure the friction
loss under each stage of tensioning prestress. On this basis, a model for calculating the friction loss
rate on the surface of prestressed CFRP tendons was derived for the change of contact stress between
CFRP tendons and deflectors during the installation and tensioning stages. The results show that the
friction loss of external prestressed CFRP tendons is mainly related to four external factors: bending
radius, steering angle, friction coefficient, and the magnitude of tensioning prestress; with the increase
of prestress, the friction loss rate goes through three stages, the rising stage, the falling stage, and
the stable stage; in the process of friction loss rate change, the main influencing factor controlling
the magnitude of friction loss rate changes from bending radius to steering angle. In the theoretical
calculation model of friction loss rate, the calculation model of the prestressed CFRP tendons under
multiple successive bends can be simplified to a combination of several calculation models for a
single bend. This study provides a reference for the engineering field of strengthening reinforced
concrete (RC) beams using external prestressed CFRP tendons.

Keywords: bridge engineering; prestressed CFRP tendons; interfacial friction; friction loss rate

1. Introduction

Currently, external prestressing technology is a good solution to compensate for
the loss of prestress in concrete bridges [1,2]. CFRP materials have the advantages of
good corrosion resistance, high tensile strength, and lightweight [3–9]; they have been
gradually replacing steel strands as the main structural element for external prestressing
reinforcement in civil engineering [5,10–15]. The most mainstream reinforcement method
of the in vitro prestressing technology is to install the CFRP tendons on the reinforced
concrete (RC) beams through anchorage devices at both ends and apply prestressing along
the direction of the CFRP fibers [13].

Such materials are used in the external prestressing reinforcement technology. Taljsten
et al. [16] achieved an increase in fatigue life by bonding CFRP laminates to the steel surface,
while the addition of prestressing increased the reinforcement effect by a factor of four.
Aslam et al. [17] showed that prestressed FRP was an effective material for strengthening
deteriorated structures, and also provided a comprehensive review of the buckling behav-
iors of RC beams strengthened with prestressed FRP. The review covered the near surface
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mounting (NSM), externally bonded reinforcement (EBR), and externally post-tensioned
techniques (EPT), and highlighted the corresponding advantages and disadvantages. Yang
et al. [18] carried out flexural tests and finite element analysis on FRP-reinforced beams
strengthened by different prestressing reinforcement methods and found that the external
unbonded prestressing method was more effective in strengthening RC beams than the ex-
ternal bonded prestressing method. Wang et al. [19] investigated the buckling behavior and
long-term prestress losses in reinforced concrete beams strengthened with post-tensioned
CFRP plates. The tests showed that the prestress loss in CFRP plates in the post-tensioned
system was due to is anchorage (about 12.6% to 18.2% of the initial prestress), while the time
loss due to creep and shrinkage of the concrete and relaxation loss in the CFRP plates was
relatively small (about 2.3% to 3.9% of the initial prestress); Jia et al. [20] performed external
prestressed CFRP tendon reinforcement on seven T-beams, where the fully prestressed
beams withstood 2 million cycles of loading in fatigue tests, while the partially prestressed
beams failed after about 97,200 cycles, and the higher effective prestressing stresses were
beneficial in maintaining the beam stiffness.

Ng et al. [21] investigated the effect of external unbonded prestressing on the shear
behavior of concrete beams The test results showed that external prestressing reduced the
span-to-depth ratio (a/d, where a is span and d is depth) and significantly strengthened
the shear capacity of concrete beams; Le et al. [22] constructed four large T-shaped seg-
mental concrete beams with different types of nodes and reinforcement bundle materials
(steel/CFRP tendon bundles) and tested them in cycles under four-point loading, and the
test results showed that CFRP tendons can replace steel bars in segmented concrete beams
as external prestressing material. All tested beams showed excellent performance in terms
of load-carrying capacity and ductility. Li et al. [23] conducted fatigue loading tests on three
continuous concrete beams reinforced by externally prestressed CFRP tendons and investi-
gated the effects of different load levels on stiffness degradation and fatigue life, and an
analytic model considering load levels was proposed to calculate residual stiffness and pre-
dict stiffness degradation, which was in good agreement with the test results. Lou et al. [24]
conducted a numerical study of T-beams reinforced with extracorporeal prestressed FRP
materials and compared the results with those using conventional reinforcement methods.
The analysis showed that the external FRP bundles had lower flexural strength but better
ductility than the external steel bundles. The type of external reinforcement had no binding
effect on the redistribution of bending moments in continuous beams.

In summary, the application of CFRP materials in the field of external prestressing
reinforcement of bridges can effectively increase the ultimate load of RC beams, delay the
occurrence of cracks, and increase the fatigue life of the beams [18]. At the same time,
among the many external prestressing methods, external unbonded prestressing has be-
come a common means of strengthening damaged buildings with its convenience and good
reinforcement effect [25–27]. In fact, the steering system of the externally prestressed ten-
don bundles is a key part of the externally prestressed reinforcement technology, which is
directly related to the force condition of the externally prestressed tendon bundles [28–31].
In the field of prestressed strand research, it was recognized earlier that its interfacial
friction loss directly affected the application effect of the prestressed reinforcement technol-
ogy [32–35]. Therefore, in order to increase the reinforcement style of CFRP tendon bundles
in the field of unbonded prestressing reinforcement, so that CFRP tendon bundles can be
used for flexural reinforcement and shear reinforcement of RC beams by deviators, it is
necessary to analyze the force of prestressed CFRP tendon bundles in bending condition.
The data compilation and theoretical analysis of the friction loss of CFRP tendon bundles
under bending reinforcement can effectively provide a theoretical framework and data
support for the application of CFRP materials in unbonded prestressing technology.

In the present study, the prestressed CFRP tendons are used as the research object to
carry out the tests of prestressed CFRP tendons reinforcement under different bending
conditions. The instantaneous friction loss of CFRP tendons under prestressing loading
is measured, the relevant factors affecting the friction loss are analyzed, and the accuracy
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of the relevant theories is verified to provide a reference for prestressed CFRP tendons for
external bending reinforced bridges.

2. Test Design
2.1. Specimen

To study the friction loss of prestressed CFRP tendon bundles under bending, this
study conducted the prestressing tension test of CFRP tendon bundles under single bending
and three bending conditions. Considering the transportation problem of CFRP ten-dons
and the superiority of their own performance, the size of CFRP tendon bundle was 10 mm
in most tests. Therefore, the test specimens were made of 10 mm diameter CFRP tendons
with smooth rounded surfaces, and the CFRP tendons were purchased from Zhong Ao
Carbon Fiber Technology Co (Suzhou, Jiangsu Province, China). The properties of the
material are shown in Table 1.

Table 1. Material parameters of CFRP tendons.

Material Diameter Surface
Tensile

Strength
(MPa)

Longitudinal
Elastic Mode

(GPa)

Transverse
Elastic Modulus

(GPa)

CFRP 10 mm Smooth
rounding 2300 160 10.3

To avoid premature failure of the CFRP bundle in the test, the design length of the
single-bending test specimen was set at 1500 mm, and the design length of the three
times bending test specimens was set at 3000 mm by referring to the study of the intrinsic
mechanical properties of the CFRP bundles under the combined tensile and bending by
Fang et al. [36]. The ends of the specimens were anchored with a clip-type anchorage, as
shown in Figure 1. The ends of the anchorages retained the internal threads and were used
to connect the bearings and apply the tension-control forces.
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Figure 1. The test specimen.

2.2. Single-Bending Test

In this test, the specimens of CFRP tendons were bent once and tensioned. The test
device was composed of a tensioned end, a fixed end, and a deviator, and the materials
used were all Q235 steel, as shown in Figure 2. To avoid the stress concentration at the
end of the deviator and the support, the centers of the supports on both sides were set at
the tangential extension of the two ends of the deviator. The distance between each end
of the supports on both sides and the deviator was set at 0.3 m. The CFRP reinforcement
specimen was connected to the fixed support by a high-strength screw of grade 8.8, and the
yield stress of the high-strength screw was 900 MPa.
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The single-bending test was intended to measure the friction loss caused by the sliding
between the CFRP specimen and the deviator. Due to the material characteristics of poor
shear resistance and not easy to bend, the CFRP specimen should be avoided to be subjected
to excessive shear force in the test. The choice of circular deflector as the steering device of
the single-bending test effectively avoids the damage of the CFRP specimen and explores
the effect of different external conditions on the friction loss in a more intuitive way. The
deviator was welded by an arc-shaped plate and a fixed, flat plate. The thickness of the
arc-shaped plate was 10 mm. The friction coefficient of the contact surface between the
deviator and the specimen was changed by applying lubricating oil (high-temperature
molybdenum disulfide grease) and laying polytetrafluoroethylene (PTFE) plates. Three test
conditions were set for the contact interface. From the test and evaluation of the bending
tensile strength of CFRP bundles by Xia et al. [37] it is known that when the bending radius
of CFRP bundles is above 1.5 m, the strength retention can reach more than 70%, which
meets the test requirements. Due to the limitation of the test site, the bending angles of
20◦ and 30◦ were selected as the working conditions. The deviator was fixed in reinforced
concrete by post-anchoring technology, with the specific dimensions shown in Figure 3.

In Figure 2, force sensor I was placed at the tensioned end of the specimen to measure
the tension control force, Ft; force sensor II was placed at the fixed end to measure the
prestress value, Fa, subject to frictional losses, and data were collected at the frequency
of 5 Hz through a dynamic strain acquisition instrument. Data acquisition instrument is
was the uT7150A static strain gauge from uTeKL Company, as shown in Figure 4, with a
measurement error of ±0.01%FS ± 1µε.

A hydraulic jack was arranged at the tensioned end support to prestress the CFRP
tendons at the loading rate of 1 kN/s. When the tension control force reached 10 kN, 20 kN,
40 kN, and 60 kN, the load was held for 10 min to observe the changes in prestressing.
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There were 12 sets of working conditions in the single-bending test. The variable
controlled by the test contains the friction coefficient, µ, between the CFRP tendons and the
deviator, the bending radius, R, and the bending angle, θ. The specifically selected values
of variables are shown in Table 2.

Table 2. The test conditions of the prestressed CFRP tendons.

Test Piece No Number of Bending, n Bending Radius,
R/m Bending Angle, θ Contact Surface Working Conditions

CL-1 1 2.0 20◦ CFRP-no-low
CL-2 1 2.0 30◦ CFRP-no-low
CL-3 1 1.5 20◦ CFRP-no-low
CL-4 1 1.5 30◦ CFRP-no-low
ML-1 1 2.0 20◦ CFRP-lubricating oil-low
ML-2 1 2.0 30◦ CFRP-lubricating oil-low
ML-3 1 1.5 20◦ CFRP-lubricating oil-low
ML-4 1 1.5 30◦ CFRP-lubricating oil-low
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Table 2. Cont.

Test Piece No Number of Bending, n Bending Radius,
R/m Bending Angle, θ Contact Surface Working Conditions

PL-1 1 2.0 20◦ CFRP-PTFE-low
PL-2 1 2.0 30◦ CFRP-PTFE-low
PL-3 1 1.5 20◦ CFRP-PTFE-low
PL-4 1 1.5 30◦ CFRP-PTFE-low
CR-1 3 1.5 19◦-38◦-19◦ CFRP-no-low
CR-2 3 2.0 19◦-38◦-19◦ CFRP-no-low
CR-3 3 1.5 28◦-56◦-28◦ CFRP-no-low
PR-1 3 1.5 19◦-38◦-19◦ CFRP-PTFE-low

2.3. Three-Continuous-Bending Test

To measure the friction loss of the CFRP tendons under three-continuous-bending, as
shown in Figure 5, the number of deviators was set to 3, which started from the tensioned
end and were respectively denoted as deviator I, deviator II, and deviator III, and the
straight-line distance between the endpoints of deviators was 0.3 m. Force sensor I and
force sensor II were arranged on the supports on both sides to measure the tension control
force, the prestress value, and the collection frequency was 5 Hz.
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In this test, as shown in Table 2, there were four test conditions set for three-continuous-
bending tests, denoted as CR-1, CR-2, CR-3, and PR-1. In the test conditions of the multiple
bending tests, the friction coefficient of the contact surface was changed by laying or remov-
ing a PTFE plate, and there were two contact surface working conditions in total, CFRP-no-
low carbon steel and CFRP-PTFE-low carbon steel. Due to the limitations of the test site,
only two bending radii of 1.5 m and 2 m of the CFRP tendon specimens and two bending
angles of 19◦-38◦-19◦ and 28◦-56◦-28◦ were tested for the three-continuous-bending test.

2.4. Friction Coefficient Determination

A total of 3 friction interface conditions were set in this test, namely CFRP-no-low car-
bon steel, CFRP-lubricating oil-low carbon steel, and CFRP-PTFE-low carbon steel. To facil-
itate the subsequent analysis of experimental results and theoretical calculation, the friction
coefficient of each friction interface was measured, with the test results shown in Table 3.
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Table 3. Friction coefficient determination working condition.

Friction Interface Whether the PTFE
Plate Is Arranged

Whether the
Lubricating Oil

Is Applied

Friction
Coefficient, µ

CFRP-no-low No No 0.253
CFRP-lubricating oil-low No Yes 0.226

CFRP-PTFE-low Yes No 0.040
Calculation formula of friction coefficient, µ = f/F; f is the interfacial friction, F is the tensile force of CFRP
reinforcement sliding.

3. Test Results and Analysis
3.1. Test Process
3.1.1. Single-Bending Test

When the CFRP tendon specimen was just installed, the fixed supports at both ends
had a slight axial force on the CFRP tendons to keep the CFRP tendons in a bending state.
The sensor data at these ends measured in the test were close, approximately 0.3 kN.

In the initial stage of prestressed loading, due to the gap between the test devices, the
tension control force, Ft, increased slowly, and the prestressed value, Fa, at the fixed end
remained unchanged; when Ft was greater than a certain value, Fa began to increase, and
the CFRP tendon specimen adhered to the curved plate of the deviator, and the certain
value was denoted as it was the initial value, Fb, measured as 4.6 kN~7.9 kN.

3.1.2. Three-Continuous-Bending Test

When the CFRP tendon specimen was installed, the sensor data at both ends were close,
approximately 0.6 kN. In the three-continuous-bending test, the initial value of the tension
was in the range of 9.8 kN~14.3 kN, and the deviation was relatively great among various
sets of working conditions, and the values were associated with the installation accuracy.

3.2. Test Results

Data collected in the bending test of the prestressed CFRP tendons were Fa and Ft,
respectively. The frictional force, f, generated by the CFRP tendon specimen and the
deviator was obtained by subtraction between the two, as shown in Figure 2.

The friction loss rate under tension control forces at various levels was calculated by
the following formula (Equation (1)):

η = f/Ft = (Ft − Fa)/Ft (1)

The original data obtained from each working condition were taken, and the data in
the load-holding stage were excluded. The tension control force served as the x-axis, and
the friction loss rate, η, served as the y, which both are shown in Figure 6.
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(g) ML-3; (h) ML-4; (i) PL-1; (j) PL-2; (k) PL-3; (l) PL-4; (m) CR-1; (n) CR-2; (o) CR-3; (p) PR-1.

With the scatter diagram in Figure 6, the change in the friction loss rate, η, can be
divided into three stages: the increasing stage, the decreasing stage, and the stable stage.

In the growth phase, the rate of change of η was high and approximately linear. The
reason for this change was that the prestress was not applied sufficiently at the beginning of
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loading, and the CFRP tendons only partially occur relative slip and the prestressed value,
Fa, remains unchanged; in the decline phase, η gradually decreased, and the change rate
decreased with the increase of the tension control force, Ft, until it tended to 0. The change
law is an approximately inverse proportional curve; η stabilizes at a fixed value in the
stability phase, and the fixed value is recorded as the friction loss rate stability value, ηm.

To facilitate the analysis of the internal law of the data points of the falling section
and reduce the error caused by the test, the average friction loss rate under 20 kN, 40 kN,
60 kN, and 80 kN was taken for collation, as shown in Table 4. The dispersion degree of the
average friction loss rate and the test data can be expressed by the average deviation, A.D.
The average deviation of each group of data is in the range of 0.01–0.25, which is small, and
the dispersion degree is low.

Table 4. Summary of the processed experimental data.

Test Piece No
Average Friction Loss Rate, η, under Each Stage of Tension Control Force, Ft Friction Loss Rate

Stability Value, ηm20 kN 30 kN 40 kN 60 kN 80 kN

CL-1 9.826% 9.368% 9.139% 8.910% 8.796% 8.7%
CL-2 13.781% 13.328% 13.094% 12.665% 12.750% 12.4%
CL-3 10.284% 9.673% 9.368% 9.063% 8.910% 9.5%
CL-4 14.238% 13.628% 13.323% 13.018% 12.865% 12.7%
ML-1 8.713% 8.26% 8.025% 7.654% 7.512% 7.5%
ML-2 12.179% 11.777% 11.576% 11.375% 11.275% 11.2%
ML-3 9.364% 8.585% 8.260% 7.934% 7.858% 7.7%
ML-4 12.581% 12.045% 11.777% 11.509% 11.375% 11.1%
PL-1 1.843 % 1.767% 1.718% 1.676% 1.655% 1.5%
PL-2 2.629% 2.526% 2.495% 2.463% 2.422% 2.3%
PL-3 1.926% 1.805% 1.749% 1.694% 1.646% 1.4%
PL-4 2.713% 2.602% 2.546% 2.491% 2.463% 2.4%
CR-1 31.58% 30.28% 29.83% 29.39% 29.17% 29%
CR-2 30.49% 29.83% 29.50% 29.17% 28.96% 28.5%
CR-3 41.67% 40.78% 40.34% 39.90% 39.68% 39.5%
PR-1 6.40% 6.24% 6.16% 6.08% 6.04% 6%

3.3. Influencing Parameter Analysis
3.3.1. Comparison of Curvature Radii, R

The magnitude of the friction loss rate and its change rate under different working
conditions were significantly different. To understand the influence of each parameter on
the friction loss rate, the raw data were analyzed by the control variable method.

To understand the influence of R on the test results, the average friction loss rate, η,
under each working condition is compared and analyzed, as shown in Figure 7.

In general, the friction loss rate decreased with an increase in the tension control force,
Ft, and the change law approximated an inverse proportional function. When the friction
interface was constant and the deviation angle was the same, the rate of the friction loss
under the condition of the 1.5 m radius of the curvature of the deviator under the tensed
control force at each level was greater than the friction loss rate under the condition of
the 2.0 m radius of the curvature of the deviator. Thus, R was negatively correlated with
friction loss rate. At the same time, under the different curvature radii, the decreasing rates
of the friction loss were also slightly different.

When Ft was smaller than 35 kN, R had a significant correlation. With an increase in
Ft, the effect of R on η gradually decreased.
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3.3.2. Comparison of the Deviation Angles, θ

Compared with the effects of R on η, the effects of θ were more significant. By
controlling the variables except θ, the test data obtained from a single-bending test are
collated, and they are compared in groups, as shown in Figure 8.
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Figure 8. Comparison of data with different steering radius θ only:(a) comparison group of CL-
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(d) comparison group of ML-3 and ML-4; (e) comparison group of PL-1 and PL-2; (f) comparison
group of PL-3 and PL-4.

As seen from Figure 8, θ is positively correlated with η with same Ft. At the same time,
the values of loss rate differences between the two working conditions, ∆η, remain at the
same levels under each level of Ft. The average values of these loss rate differences of all
groups were 3.616%, 3.517%, 3.8128%, 3.9148%, 0.7752%, and 0.799%.
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3.3.3. Comparison of the Friction Coefficient, µ

Figure 9 shows the comparison of η under different contact interfaces. Under variously
tensioned control forces, a greater friction coefficient resulted in a higher loss rate.
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Figure 9. Comparison of data with different friction coefficients µ only: (a) comparison group of
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The friction loss rates of CL-1 and ML-1, CL-2 and ML-2, CL-3 and ML-3, and CL-4
and ML-4 were counted, and it was found that the average values of the loss rate differences
of all groups were discrete at fixed values, which were 1.179%, 1.502%, 1.108%, and 1.546%,
respectively. Among them, the friction loss rate differences between ML-2 and CL-2, ML-4
and CL-4 are close to and generally larger than that of the other two groups. That is, relative
to R, θ has a greater impact on ∆η.

3.3.4. Comparison under Multiple Bending

To further understand the variation law of the interface friction loss produced by the
CFRP tendons and the deviator, the number of the bending times of the CFRP tendons was
increased, changing from single-bending to three-continuous-bending. The test data of
multiple bending under different conditions were compared, as shown in Figure 10.
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The variation law of the interfacial friction loss of CFRP tendons under three-continuous-
bending was similar to that of single-bending. That is to say, µ and R affected the decreased
rate and decreased magnitude of η; µ and θ affected the size of the stable value, ηm, of
the friction loss rate. It can be concluded, then, that the behavior of the three-continuous-
bending of the CFRP tendons can be considered in a manner similar to those of continuous
single-bending.

4. Calculation Method of the Friction Loss of the Prestressed CFRP
4.1. Friction Loss Calculation during Installation Stage

In the installation stage, the prestress of the tensioned end had not yet been applied,
and the internal tension of the CFRP tendons was neglected. As shown in Figure 11,
the internal tension can be divided into two parts according to the curvature of the test
specimen: the curvature gradient segment, whose curvature changes uniformly along the
length of the specimen, can be approximated as a straight-line segment for calculation, and
the lengths are La and Lt respectively; the curvature fixed segment with constant curvature
size, with size maintained at 1/R. According to the change in the external forces, Pa and Pt,
applied on the specimen, the concentrated force was exerted by the support, which was
perpendicular to the specimen, and the concentrated forces, Par and Ptr, applied by the
deviator along the radial direction, respectively. The positions of action are at both ends of
the deviator.
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Figure 11. Sketch of the one bending calculation.

During the single-bending test, the curvature gradient segment was considered a
straight-line segment, so the approximate value of the concentrated force, Pi, could be
obtained as follows (Equation (2)):

P ≈ EI/LR (2)

In other words, the concentrated radial force exerted by the deviator on the CFRP
tendons in the single-bending test can be obtained as follows (Equation (3)):

Pi = Par + Ptr ≈ (EI/R) · (1/La + 1/Lt) (3)

where, Pi—the numerical sum of the concentrated forces of the CFRP tendons in the deviator.
In the multiple-continuous-bending model, the number of deviators was increased from

1 to n, and the calculation formula of the concentrated radial force was also needed to consider
the increase of the concentrated force caused by multiple bending, as shown in Figure 12.
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To facilitate the calculation and application in engineering practice, the curvature
gradient segment of the CFRP tendon specimen was approximated as a straight-line
segment, and the action point of the shear force was close to the endpoint of the deviator.
For the curvature fixed segment of CFRP tendons fitted to the deviator, the change in
curvature of the curvature gradient segment is the sum of the absolute values of the
curvature on both sides (Equations (4) and (5)):

P(n−1) · L(n−1) = EI (1/Rn + 1/R(n−1)) (4)

Pi = P0 + 2
(

P2 + P3 · · · P(n−2) + P(n−1)

)
+ Pn = EI·(1/(R1·La) + 1/(Rn·Lt)) + EI·∑

(n−1)
(i=1)

(2/(Ri·Li) + 2
(

/R(i+1)·Li

)
)

(5)

where L(n−1)—distance between the deviator N and the deviator n−1; P0, Pn, represent the
concentrated force exerted by the tension end and the fixed end, respectively.

Therefore, the friction loss rate caused by the installation stage is (Equation (6)):

ηi =µ Pi/Ft (6)

4.2. Friction Loss Calculation during the Tensioned Stage

Under the action of the CFRP axial force, the deviator produced a compressive stress
perpendicular to the neutral axis of the CFRP tendon, which resulted in a frictional force,
f, opposite to its tension direction, which led to the friction loss of the prestressed CFRP
tendons. The differential equations are used to establish the theory of calculating friction
loss regarding Fa, µ, and θ.

As shown in Figure 13, the curvature fixed segment of the CFRP tendons was taken for
the force analysis. As shown, the prestressed CFRP tendon was subjected to compressive
stress, Fr, in the radial direction, and two axial forces, Fa and Ft, where Fa is the tension
control force exerted by the tensioned-end jack, and Ft is the axial force held on the CFRP
tendon after friction loss, and its value is the tension control force minus the friction force
(f ), i.e., F = Fa − f.
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Figure 13. Sketch of model calculation for the tensioning stage.

The prestressed CFRP tendons were differentiated and divided into countless equal
arcs according to the angle of the arc occupied, the angle occupied by each equal arc was
dθ, and the friction force generated by the arc was df.
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The differential equation was established according to the force balance relationship
and is as follows (Equations (7)–(9)):

F·cos (1/2) dθ = (F−df ) ·cos (1/2) dθ + df (7)

F·sin (1/2) dθ + (F−df )·sin (1⁄2) dθ = dFr (8)

df =µ dFr (9)

df is a very small quantity compared with the other two terms and was ignored here.
Based on that, by combining Equation (7) and Equation (8), the following equation was
obtained (Equation (10)):

2µ(Ft−f ) ·sin (1⁄2) dθ = df (10)

By integrating along the bending section of the CFRP tendons, we can get the friction
loss formula (Equation (11)):

fs = (1 − e−µθ) ·Ft (11)

The formula of the friction loss rate under the tension stage under single-bending
conditions is as follows (Equation (12)):

ηs = fs/Ft = 1 − e−µθ (12)

The formula of the friction loss rate under the tension stage under multiple bending
condition is as follows (Equation (13)):

ηs = fs/Ft = 1 − ê
(
−∑n

1 µiθi

)
(13)

4.3. Theoretical Verification

The compressive stress between the specimen and the deviator was regarded as the
result of the superposition of the concentrated force generated in the installation stage and
the compressive stress generated in the tension stage. Therefore, the calculation of the total
friction loss rate η was divided into two parts (Equation (14)):

η = ηi + ηs (14)

Formula (14) was substituted into each working condition for calculating its theoretical
value, and the value was compared with the experimental data, as shown in Figure 14.

In general, the theoretical and experimental values of the friction loss rate are con-
sistent with each other. The theoretical value of the friction loss rate is smaller than the
experimental value, and the deviation between the two decreased with an increase in
the tension-control force. Compared with the single-bending test, the initial theoretical
deviation of the three-consecutive-bending tests was greater. In the theoretical verification
of the three-consecutive-bending tests, the relative theoretical deviation of the PR-1 group
was relatively greater, and the theoretical value deviates from the experimental value by
approximately 0.5% to 1.5%. Based on the summary of the tests and theoretical analysis,
the reason for this error is that there was large friction at the contact between the con-
necting screws and the supports between the CFRP tendons and the supports at both the
ends. However, this influencing factor was not considered in the calculation theory, which
made the friction force generated during the installation stage larger than the theoretical
value. When the tension control force increased, the effects of the errors on the theoretical
results reduced, and the theoretical value was found to be in good agreement with the
experimental results.
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The existing design methods for external prestressing take steel bars or steel cables
as the design object, and the related calculation methods are not very suitable for the
application of CFRP materials in bending reinforcement. This study can provide data
and theoretical reference for the application of CFRP materials in the field of external
prestressing reinforcement.

At present, this study only analyzed the mechanism of the action of friction loss during
bending reinforcement of CFRP specimens with a diameter of 10 mm. At the same time, the
theory neglected the friction loss generated by the CFRP specimen at the support and the
segmental slip of the CFRP specimen during the tensioning process. In subsequent studies,
more numerical simulation work will be added to simulate the whole tensioning process.

5. Conclusions

In this study, a prestressing tension test of CFRP tendons was designed to measure the
friction loss under different bending conditions. Relating the experimental phenomena to
the data variations and verifying them by the theory of friction loss rate calculation, the
following conclusions can be drawn:

1. The instantaneous friction loss of the external prestressed CFRP tendons was gen-
erated under the combined action of tension and bending, and its value primarily
depended on the bending radius, the deviation angle, the friction coefficient, and the
tension prestress.

2. The changes in friction loss rate can be divided into three stages: a linear growth
stage caused by the insufficient slip of the CFRP tendons; a decreasing stage where
the friction loss rate generated in the installation stage gradually decreases with an
increase in the tension control force; and the stable stage where the friction loss rate
in the installation stage was negligible, and the total friction loss rate is basically
unchanged in the tension stage.

3. The friction loss rate of the prestressed CFRP tendons can be simplified by super-
imposing the friction loss rate of several successive bends in the friction loss rate
calculation model.

4. The proposed model considers the factors such as friction coefficient, bending con-
dition, and prestress value, and the calculated value is in good agreement with the
test value, which can be used to calculate the friction loss rate of prestressed CFRP
tendons under different bending conditions.
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