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ARTICLE INFO ABSTRACT

Keywords: Carbon fiber-reinforced polymer (CFRP) cables are an attractive material for bridge cables due to their light
Carbon fiber-reinforced polymer (CFRP) weight, high strength, and corrosion resistance properties. However, research on their long-term creep perfor-
Cable mance is limited. In this study, long-term creep tests were conducted on self-anchored CFRP cables under various
}C\ils:;rage stress levels to evaluate their creep performance and residual mechanical properties. Based on experimental data,
Relaxation million-hour creep coefficients and relaxation coefficients were predicted. The results indicated that the self-

anchored CFRP cable system had a million-hour creep coefficient ranging from 6.1 % to 7.9 % at stress levels
from 0.3 f,, to 0.7 f,, (where f,, represents the characteristic tensile strength). Additionally, maintaining low and
medium stress levels for 1000 h improved the tensile strength and stability of the CFRP cables. The self-anchored
CFRP system was also able to provide effective anchorage even after continuous loading. By comparing with the
steel cable data in the literature, the self-anchored CFRP system exhibited smaller creep and relaxation, as well as
superior residual tensile properties. These findings suggested that the self-anchored CFRP cable exhibited
favorable long-term reliability, and finally self-anchored CFRP cables were successfully applied to a bridge in the
campus of Tsinghua University.

Residual mechanical properties

1. Introduction

Carbon fiber-reinforced polymer (CFRP) has emerged as a promising
material for cable applications in structures given its advantageous
properties such as high strength-to-weight ratio, corrosion resistance,
and fatigue resistance [1-5]. However, as an anisotropic material, the
transverse compressive strength and shear strength of CFRPs are
considerably less than the longitudinal tensile strength, posing a chal-
lenge for its effective anchoring in engineering applications [6]. To
address the aforementioned issue, researchers have proposed various
anchoring methods primarily utilizing surface force transmission
mechanisms such as mechanical friction or bonding forces [6]. How-
ever, due to the lower shear strength of CFRP, the anchoring efficiency
of these methods is typically limited. Therefore, we have introduced a
novel self-anchored CFRP cable system [2-4,7], as shown in Fig. 1. In
this system, CFRP is wound around the anchoring area, allowing CFRP
to primarily experience tensile loading and possessing a straightforward
and efficient anchoring mechanism. The cable system comprises two
variations based on cable length: the combined type and the integrated
type. The combined type consists of two distinct components, namely

the anchorages and the cable body. These components can be connected
using pre-clamp lap joints [2,3], resulting in an assembled CFRP cable
with a relatively substantial length. The key advantage of this type of
CFRP cable lies in the ability to prefabricate both the anchorages and the
cable body in a factory setting, subsequently assembling them at the
construction site. This approach significantly simplifies the trans-
portation and installation of CFRP cables. On the other hand, the inte-
grated type is designed as a readily available product with a cable length
suitable for transportation. By utilizing the continuous winding tech-
nique, the anchorages and the cable body are simultaneously formed,
eliminating the need for any joints between them. The novel self-
anchored CFRP cable system offers numerous advantages, including
high anchoring efficiency, a lightweight design, and easy installation.
However, it is crucial to investigate the long-term creep behavior of the
self-anchored CFRP cable under sustained loading, as it has the potential
to impact the stability and safety of the entire structure [8,9].

The creep development in fiber-reinforced polymers (FRP) is a
crucial behavior that has been investigated in previous studies. In this
regard, the creep process can be characterized by three different stages
[10], as demonstrated in Fig. 2. The primary creep stage is characterized
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by arapid increase in creep strain followed by a gradual reduction in the
growth rate until it reaches a steady state. The secondary creep stage
may persist for an extended duration during which the creep behavior
remains relatively constant, as shown by the green line in Fig. 2. How-
ever, at higher stress levels, the material may undergo a transition to the
third stage, known as tertiary creep, where the creep strain increases
rapidly, leading to material failure through creep rupture, as shown by
the orange line in Fig. 2. In cases of very high stress levels, creep rupture
can occur during the first stage, as shown by the red line in Fig. 2. Thus,
comprehending the different stages of creep development is crucial for
predicting the long-term behavior of composite materials subjected to
sustained loading conditions.

The investigation of creep behavior in various types of FRP materials
under different environmental conditions and stress levels has been
extensively researched. These studies have mainly focused on three as-
pects: creep coefficient, creep rupture strength, and residual properties.
Specifically, the creep coefficient is defined as the ratio of creep strain to
initial strain, with lower values indicating better creep performance.
Creep rupture strength is defined as the maximum continuous load level
that a material or structure can sustain throughout its service life
without undergoing creep rupture. For span bridges, which are typically
designed to last for 100 years, it is common practice to calculate the
creep rupture strength with a load holding time of 114 years (10° h) to
ensure adequate safety [12]. Residual properties describe the mechan-
ical properties of a material after undergoing creep deformation.

To comprehend the development of creep behavior in materials,
creep tests and theoretical models have been used to fit and predict the
material creep coefficient. In 1992, Guimaraes and Burgoyne [13]
conducted an experiment on the creep behavior of Parafil rope with
aramid fiber, assessing its creep behavior at ambient temperature for up
to 580 days. The results indicated that the creep and recovery of the
Parafil rope could be described by a logarithmic relationship with time,
and there was no significant correlation between the creep coefficient
and the stress level. In 2003, Zou [14] performed a 1000-hour creep test
on 8 mm-diameter aramid fiber-reinforced polymer (AFRP) bars at a
stress level from 40 % to 70 % of the ultimate tensile strength. Based on
the test results and logarithmic regression analysis, the predicted
million-hour creep coefficient was 13.3 %. Banibayat and Patnaik [15]
conducted a creep test on 4.3 mm-diameter basalt fiber-reinforced
polymer (BFRP) bars with a stress level from 25 % to 80 % of the ulti-
mate tensile strength, simulating environmental conditions in concrete
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Fig. 2. Creep deformations over time (adapted from Ref. [11]).

using an alkaline solution and a high temperature (60°C) accelerated
test. The results revealed that the predicted million-hour creep coeffi-
cient of the BFRP bars was 12.9 %, slightly less than that of the AFRP
bars. Ascione et al. [16,17] conducted creep tests on glass fiber-
reinforced polymer (GFRP) laminates and their constituent phases
(fiber and matrix) under constant environmental conditions. They
simulated the creep behavior of GFRP based on a four-parameter rheo-
logical mechanics model, assuming no slip between the matrix and fiber.
The predictions of this model were in good agreement with the experi-
mental results. This model explains the creep behavior mechanism of the
composite: the different rheological properties of the matrix and fiber
lead to stress transfer from the matrix to the fiber, the viscous defor-
mation of the fiber is ignored, the stress of the matrix gradually ap-
proaches zero, and the axial strain of the composite eventually tends to
have a constant value over time.

The testing methodology for evaluating creep rupture strength is
outlined in ASTM D7337 [12], which involves subjecting FRP bars to
different stress levels during the creep test and recording the corre-
sponding stress level and time of failure. Linear regression analysis using
the least squares method can establish a correlation between the loga-
rithm of endurance time and creep rupture strength from the acquired
test data. Wang et al. [18,19] conducted a 1000-hour creep test on 6
mm-diameter BFRP bars and found that the million-hour creep rupture
strength was 52 % of the tensile strength with 95 % reliability. Pre-
tension treatment led to enhanced creep performance of BFRP bars,
resulting in a 17 % increase in their million-hour creep rupture strength.
Furthermore, Benmokrane et al. [20] performed a statistical analysis of
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Fig. 1. Novel self-anchored CFRP cable system [2-4].
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204 creep rupture tests across eight studies and determined that the
million-hour creep rupture strength of GFRP bars was 50.7 % of the
average ultimate tensile strength.

Researchers usually perform static tensile tests on materials that
have not undergone creep rupture after conducting creep testing to
assess the impact of creep on mechanical properties. Yang et al. [21]
conducted high-stress creep tests on CFRP tendons with field-made an-
chorages for 3,624 h and observed that the residual strength of the CFRP
tendons was significantly greater than their guaranteed strength, indi-
cating good performance under very high stress levels. In another study,
Yang et al. [22] noted that the residual strength of CFRP tendons
decreased by 4.54 % after creep testing, while the residual elastic
modulus increased by 6.99 %. Additionally, Jiang et al. [23] studied the
creep behavior of CFRP cables at elevated temperatures, and their
experimental results demonstrated that the degree of damage to the
residual strength and elastic modulus of the cables increased with higher
temperatures and stress levels.

A review of the literature on FRP composite creep behavior indicated
that limited research was conducted on CFRP cable creep behavior, and
there was a significant variation in the results of creep tests. Moreover,
there are very few studies available on the creep behavior of self-
anchored CFRP cables. Thus, this study aims to comprehensively
investigate the creep behavior of self-anchored CFRP cables by
analyzing their creep-time relationship under various stress levels,
predicting creep and relaxation coefficients, and determining residual
properties following 1000 h of sustained loading. Finally, this paper also
presents the practical applications of self-anchored CFRP cables in
engineering.

2. Experimental programs
2.1. Specimens

The self-anchored integrated CFRP cables used in the test consisted
of two anchorages and a 200-mm-long cable body with a cross section of
25 mm x 1.2 mm, as shown in Fig. 3. The T70024S unidirectional
carbon fiber prepreg material with a 36 % volume of epoxy resin was
utilized to manufacture the CFRP loops and cable bodies through the
continuous winding and vacuum bagging technique. C45E4 steel was
used to make the steel rings, and poplar was used to make the wood core
mold. Two steel plates and four bolts were used to prevent potential
splitting failure in the transition area between the anchorage and cable
body.

The layup method for the self-anchored CFRP cables is illustrated in
Fig. 4. The specific steps are as follows: (a) Laying the first winding
layer: The first layer of unidirectional carbon fiber prepreg is wound
around the steel rings at two ends, with an overlap on one side of the
cable body. The overlap length is no less than 200 times the thickness of
the carbon fiber prepreg. (b) Laying the reinforcement layer: A layer of
reinforcement is laid on the two anchoring regions. The reinforcement
layer uses the same material as the winding layer (different colors are

200 50 150 212
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Fig. 3. Schematic of the self-anchored CFRP cables.
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Fig. 4. Layup method for the self-anchored CFRP cables.

used for easy differentiation). (c) Laying the second winding layer: The
second layer of unidirectional carbon fiber prepreg is wound around the
cable body with an overlap on the other side. Then, a second layer of
reinforcement is laid on the two anchoring regions. This cycle is
repeated until the cable body and anchorages reach the designed
thickness. (d) Vacuum curing: Place a flow mesh and flow tube on the
laid carbon fiber prepregs, seal the specimen with sealing adhesive and a
vacuum bag, and evacuate to maintain a pressure of 0.1 MPa. Place the
sealed specimen in an oven, with an initial curing temperature of 110 °C
and an initial curing time of 0.5 h, followed by a curing temperature of
140 °C and a curing time of 2 h. (e) Post-processing: After the specimen
naturally cools, remove the vacuum bag, flow mesh, flow tube, release
fabric, etc. Cut the specimen, and install steel plates in the transition
area.

2.2. Short-term tensile test

To determine the ultimate tensile strengths and elastic modulus of
self-anchored CFRP cables, short-term tensile tests were conducted
using a hydraulic testing machine, as shown in Fig. 5. A tensile load was
applied to the cables under displacement-controlled mode at a constant
rate of 1 mm/min. The anchorage was connected with the fixture via a
pin with an assembly gap of 0.4 mm between the pin and the steel ring.
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Fig. 5. Short-term tensile test setup.

Laser level alignment was performed during specimen installation to
mitigate the impact of eccentricity during the test process. Prior to the
tensile tests, specimens were pre-tensioned to a load of 5 % of their
capacity to eliminate gaps between the specimen and fixture during
installation and possible slip between the fixture and testing machine
during the experiment.

2.3. Long-term creep test

A testing machine was made to ensure stable load application during
the long-term creep test, as shown in Fig. 6. The lever principle was
utilized to magnify the load of the counterweight and apply it to the
CFRP cable at a factor of 7.65. The counterweight and the CFRP cable
were installed on either side of the lever arm, with one end of the CFRP
cable hinged on the lever arm and the other end hinged on the base
through the reaction plate and bolts. The counterweight consisted of a
steel basket weighing 70 kg and iron blocks, each weighing 20 kg [7].

Lever arm

Specimen

3

Reaction plate

Counterweight
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Different quantities of iron weights were used to achieve the desired
stress levels of the CFRP cables, which ranged from 0.3 to 0.7 f,, for 1000
h, as presented in Table 1. Here, “f,” denotes the characteristic tensile
strength of the CFRP cable.

To minimize the effect of external environmental and human factors,
the creep test site was established in the basement of the Structural
Laboratory at Tsinghua University. The site maintained an average
ambient temperature of 18.5 °C, meeting the temperature requirements
specified in JSCE-E533 (2004) [24]. According to the specifications, the
test temperature should normally range within 20 + 2 °C, while the
average relative humidity should be maintained at 40 %.

To monitor the long-term creep strain of CFRP cables, Donghua
5G101 LVDTs (linear variable differential transformers) were employed
with a measurement range of 10 mm, an accuracy of 0.005 mm, and a
nonlinear error of < 0.5 %. To collect data during the creep test, a
Donghua DHDAS dynamic signal acquisition and analysis system was
utilized with a data sampling frequency of 1 Hz.

Once the load was applied and stabilized, the displacements were
reset to zero, and creep strain measurements began. The LVDT-1
determined the creep displacement of both the lower anchorage and
cable body (s1), while the LVDT-2 was responsible for measuring the
creep displacement of the lower anchorage (sz). As the cable body length
(D) was 200 mm, the creep strain of the CFRP cable body could be
calculated using the following equation:

S — 85
S‘»:T

®

3. Results
3.1. Short-term tensile properties

The results of short-term tensile tests for the self-anchored CFRP
cables are presented in Table 2. In practical applications and the design
of CFRP cables, it is important to consider the variation of their tensile
strength. For this reason, the characteristic tensile strength (f, = 2030.8
MPa) was used as the standard stress value in the creep test. The

Table 1
Creep test matrix.
Specimen Temperature Target stress Actual stress Creep time
D C) level level (h)
0.3 fu 18.5+ 0.5 30 % 30.2 % 1000
0.4 fy 18.5+ 0.5 40 % 39.9 % 1000
0.5 fu 18.5+ 0.5 50 % 49.6 % 1000
0.6 fu 18.5+ 0.5 60 % 59.3 % 1000
0.7 fu 18.5+ 0.5 70 % 71.3 % 1000

Fig. 6. Long-term creep test setup.
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Table 2
Short-term tensile properties of the self-anchored CFRP cables.
Specimen Tensile Tensile Elastic Rupture
capacity strength modulus strain (%)
(kN) (MPa) (GPa)
S-1 64.9 2164.4 141.9 1.52
S-2 63.2 2106.5 137.2 1.53
S-3 72.1 2403.3 143.6 1.67
S-4 66.3 2211.5 140.1 1.58
S-5 69.7 2323.7 138.5 1.68
Mean value 67.2 2241.9 140.3 1.60
Standard 3.2 107.7 2.3 0.07
deviation
Coefficient of 4.8 % 4.8 % 1.6 % 4.2 %
variation
Characteristic - 2030.8 - -
value

characteristic tensile strength corresponded to the 95th percentile of the
strength distribution of the tested specimens, indicating that 95 % of the
specimens demonstrated tensile strength greater than the characteristic
value.

3.2. Long-term creep test results

Fig. 7 illustrates the creep and displacement curves of all specimens
throughout the long-term creep test. The results indicated two distinct
stages in the creep strain development of all specimens within the stress
level range of 0.3 f, ~ 0.7 f,. During the first stage, the creep strain
increased rapidly, while during the second stage, it gradually slowed
with increasing time and stabilized at a slower creep rate. Notably, the
first stage for all specimens did not exceed 120 h. The second stage lasted
from 120 h to 1000 h and was characterized by a long-term and stable
creep strain.

The creep coefficient is a fundamental parameter used to charac-
terize the creep behavior of materials and represents the ratio of creep
strain at a specific time to the initial strain. The creep coefficients for
each specimen were computed at 72 h, 500 h, and 1000 h, as shown in
Fig. 8. The results indicated that the creep coefficient increased with
increasing duration of loading but showed no significant correlation
with the stress level. This finding is consistent with the study by Gui-
maraes et al [13]. However, some research results suggested that the
creep and relaxation of FRP increased with higher stress levels [22,25].
One possible explanation is that the creep coefficient of FRP remains
relatively stable at moderate stress levels; however, beyond a certain
threshold, the creep coefficient tends to rise with increasing stress levels.
This phenomenon was observed in the experimental study conducted by
Shi et al [26]. In our study, the maximum stress level was 0.7 f,,, whereas
Yang et al [22] conducted creep tests under elevated stress levels
ranging from 0.69 f, to 0.85 f, in their research. Consequently, no cor-
relation between the creep coefficient and stress level was observed in
our study, contrasting with the positive correlation noted by Yang et al
[22]. It should be noted that this study only included one specimen for
each stress level, and further experimental data are required to confirm
this observation. The three curves in Fig. 8 exhibited similar undulating
trends, indicating that higher short-term creep coefficients generally
correspond to higher long-term creep coefficients. For the CFRP cables
examined in this study, the creep coefficient ranged from 3.21 % to 4.31
% at 1000 h.

To gain further insight into the microscopic mechanism underlying
the creep process of CFRP cables, specimens subjected to 0.5 f, and 0.7 f,
were examined before and after the creep test using scanning electron
microscopy (SEM), as presented in Fig. 9. The longitudinal section of the
specimen before the creep test contained multiple uneven fibers. How-
ever, after the creep test, most of the fibers in the specimen subjected to
0.5 f,, appeared to be straightened. Similarly, for the specimen subjected
to 0.7 f,, most of the fibers were pulled straight, but some minor fiber
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breakage and interface cracks between the fiber and resin were
observed. Based on the microscopic observations and analysis, it was
concluded that initial fiber bending and interfacial defects between the
fiber and resin are crucial factors that influence the creep rate and creep
rupture strength of CFRP cables.

3.3. Creep coefficient prediction

To predict the long-term creep development of CFRP cables for 10°h
(equivalent to 114 years), classical models have been employed to
describe their creep behavior. The selection of an appropriate creep
model is vital for accurately characterizing the creep of CFRP cables and
predicting their long-term creep behavior. In this study, the Burgers
model based on mechanics, the Findley model, and the logarithmic
model based on empirical formulas were introduced to facilitate a
comprehensive understanding of the creep performance of CFRP cables.

The Burgers model is a widely used rheological model that charac-
terizes the relationship between stress, strain, and time through several
basic elements [17], as shown in Fig. 10. Specifically, the elastic
response is represented by a spring, while the viscous response is rep-
resented by a dashpot. The most common rheological models are the
Maxwell model and the Kelvin model. The Maxwell model comprises a
spring and dashpot in series, whereas the Kelvin model consists of a
spring and dashpot in parallel. Although the Maxwell model can
describe relaxation behavior to some extent, it is not suitable for effec-
tively capturing creep behavior. Conversely, the Kelvin model is better
suited for modeling creep behavior but falls short in capturing relaxation
behavior. To overcome these limitations, the four-parameter Burgers
model combines the Maxwell and Kelvin models in series, offering a
more precise representation of viscoelastic behavior in composite ma-
terials with the ability to accurately capture both creep and relaxation
behaviors [17].

The strain of the Burgers model can be divided into three compo-
nents:

&(t) = emn +&m2 + & &)

where ¢(t) is the total strain in the creep process, &y is the instan-
taneous elastic strain calculated by the spring element with an elastic
modulus of Ey in the Maxwell model, &, is the viscous strain calculated
by the dashpot element with a viscosity coefficient of #,,, and & is the
delayed elastic strain calculated by the Kelvin model. The Kelvin model
consists of a spring element with an elastic modulus of Ex and a dashpot
element with a viscosity coefficient of 7 in parallel. Their relationships
are given by the following equations:

0o

e =z, 3)
er = 21 4
My
L0 (|
erEK(l e ) 5)

Therefore, the equation for total strain based on the Burgers model
can be expressed as follows:

1 1 1 Ex

et)=o —+—+—(1—eW’)] 6)
® =20 [EM M Ex

where oy is the initial tensile stress and t is the load holding time. Its

simplified form of this equation is:

e(t)=a+bt+c(l1—e) )

The Findley model is a power law model based on empirical formulas
originally proposed by Findley in 1960 [27]. It has been used to char-
acterize the creep behavior of viscoelastic materials [28]. The total
strain equation based on the Findley model is given by:
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Fig. 7. Creep and displacement curves.

(8)

stress and material.

where ¢, is the initial elastic strain and a is a coefficient related to

where ¢ is the initial elastic strain, m is the stress-dependent and
temperature-dependent coefficient and n is the stress-independent ma-
terial constant.

Research has shown that the tensile creep strain of FRP materials is
linearly related to the logarithm of time [11,19,29]. Therefore, the total
strain equation of the logarithmic model is given by:

e(t) = & +alnt ©)

Yang et al. [22] used various creep models to fit the creep behavior of
CFRP and found that the modified logarithmic law model provides
better fitting accuracy. The total strain equation is given by:

&(t) = € +alnt + bt 10)

where ¢y is the initial elastic strain and a and b are coefficients related to
stress and material.
The above four creep models were used to fit the behavior of the
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CFRP cables, as shown in Fig. 11. The fitting curves generated by the
Burgers model and the modified logarithmic model exhibited a higher
goodness of fit than the logarithmic model and Findley model. This
suggests that the former models outperformed the latter in terms of
fitting capability, primarily due to the greater number of parameters in
the former models. However, it is important to note that the long-term
creep prediction obtained from the Burgers model and modified loga-
rithmic model approached a linear function of time for long-term creep
prediction, resulting in a significant overestimation of creep values
during later stages.

Given that CFRP cables are typically employed in long-span bridges
with a design life of approximately 100 years, there is a need for creep
data over 5 x 10° h (57 years) and 10°h (114 years). Table 3 shows the
values of creep strain and creep coefficient predicted by each model
under various stress levels. The results indicated that each model
exhibited good short-term prediction accuracy, with similar predicted
values for 1000 h. Nonetheless, the values predicted by the Burgers
model and modified logarithmic model for 5 x 10° h and 10° h signif-
icantly exceeded the ultimate tensile strain of CFRP, which rendered
their predicted values unreliable. For most stress levels, the predicted
values of the creep coefficient of the Findley model for 10° h exceeded

d fibers

P —

(c) Specimen after a creep test (0.7 £,)

Fig. 9. SEM images
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(b) Kelvin model

of specimens.
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Fig. 10. Rheological models.
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Fig. 11. The fitted curves of different models.

15 %, while the predicted values of the creep coefficient for 10® h under
different stress levels of the logarithmic model were below 10 %.
Table 4 presents the predicted million-hour creep coefficients of
various FRP materials from the literature. Most studies used the loga-
rithmic model to fit and predict the creep behavior of FRP materials. For
the AFRP material, the predicted million-hour creep coefficient ranged

from 8.6 % to 14.3 %, while for the BFRP material, it ranged from 6.62 %
to 12.9 %. In contrast, for the CFRP material, the predicted million-hour
creep coefficient was smaller, ranging from 1.84 % to 3 %. In this study,
the self-anchored CFRP cables were manually wound with prepreg,
which lacked pre-tension during the production process. Therefore, the
initial bending of fibers was more significant, resulting in a larger creep
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Table 3
Predicted values of the creep strain and creep coefficient.
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Stress level Model Creep strain (57 years) Creep coefficient (%)
1000 h 5x10°h 10°h 1000 h 5x10°h 10°h
0.3 fu Burgers model 192.1 38116.1 76116.1 4.3 853.2 1703.9
Findley model 184.9 736.9 860.2 4.1 16.5 19.2
Logarithmic model 177.2 336.6 354.4 4.0 7.5 7.9
Modified logarithmic model 186.6 12307.8 24324.1 4.2 275.5 544.5
0.4 fu Burgers model 201.5 47107.5 94107.5 3.4 798.1 1594.5
Findley model 187.9 775.0 907.7 3.2 13.1 15.4
Logarithmic model 179.7 341.4 359.5 3.0 5.8 6.1
Modified logarithmic model 193.2 18298.6 36314.4 3.3 310.0 615.3
0.5 fu Burgers model 260.3 27206.3 54206.3 3.5 370.8 738.8
Findley model 257.9 557.3 607.3 3.5 7.6 8.3
Logarithmic model 266.2 505.6 532.3 3.6 6.9 7.2
Modified logarithmic model 283.4 1036.4 1564.8 3.9 14.1 21.3
0.6 fu Burgers model 294.5 31232.5 62232.5 3.4 356.1 709.5
Findley model 304.7 1312.6 1544.8 3.5 149 17.6
Logarithmic model 290.7 552.2 581.4 3.3 6.3 6.6
Modified logarithmic model 298.4 10528.8 20556.8 3.4 120.0 234.3
0.7 fu Burgers model 433.3 103726.3 207226.3 4.1 983.5 1964.8
Findley model 441.4 2036.2 2414.8 4.2 19.3 22.9
Logarithmic model 417.2 792.6 834.4 4.0 7.5 7.9
Modified logarithmic model 450.0 43691.5 86728.1 4.3 414.3 822.3
Table 4 deformation into viscoelastic deformation over time, resulting in a
able

Comparison of the predicted million-hour creep coefficients.

Study Material ~ Calculation formula  Predicted creep
coefficient (10° h)
Guimaraes et al. AFRP $(0=(0.012 + 8.6 %~14.3 %
(1992) [13] 0.0003) 1g(0)
Zou (2003) [14] AFRP ¢(t) = 0.0058 In(t) 13.3 %
+ 0.0531
Wang et al. (2016) BFRP ¢(t) = 0.0052 In(t) 6.62 %
[19]
Banibayat and Patnaik BFRP ¢(t) = 0.006 In(t) + 129 %
(2015) [15] 0.0465
Zou (2003) [14] CFRP - <3%
Yang et al. (2018) CFRP ¢(t) = 0.0012 In(t) 1.84 %~1.91 %
[22] + 0.0025
The present study CFRP ¢(t) = 0.0057 In(t) 6.1~79%

coefficient of the CFRP cables. The logarithmic model was more
reasonable than the Findley model for predicting creep coefficients. As a
result, the logarithmic model was chosen for subsequent creep coeffi-
cient calculations and stress relaxation coefficient predictions. Accord-
ing to the logarithmic model, the predicted million-hour creep
coefficient for the self-anchored CFRP cables ranged from 6.1 % to 7.9
%.

3.4. Relaxation coefficient prediction

Creep and stress relaxation are two important behaviors that
describe the time-dependent mechanical response of materials under
different loading conditions. Creep refers to a gradual increase in strain
over time while the material is subjected to a constant stress, whereas
stress relaxation refers to a decrease in stress over time while the ma-
terial is kept at a constant strain. These phenomena have a significant
influence on the design and performance of materials in engineering
applications. However, meeting the testing conditions for stress relax-
ation analysis stipulated by JSCE-E534 [24] is relatively demanding,
and requires specialized equipment to eliminate anchorage slippage
effects. To address this challenge, researchers such as Shi et al. [25] and
Saadatmanesh et al. [30] developed specific equipment for stress
relaxation testing. Alternatively, the behavior of stress relaxation can be
deduced from creep testing data by establishing a relationship between
creep and stress relaxation. Lakes and Vanderby [31] suggested that
stress relaxation occurs due to the continuous transformation of elastic

gradual decrease in stress while the elastic modulus remains unchanged.
During both stress relaxation and creep, viscoelastic deformation takes
place continuously over time. Shi et al. [25] conducted creep and stress
relaxation tests on BFRP bars, and the results confirmed the correlation
between creep and stress relaxation via test data and stress—strain re-
lationships. Their findings suggest that creep testing data can be used to
simulate the stress relaxation behavior of FRP, potentially reducing the
cost of stress relaxation testing.

Fig. 12 shows a typical stress relaxation curve and a creep curve. In
stress relaxation, during a small-time increment At at time t, the stress is
assumed to remain constant, and this period can be regarded as a creep
process with a stress level of ¢. During this process, creep strain (Ag.)
occurs while the total strain remains constant, leading to a decrease in
elastic strain and total stress. Thus, stress relaxation can be broken down
into a series of creep processes where the stress level is gradually
decreased over small periods.

For the process of stress relaxation, the total strain is composed of
elastic strain and creep strain, and their relationship can be described by
the following equation:

e:sEJreC:ngec an
E

where ¢ is the total strain, &, is the elastic strain, ¢ is the creep strain, o is

the total stress, and E is the elastic modulus.

Since the total strain is constant during stress relaxation, a differ-
ential equation can be derived as follows:

. 1.

£.= — EG (12)
where &, is the creep rate of the stress relaxation process and ¢ is the
stress relaxation rate.

The stress relaxation rate is proportional to the creep rate under the
same stress level and load-holding time. With increasing load holding
time, the stress retention decreases, and the creep rate also decreases.
For the purpose of stress computation, the following iterative equation
can be employed:

6, = 0,1 — E€(0,1,1,) Al 13)
where o, is the stress of the nh iteration, 6,_1 is the stress of the (n-1™

iteration, and At is the time increment. The creep rate at the time t,
under stress level 6,1 can be deduced using the logarithmic model.
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Fig. 12. Stress relaxation curve and creep curve.

Utilizing the logarithmic model for the creep process, stress relaxa-
tion curves under various initial stresses were derived through iterative
calculations, as shown in Fig. 13. All stress relaxation curves demon-
strated two stages. Stress levels exhibited a rapid decline during the first
stage followed by a gradual deceleration. The initial stage of stress
reduction was attributed to the straightening of initially bending fibers
and the viscoelastic deformation of the resin. In the second stage, stress
levels tended to stabilize. The magnitude of stress reduction resulting
from stress relaxation was greater for higher initial stress levels. Table 5
shows the predicted stress retention and stress relaxation coefficients for
different initial stress levels. The million-hour relaxation coefficient
were 3.4 %, 3.7 %, and 5.0 % for initial stress levels of 0.5 f,, 0.6 f,;, and
0.7 fy, respectively. The findings suggested a positive correlation be-
tween the relaxation coefficient and the initial stress level, aligning with
conclusions drawn in previous studies [25].

Table 6 lists the million-hour stress relaxation coefficients for
different FRP materials predicted in various studies. The majority of the
studies employed the logarithmic model to analyze and predict the stress
relaxation behavior of FRP materials. However, the predicted outcomes
differed considerably, which could be attributed to the differences in
material characteristics chosen by the researchers, such as fiber type,
resin content, and production process. For CFRP materials, the million-
hour stress relaxation coefficient was less than 10 %. In contrast, for
AFRP and BFRP materials, the million-hour stress relaxation coefficients
were between 10 % and 20 %.

0.7 R .
5
E) 0.6 [~ -
wn
—0.7,
— 0,
— 0.5/,
0.5 fe .
0 200 400 600 800 1000
Time (h)

Fig. 13. Stress relaxation curves under different initial stresses.
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3.5. Residual tensile properties

After the 1000-hour creep test, none of the five specimens underwent
creep rupture. To evaluate the residual tensile properties of the cable
body and the long-term performance of the anchoring system after the
sustained load, an axial tensile test was performed on the specimens. The
testing procedure was identical to the short-term tensile test. The failure
mode of all specimens was the rupture of the cable body, as shown in
Fig. 14, which demonstrated the long-term reliability of the self-
anchored anchoring system.

Table 7 presents the residual tensile properties of the self-anchored
CFRP cables. The results demonstrated that the specimens subjected to
stress levels ranging from 0.3 f, to 0.6 f, exhibited tensile strengths
greater than their average tensile strength before the creep test. This
suggested that straightening uneven fibers increased tensile strength at
low or moderate stress levels. Furthermore, the coefficient of variation
for the residual tensile strength was less than that for the initial tensile
strength, which indicated an improvement in the stability of the CFRP
cables. The specimen subjected to a stress level of 0.7 f,, showed the least
tensile strength retention (95.13 %), suggesting that the presence of
various defects in CFRP, such as voids at the fiber-matrix interface and
within the matrix, may have contributed to a reduction in residual
tensile strength at high stress levels [26]. Additionally, no significant
difference was observed between the residual and initial elastic moduli.

4. Discussion

After studying the creep behavior of CFRP cables, we compared them
with traditional steel cables, focusing on performance differences in
creep, relaxation, and residual tensile properties. Zhang et al. [35]
conducted experiments on a 5-meter-long, 6 mm-diameter steel cable to
investigate its creep behavior. The creep strains for steel cables sub-
jected to stress levels of 30 %, 40 %, and 50 % of ultimate strength for
1000 h were 5.68 %, 4.82 %, and 4.09 %, respectively. The creep co-
efficient of steel cables decreased with an increase in stress level. In
contrast, the CFRP cables studied in this paper exhibited creep strains of
4.31 %, 3.37 %, and 3.61 % at the same stress levels, demonstrating
lower creep compared to steel cables and superior durability and sta-
bility. Additionally, there is no significant correlation between the creep
coefficient of CFRP cables and stress levels.

Regarding relaxation performance, Nguyen et al. [36] conducted
tests on high-strength steel cables, showing relaxation coefficients of
2.18 %, 2.47 %, and 2.63 % at initial stress levels of 0.5 f;, 0.6 f,;, and 0.7
fu, respectively, after 1000 h. Based on the creep curves, this paper
derived relaxation coefficients of 1.6 %, 1.8 %, and 2.4 % for the same
initial stress levels over 1000 h, indicating lower stress relaxation for the
CFRP cables studied here compared to steel cables. Additionally, the
relaxation of both steel cables and CFRP cables increased with the rise in
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Table 5
Predicted stress retention and relaxation coefficients.
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Initial stress 1000 h 5 x 10° h (57 years) 10° h (114 years)
level
eve Stress retention Relaxation coefficient Stress retention Relaxation coefficient Stress retention Relaxation coefficient
0.5 f, 0.492 f, 1.6 % 0.484 f, 3.2 % 0.483 f, 3.4 %
0.6 f, 0.589 f,, 1.8% 0.579 f, 3.5 % 0.578 f, 3.7 %
0.7 fu 0.683 £, 2.4 % 0.667 f, 4.7 % 0.665 f, 5.0 %
stress levels.
Table 6

Comparison of the predicted stress relaxation coefficients.

Study Material ~ Calculation Predicted stress
formula relaxation coefficient
(10° h)
Saadatmanesh et al. AFRP w() =0.01531g(t) 11.5%
(1999) [32] + 0.0227
Zou (2003) [14] AFRP w(t) = 0.00796 In 125%
(t) + 0.0147
Zhu et al. (2006) [33] AFRP w(t) = 0.0254 1g(t) 179 %
+ 0.0274
Shi et al. (2017) [25] BFRP y(t) = 0.0085 In(t) 12.4 %
+ 0.007
Meng et al. (2005) CFRP () = 0.00581g(t) 4.8%
[34] + 0.0131
Zou (2003) [14] CFRP - <3%
Saadatmanesh et al. CFRP w(t) = 0.0121 Ig 6.3 %
(1999) [30] (t)-0.0095
The present study CFRP - 3.4 %~5%

Fig. 14. Failure modes of the CFRP cables.

Table 7
Residual tensile properties of the self-anchored CFRP cables.

In terms of residual tensile properties, Nguyen et al.’s study [36]
indicated that as the initial stress increased from 0.5 f, to 0.7 f,, the
elastic modulus of steel cables remained nearly constant, while yield
strength and ultimate tensile strength decreased. The CFRP cables
studied in this paper exhibited no significant change in elastic modulus
under sustained loading. However, at stress levels from 0.3 f, to 0.6 f,,
the residual tensile strength slightly increased, and at 0.7 f;, stress level,
the ultimate tensile strength slightly decreased, indicating better resid-
ual tensile properties for the CFRP cables in this study compared to steel
cables.

In comparison with steel cables, the CFRP cables studied in this paper
showed lower creep and relaxation, and improved residual tensile
properties, suggesting that the performance advantages of CFRP have
the potential to enhance the stability and reliability of structures,
reducing maintenance requirements. However, creep rupture was not
observed in this study, and therefore, the creep rupture stress could not
be determined. According to relevant literature [37], the creep rupture
stress of CFRP cables is reported to be smaller than that of steel cables.

Although CFRP cables have advantages over steel cables in terms of
strength, weight, creep, and corrosion resistance, being a new material
introduces new challenges that may lead to undesired behavior. In
structural engineering, unexpected behavior can pose significant risks.
Therefore, any innovation in this area must be thoroughly considered
and tested before implementation in civil construction [38]. The poor
fire resistance of CFRP cables, apart from anchoring issues, is a major
challenge. Due to the polymer matrix of CFRP, it becomes rubbery and
viscous at high temperatures, resulting in a decrease in strength and
stiffness. Jiang et al. conducted experimental studies on the mechanical
properties [39], relaxation [40], and creep [23] of CFRP cables at high
temperatures, revealing a 29.8 % decrease in tensile strength and a 35.6
% decrease in elastic modulus at 210 °C compared to room temperature.
Temperature significantly affects the relaxation and creep properties of
CFRP cables. Comparing creep tests of CFRP [23] and steel cables [41] at
high temperatures, at 500 °C, CFRP cables experienced creep rupture at
a 0.2 f, initial stress level within 120 min, while no creep rupture was
observed for steel cables under similar conditions, indicating greater
sensitivity of CFRP cables to high temperatures. Therefore, appropriate
fire prevention measures should be considered in the design of structures
using CFRP cables, such as wrapping them with fire-retardant materials
[42].

Specimen Tensile Residual tensile strength Strength retention Residual elasticity modulus Residual/initial elasticity modulus
capacity (MPa) (%) (GPa) (%)
(kN)
0.3 fu 67.64 2254.54 100.56 137.3 97.89
0.4 fy 67.84 2261.41 100.87 143.9 102.60
0.5 fy 72.15 2405.27 107.29 142.6 101.67
0.6 fy 69.75 2325.11 103.71 135.9 96.89
0.7 fu 63.98 2132.78 95.13 144.1 102.74
Mean value* 69.35 2311.58 103.11 139.93 99.76
Standard deviation* 1.82 60.69 2.71 3.39 2.42
Coefficient of 2.62 % 2.63 % 2.63 % 2.42 % 2.42 %

variation*

*The stress level of 0.7 f, was excluded from the calculation.
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5. Engineering application

The self-anchored CFRP cable has proven to be highly effective in
practical engineering due to its lightweight, easy construction process,
and excellent resistance to fatigue and long-term creep performance.
This success is demonstrated in the construction of a bridge that con-
nects the New Civil Engineering Building and Ho-Sin-Hang Building at
Tsinghua University, Beijing, China, as shown in Fig. 15. The 12 m span
and 3.5 m height of the bridge consists of steel I-beams, cables, hollow
GFRP pultruded profile roof slabs, and ultra-high-performance concrete
(UHPC)-FRP hybrid floor slabs. During manufacturing for the sake of
convenience, the upper and lower primary beams employed the same
section. However, during the bridge operation phase, they bear different
loads. The upper primary beam supports the load from the beam’s self-
weight, hollow GFRP pultruded profile roof slabs, and possible live
loads. Meanwhile, the lower primary beam carries the load from the
beam’s self-weight, UHPC-FRP hybrid floor slabs (which are much
heavier than the GFRP pultruded profile roof slabs), wheelchair acces-
sible ramp, stairs, and pedestrian load. Therefore, to maintain equilib-
rium load distribution, the cables connecting the upper and lower
primary beams were introduced. Considering the cable’s load-bearing
capacity, the bridge’s appearance and limited construction conditions,
choosing CFRP self-anchored cables for the design was the most logical
choice.

The bridge was constructed using a total of sixteen self-anchored
CFRP cables, each with a length of 2800 mm and a section dimension
of 60 x 10 mm. Due to their lightweight composition of less than 20 kg,
the cables were manually installed without the assistance of cranes, as
shown in Fig. 16. The installation methodology was meticulously
planned and discussed in detail. The CFRP cable has a fixed length,
making it challenging to adjust to any potential construction errors. As a
result, custom-designed steel fixtures were utilized comprising steel
lugs, bolts, nuts, pins, and wedge blocks, as shown in Fig. 16b. The
combined application of nuts and bolts enabled the length adjustment of
the CFRP cables and the subsequent tensioning. The upper primary
beams’ bottom flanges were slotted and the steel fixtures were posi-
tioned onto the beams (Fig. 15c). Thereafter, the pin was inserted
through the steel lug of the steel fixtures and the anchor rings of the
CFRP cable to install the cable (Fig. 16d). Due to the CFRP cables’
arrangement, some would compress as the bridge loads increased.
Consequently, the CFRP cables were pre-tensioned with a tensile strain
of approximately 200 pe. As limited construction space prevents the use
of traditional jacks, pre-tension applications need to be done manually,
as shown in Fig. 16e. The workers used a wrench to rotate the nuts,
achieving the intended tensile strain. Vibrating wire strain gauges were
installed on the CFRP cables, and a real-time signal acquisition system
facilitated the control of tensioning and structurcal health monitoring
(Fig. 166).

Fig. 15. The bridge in Tsinghua University.
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6. Conclusions

This study investigated the long-term creep performance of the self-
anchored CFRP cables subjected to a range of stress levels from 0.3 f;, to
0.7 fu. In addition to conducting the creep test, axial tensile tests were
carried out both prior to and following the creep test. The study delved
into the microscopic mechanisms involved in creep phenomena and
employed various models to predict the evolution of the creep coeffi-
cient. From the test data, the relaxation coefficient was also established,
and the influence of creep testing on residual mechanical properties was
evaluated. The main findings can be summarized as follows:

(1) The specimens subjected to stress levels from 0.3 f, to 0.7 f,
exhibited two-stage creep behavior. The first stage showed a
rapid increase in creep strain followed by a slowing of the creep
rate. The second stage lasted for a longer period, and the creep
strain tended to be stable. The principal reasons for the increase
in creep strain were the straightening of initial bending fibers and
the viscoelastic deformation of the resin.

(2) The Burgers model, Findley model, logarithmic model, and
modified logarithmic model were used successfully to fit 1000-
hour creep strain curves. However, the Burgers model, Findley
model, and modified logarithmic model overestimated the long-
term creep development. Utilizing the logarithmic model, we
predicted million-hour creep coefficients for CFRP cables,
showing a range of 6.1 % to 7.9 % across stress levels from 0.3 f;
to 0.7 fu.

(3) The stress relaxation curve was derived using the iterative
calculation method based on the creep test data. For CFRP cables
under initial stress levels that ranged from 0.5 f, to 0.7 f;;, the
predicted million-hour stress relaxation coefficients ranged from
3.4 % to 5.0 %.
The study revealed that holding the load at low and medium
stress levels for 1000 h led to an enhancement in both the tensile
strength and stability of the CFRP cables. However, at a high
stress level of 0.7 f,, the tensile strength of the CFRP cable
decreased by 4.92 %. Additionally, the self-anchored CFRP cables
exhibited excellent reliability, as evidenced by the performance
of the effective anchorages even after 1000 h of continuous
loading.

(5) The 1000-hour creep test did not reveal any significant correla-
tion between the stress level and the creep coefficient, and no
creep rupture failure was observed in any of the tested specimens.
For future investigations, recommendations include considering
higher stress levels and longer creep tests of CFRP cables to gain a
more comprehensive understanding of their behavior. Further-
more, exploring the impact of elevated temperatures and fire
exposure on CFRP cables is also recommended.

(6) In comparison with steel cable data from the literature, the self-
anchored CFRP cables exhibited less creep and relaxation over
1000 h. Steel cables experienced a certain degree of tensile
strength reduction after prolonged continuous loading, while
CFRP cables, under low to medium stress levels, maintained or
even enhanced tensile strength. This was attributed to the
straightening of uneven carbon fibers.

(7) The engineering application of self-anchored CFRP cables in the
bridge at Tsinghua University was a successful endeavor. The
CFRP cables effectively met the requirements of construction
convenience, fatigue resistance, and long-term creep perfor-
mance. Going forward, the utilization of CFRP cables can be
implemented in similar situations, such as pedestrian bridges,
arch bridges with suspenders, and other comparable scenarios.
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