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Corrosion of steel tendons in certain aggressive environments could lead to durability problems of civil engineering. More recently,
fiber-reinforced polymer (FRP) rods have been introduced in the market as tendons for prestressed concrete structures because
of their lower modulus behavior. However, previous studies on the FRP mechanical time dependent behavior regarding the stress
relaxation of large diameter GFRP have not been well understood. This paper investigates the influence of stress levels on the
relaxation behavior of a GFRP bar griped with a seamless pipe under sustained deformations ranging from 30% to 60% of its
ultimate strain. In order to study the behavior of stress relaxation, two basalt-glass fiber hybrid composite (B-GFRP) bars were
developed and instrumented with fiber Bragg grating (FBG) strain sensors. It can be found that the test results reveal that the
seamless pipe grip method can undertake 70% of ultimate tensile load of the B-GFRP bar, which can satisfy the requirement of
stress relaxation of B-GFRP bar subjected to prestress. The model proposed for evaluating stress relaxation ratio can reflect the
influences of the nature of B-GFRP bar and the property of grip method.

1. Introduction

The use of ground anchors has been a common practice in
civil and mining engineering. Ground anchors function as
temporary or permanent structural members to ensure the
stability of various structural systems. In general terms, a
grouted anchor is a bar that is inserted and grouted into a
hole drilled in rock/concrete. Steel strands and wires have
been used as anchor tendons for many years, but in certain
aggressive environments, corrosion of steel tendons leads
to durability problems [1]. In mainland China, anchor bolt
structures were widely used for engineering reinforcement
in the 1960s. The problem of low durability in reinforced
structures also exists [2]. More recently, fiber-reinforced
polymer (FRP) rods have been introduced in the market as

tendons for prestressed concrete structures and prestressed
ground anchors [3].

Glass FRP (GFRP) bar is the currently available product
which is becoming more and more popular in the construc-
tions of concrete structures owing to its low cost compared to
CFRP reinforcement. Compared with prestressing steel, the
advantages of FRP tendons are (1) high corrosion resistance,
(2) high tensile strength, (3) light weight, (4) insensitivity to
electromagnetic fields, (5) excellent fatigue behavior, and (6)
possible incorporation of optical fiber sensors.

GFRP bar has higher strength and smaller Young’s mod-
ulus than conventional steel bar [4–6]. The lower modulus
of elasticity of an FRP reinforcement may lead to larger
deflection of a concrete member after cracking. On the other
hand, in prestressed beams, it will lead to a lower loss of
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Figure 1: B-GFRP bar used in this study.

prestress due to the shrinkage and creep of concrete [7]. If
the FRP bar embedded in reinforced concrete is not pre-
stressed, it will not reinforce the structures subjected to slight
deformation.Therefore, the prestress is essential for FRP bars
used in structural reinforcement.

In the past few decades, the durability of the GFRP
materials was recognized as themost critical issue of research.
Extensive studies were conducted on the durability of the
GFRP material in the 1990s [8–10], including the behavior
of GFRP materials and the bond characteristics of GFRP
bars in concrete [11–13]. A few studies on time dependent
mechanical characteristics of GFRP bars were found in the
literature [14–18].The creep behaviors of GFRP bars obtained
from different studies are not consistent such as the review of
Laoubi et al. [17] which is different from that of Al-Salloum
and Almusallam [18].

For the prestressed or passive FRP ground anchors,
reinforced bar produces creep that could cause the stress
relaxation. According to the creep behavior of reinforce FRP
bar individually, it would be difficult to predict the future
stress reduction of the FRP bar subjected to a tensile loading,
because its relaxation is related to not only its creep behavior
but also the grip method [7]. The grip method of FRP bar is
a key technique for pre-stressed FRP reinforced structures.
Different grip methods for FRP bars subjected to a tensile
force will lead to different slip deformations between the grip
body and the FRP bar.

In order to grip the FRP tendons tightly, the methods to
grip FRP bar in the structure usually are that (a) the FRP bar
was griped on the press with steel pipe anchors [19]; (b) the
FRP bar was griped with a steel pipe filled with expansive
cement material or paste material [7, 20]; and (c) the FRP bar
was griped with a concrete block casted in advance.

Previous research results revealed that a larger diameter
GFRP bar has the lower bonding strength than the smaller
size [13, 21, 22]. As almost all of the previous researches of
GFRP bar durability are for small-sized (diameter less than
20mm) specimens, the behavior and endurance of larger size
GFRP bar are still not well understood, and further research
in this aspect is required. Furthermore, ACI 440.1R-01 [23]
acknowledged that the creep of GFRP bars and the long-term

deflection behavior of concretemembers reinforcedwith FRP
need further research to provide information in areas that
are still unclear or in need of additional evidence to validate
performance.

However, few studies have been conducted on the stress
relaxation in GFRP bar. In this paper, the main objective is to
examine the effect of stress level on the relaxation behavior
of a GFRP bar griped with a seamless pipe under sustained
deformations of about 30–60% of its ultimate strain.

2. Experimental Study

The experimental program in this study aims to investigate
the effect of stress levels on the relaxation behavior of the
GFRP bar griped with a seamless pipe under sustained
deformation in laboratory.

2.1. Properties of B-Glass FRP Sand-Coated Bars. The FRP
bars used in this study are made of epoxy resin and two
types of fibers including basalt and glass fibers. To improve
the resistance of pure glass fiber composite to corrosion in
alkaline environment, these two types of fibers were used to
fabricate a new type of FRP materials. To produce basalt-
glass fiber hybrid composites, inner cores of glass fiber are
covered by the basalt fibers with better alkali resistance.
As shown in Figure 1, the reinforcement materials used
in the tests are the basalt-glass fiber hybrid composites
with a diameter of 25mm produced by Zhongshan Pulwell
Composites Co., Ltd., in Guangdong Province, China; the
basic body is a thermosetting epoxy resin, and the contents of
each component (by weight) are resin for 19%, basalt fiber for
10%, glass fiber for 65%, and fine sand for 6%.Themechanical
test of the reinforcement material was carried out.The details
for physical and mechanical properties of FRP bars used in
this study are listed in Tables 1 and 2, respectively.

2.2. Devices for the Stress Relaxation Test of FRP Bar Gripped
with Seamless Pipe. If an FRP bar is loaded using tradi-
tional wedge-shaped frictional grips, the combination of
high compressive stresses and mechanical damage caused by
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Figure 2: Centralizer used for fixing FRP bar in the anchorage pipe.

Table 1: Properties of FRP rebars used in this study.

Diameter (mm) Ratio of fiber weight of basalt to total fiber (%) Density (g/cm3) Content (weight ratio%)
Basalt Glass Basalt Glass Resin Fine sand
2.10 25.35 13.16 2.07 10 65 19 6

Table 2: Properties of FRP rebars.

Item Calculation method Value
Ultimate tensile load 𝑝

𝑢,ave 536.29 ± 6.74 kN
Ultimate tensile strength 𝑓

𝑢,ave 906.40 ± 11.29MPa
Guaranteed tensile strength 𝑓

∗

𝑓𝑢
= 𝑓
𝑢,ave − 3𝜎 872.53MPa

Design tensile strength 𝑓
𝑓𝑢
= 𝐶
𝐸
∗ 𝑓
∗

𝑓𝑢
, 𝐶
𝐸
= 0.7 610.77MPa

Modulus of elasticity 𝐸
𝑓,ave 52.26 ± 0.87GPa

Ultimate tensile strain 𝜀
𝑓,ave 1.73 ± 0.04%

Guaranteed strain 𝜀
∗

𝑢
= 𝜀
𝑢,ave − 3𝜎 1.62%

Design strain 𝜀
𝑢
= 𝐶
𝐸
∗ 𝜀
∗

𝑢
1.13%

Allowable strain for creep 20% 𝜀
𝑢

0.23%

the serrations on the wedge surface will lead to premature
failure of the grip zone. Griping the FRP bar with a device
which could undertake the tensile load for any measurement
of mechanical properties is a key technique. In this study, the
seamless steel pipe was used to grip the FRP bar by filling
the binding agent which could expand by itself to create
compressive stress gradually. In order to fix the FRP bar at
the centre of grip pipe precisely, the centralizer was designed
to keep the FRP bar specimen for the tensile property test,
as shown in Figure 2. Firstly, Fix the two half centralizers
at the tail tip of the pipe, then put the pipe wrapped with
the centralizers vertically, and insert the FRP bar into the
pipe until the head of FRP bar crosses through the hole of
the centralizers, (Figure 3(a)). Secondly, pour the binding
agent liquid into the pipe; the binding agent liquid was made
from cement, expansible materials, and water by certain ratio
(Figure 3(b)). Thirdly, set up two half centralizers at another
end of the pipe, and then put the grip pipe of FRP bar
specimen into the water to cure the binding agent for 24
hours (Figure 3(c)). Another end of the specimen was griped
as described previously. When all grip actions for FRP bar
specimen were ready, these specimens were stored in the

normal room temperature (23∘C–26∘C) and humidity (35%–
60%) situation for 28 days, (Figure 3(d)).

The main advantage of this setup is that it can produce
a tensile stress that can reach 70% of its ultimate tensile
strength for the large diameter FRP bar at the condition of
constant deformation.This setup can satisfy the requirements
of the durability test of FRP bar simulated to the actual carry
processes of pre-stressed structures reinforced with FRP bar.
Furthermore, it does not require a large counter weight and
large space, and it is easy to operate.

The expansible material chosen was a highly effective
soundless cracking agent (HSCA) which wasmade in the fac-
tory of expanding agents of Hezhou city, Guangxi province,
China, and it could create a significant expanding force to
press the FRP bar body and lead to enough resistant force
for preventing the bar body from sliding out of the pipe. The
binding agent consisted of cement, HSCA, and water by the
weight ratio 0.5 : 0.5 : 0.3.

The principle of anchoring FRP bar inside the seamless
pipe is shown in Figure 4(a). A binding agent could expand to
create the compressive stress 𝑓ep which leads to tensile stress
𝑓
𝑇
in the pipe wall, Figure 4(b).
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Figure 3: Specimens producing process for FRP bar tensile test.
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Figure 4: Schematic illustration of anchorage pipe of FRP bar specimen for stress relaxation test.

In order to retain the expanding force at the top of the
pipe, two compress ring pieces were used to cover on the
binding agent and locate between FRP bar and pipe wall,
Figure 4(c). Bearing steel plate could stop the ring piece
from moving outside during the binding agent expanding
and also could close the top binding agent, as shown in
Figure 5.

The loading system for the FRP bar relaxation test
consisted of hollow jack, bearing plate, load cell, loading pads,
and bed plates which could move with the bearing plate
during the hollow jack loading, as shown in Figures 6 and
7. The bearing plates could fix the specimen at the suitable
position by locking the pipe end of griping pipe in the groove
located on the plate, and the optic fiber wires for monitoring
could be connected to the outside by crossing the U gap, as
shown in Figure 8.When the piston of the hollow jack pushes
the bearing plate to move, it could create the space between
the bearing plate and the shell of the hollow jack, and then the
loading pads are put in the gap to keep the space constant. As
shown in Figure 9, corresponding pads were used at different
loading stages.The surfaces of pad are smooth enough to keep
the load distributing on the bearing plate uniform.Optic fiber
Bragg grating (FBG) sensors were installed at the centre of the

FRP bar body; FBG sensors were mounted diametrically on
the FRP bar.

2.3. Strain Monitoring Method of Fiber Bragg Grating (FBG)
Sensors. In the past few decades, structural health monitor-
ing as a key technique for evaluating the performance of
geotechnical structures is becoming more and more popular.
A variety of instruments including GPS [24, 25] and fiber
optic sensors [26] have been widely employed and applied in
laboratory tests and engineering projects. The conventional
instruments used in the test of the FRP bars include the
extensometer, strain gauge, and dial gauge. The test for the
FRP bars stress relaxation requires high accuracy, stable
signal in long-termmonitoring, and small volume suitable for
FRP bar. Therefore, conventional instruments cannot satisfy
the requirements of the stress relaxation test.

Fiber grating technology is achieved by using the char-
acteristics of the light reflected from grating with a specific
wavelength [27]. When the incident light is injected into the
fiber, the gratingwill reflect the light with specificwavelength,
the valueΔ𝜆

𝐵
of thewavelength shift of this reflected light has

linear relationship with the applied strain and temperature
changes simultaneously. The wavelength will be changed
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Figure 5: Compression ring and location.
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Figure 6: Diagram of the loading system for stress relaxation test.
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Figure 8: Bearing plate for the tensile loading system.

when the grating is subjected to strain or temperature change.
This linear relationship can be expressed as

Δ𝜆
𝐵

𝜆
𝐵

= 𝑐
𝜀
⋅ Δ𝜀 + 𝑐

𝑇
⋅ Δ𝑇, (1)
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Figure 9: Loading pads.

where 𝜆
𝐵
is the initial peak wavelength of the reflected light;

Δ𝜆
𝐵
is the wavelength shift of peak wavelength; Δ𝜀 and Δ𝑇

are the strain and temperature, respectively; 𝑐
𝜀
and 𝑐
𝑇
are

coefficients for strain and temperature. The main advantages
of FBG sensing technology are the clearmechanismof grating
sensor and high detection accuracy. Based on the current
demodulation technique, the accuracy of fiber grating sensor



6 International Journal of Distributed Sensor Networks

Table 3: Summary of relaxation test results for the B-GFRP bar griped with seamless pipes.

Measured data Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6
Max. load stress (MPa) 385.04 425.54 530.42 570.69 649.97 676.13
Ratio of max. load to ultimate strength (%) 42.48 46.95 58.52 62.96 71.71 74.60
Initial stress of relaxation procedure (MPa) 278.17 302.06 365.27 453.34 507.76 Slippage
Ratio of initial stress to ultimate strength (%) 30.69 33.33 40.30 50.02 56.02 Slippage
Initial strain of the centre of bar (𝜇𝜀) 5613.17 5959.42 7316.05 8978.92 10367.79 Slippage
Ratio of initial strain to ultimate strain (%) 32.45 34.45 42.29 51.90 59.93 Slippage
Temperature range (∘C) 23.1∼25.5 16.8∼18.9 15.1∼17.8 14.5∼18.5 13.5∼16.8 /
Period of time (hour) 240 142 206 276 191 /
Modulus of elasticity at loading (GPa) 50.5 51.4 48.7 49.7 50.6 /

(a) Bonding agent loosing (b) Bar slippage (c) State before slipping (d) State after slipping

Figure 10: The damage phenomenon of B-GFRP bar specimen at stress relaxation processes.

in temperature and strain is up to 0.1∘C and 1 𝜇𝜀, the
data acquisition frequency is up to 5 kHz, and the sensors
spacing can be designed and welded according to the test
requirements, which can achieve the long-term monitoring.

3. Test Results

In this study, there are many different optimization strate-
gies for sensors distribution [28–30]. Researchers [31–34]
conducted a series of GFRP soil nails pullout tests on site.
However, the mechanical behavior of GFRP has not been
fully investigated in their study. In this experiment, the FBG
sensors were uniformly mounted along the tested FRP bars.
Based on the strains measured by FBG strain sensors, stress
relaxation tests were conducted on two specimens of the B-
GFRP bar griped with a seamless pipe at different loading
stages in laboratory. The test results were summarized in
Table 3.

The load was applied on the specimen by hydraulic jack
in stages. To keep the space constant, two specific pads were
installed between the bearing plate and the jack shell. The
stress and strain at different loading levels were recorded.
When the piston returns back, the load applied to the bearing
plate decreases immediately and arrives to the initial value
of stress because of the gaps being closed. The loading pads
were used to fill the space between jack shell and the bearing
plate as far as possible to avoid too much loss of stress after
unloading. The procedure from the maximum to the initial
value of stress for specimen was carried out as fast as possible
not more than the actual prestress applying actions period
of time. When the initial stress relaxes for a period of time
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Figure 11: B-GFRP bar Young’s modulus in all loading phases.

(approximately 7 days), the rate of stress decreasing becomes
smaller, and the trend of stress relaxation appears clearly; it is
the time to close the current phase and start the next phase of
test.

Six phases of loading were conducted for the specimen,
and the related test data were recorded, and some of these
were presented in Table 3. The 6th phase only obtained the
maximum value of stress because of the B-FRP bar slipping
out of the grip pipe during the stress relaxation, as shown in
Figure 10.

Test results regarding Young’s modulus of B-GFRP bar
in all phases, stress relaxation processes, and strain change
in every phase are presented in terms of stress versus strain,
stress versus elapsed time, and strain versus elapsed time for
different conditioning schemes, as shown in Figures 11–14.
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Figure 12: Axial stress of the B-GFRP bar versus elapsed time.
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Figure 13: Axial strain of B-GFRP bar versus elapsed time.

4. Analysis of the Behavior of Stress Relaxation

4.1. Behavior of Stress Relaxation of the B-GRP Bar Gripped
with a Seamless Pipe. Figure 12 shows that the B-GFRP
bar gripped with a seamless pipe has a stress relaxation
attribution. In all phases of test, the stress of B-GFRP bar
decreases with elapsed time at different rates.

In order to compare the difference of stress relaxation
rate of B-GFRP bar subjected to different stress increments
at different initial stress levels, the ratio of relaxation for
increment of stress was defined as

𝑟
𝜎𝑖 ,Δ𝜎
=
Δ𝑅
Δ𝜎

𝜎
𝑖

, (2)

where 𝑟
𝜎𝑖 ,Δ𝜎

is the ratio of stress relaxation at a certain initial
stress 𝜎

𝑖
and a certain stress increment Δ𝜎; Δ𝑅

Δ𝜎
is the

variation of stress relaxation at 𝜎
𝑖
and Δ𝜎.

Figure 15(a) shows the relationship between the variation
of ratio of stress relaxation and elapsed time, which was

266
268
270
272
274
276
278

0 50 100 150 200 250 300
Time (hour)

0
2
4
6
8
10
12

In
cr

em
en

t o
f s

tre
ss

 (M
Pa

)

Initial stress 278 MPa stress-time 
Initial stress 278 MPa stress increment-time 

St
re

ss
 (M

Pa
)

Figure 14: Axial stress deceasing process at an initial stress of
278MPa.

obtained from all phases tests carried out on the B-GFRP
bar specimen gripped with a seamless pipe subjected to a
constant deformation. It can be found that the relationship
of variation of ratio of stress relaxation and elapsed time
is similar to a logarithm curve in every phase which has
different initial stress and different stress increments. In order
to describe test curves, the horizontal coordinate is shown in
logarithmic scale.This change makes the curves straight with
different intercepts and slopes, as shown in Figure 15(b). Even
though the correlation of model for test data is very high, it
is difficult to find a unified linear relationship between the
parameters of models and the test conditions.

It should be noticed that the variation of stress relaxation
ratio (2) was defined without considering the effect of stress
history. It does not consider the quantities of stress relaxation
produced in the previous procedure in which the initial stress
is less than that of the current. In order to consider the effect
of stress history, the definition of variation of stress relaxation
is defined as

𝑅
𝜎𝑖
= 𝑅
𝜎𝑖−1
+ Δ𝑅
Δ𝜎
, (3a)

𝜎
𝑖
= 𝜎
𝑖−1
+ Δ𝜎, (3b)

where 𝑅
𝜎𝑖
is the total variation of stress relaxation at a certain

initial stress; 𝑅
𝜎𝑖−1

is the total variation of stress relaxation at a
certain initial stress 𝜎

𝑖−1
; and Δ𝑅

Δ𝜎
is the variation of stress

relaxation at a certain increment of stress started at initial
stress 𝜎

𝑖
.

According to test results, it can be found that

𝑅
𝜎𝑖−1
= 𝐴
𝜎𝑖−1
⋅ ln (𝑡) + 𝐵

𝜎𝑖−1
,

Δ𝑅
Δ𝜎
= 𝐴
Δ𝜎
⋅ ln (𝑡) + 𝐵

Δ𝜎
,

(4)

where𝐴
𝜎𝑖−1

and𝐵
𝜎𝑖−1

are the slope and intercept of the straight
line of stress relaxation at a previous class of initial stress level,
respectively; and 𝐴

Δ𝜎
and 𝐵

Δ𝜎
are the slope and intercept of

straight line of stress relaxation variation at an increment of
stress started at present initial stress, respectively.

Assuming that the procedure of stress relaxation for all
phase starts at the same time, (3a) can be expressed as

𝑅
𝜎𝑖
= 𝐴
𝜎𝑖−1
⋅ ln (𝑡) + 𝐵

𝜎𝑖−1
+ 𝐴
Δ𝜎
⋅ ln (𝑡) + 𝐵

Δ𝜎
. (5)
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Figure 15: Ratio of relaxation versus elapsed time.

Table 4: Parameters of stress relaxation variation and ratio for the B-GFRP bar.

Parameters Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
Initial stress (MPa) 278 302 365 453 507
Increment of stress (MPa) 0 24 63 88 54
Slope of stress relaxation variation, 𝐴 1.3025 0.3918 0.8955 1.3887 0.9096
Intercept of stress relaxation variation, 𝐵 3.596 1.4041 3.3873 3.4474 2.975
Slope of stress relaxation ratio, 𝑎 0.47 0.56 0.71 0.88 0.96
Intercept of stress relaxation ratio, 𝑏 1.29 1.66 2.30 2.61 2.92

The accumulated ratio of stress relaxation can be expressed
by

𝑟
𝜎𝑖
=
𝑅
𝜎𝑖

𝜎
𝑖

, (6)

where 𝑟
𝜎𝑖
is the accumulated ratio of stress relaxation at initial

stress; 𝑅
𝜎𝑖
is the accumulated variation of stress relaxation;

and 𝜎
𝑖
is the initial stress.

Substituting (5) into (6)

𝑟
𝜎𝑖
=
𝐴
𝜎𝑖−1
+ 𝐴
Δ𝜎

𝜎
𝑖

⋅ ln (𝑡) +
𝐵
𝜎𝑖−1
+ 𝐵
Δ𝜎

𝜎
𝑖

. (7)

By substituting 𝑎
𝜎𝑖
= (𝐴
𝜎𝑖−1
+ 𝐴
Δ𝜎
)/𝜎
𝑖
, 𝑏
𝜎𝑖
= (𝐵
𝜎𝑖−1
+ 𝐵
Δ𝜎
)/𝜎
𝑖

to (7), (7) can be expressed by

𝑟
𝜎𝑖
= 𝑎
𝜎𝑖
⋅ ln (𝑡) + 𝑏

𝜎𝑖
. (8)

The test data were reorganized according to (7). Param-
eters 𝑎 and 𝑏 are calculated and listed in Table 4. The stress
relaxation ratio curves are plotted in Figure 16(a), and the
shape of curves is highly different from before, as shown
in Figure 16(a). The straight lines show a clear relationship
between slopes and intercepts with initial stress of the
relaxation procedure, as shown in Figure 16(b).

It can be found that the slope 𝑎
𝜎𝑖
and intercept 𝑏

𝜎𝑖
increase

with the initial stress simultaneously. The correlation of 𝑎
𝜎𝑖

and 𝑏
𝜎𝑖
with the initial stress is shown in Figures 17 and 18.

The two parameters of 𝛼 and 𝛽 are obtained for the slope
by fitting in the relationship about slope and initial stress, as
shown in Figure 17. The other two parameters of 𝜅 and 𝜆 are
obtained for the intercept by fitting the relationship between
intercepts and initial stress levels, as shown in Figure 18.

Consider
𝑎
𝜎𝑖
= 𝛼 ⋅ ln (𝜎

𝑖
) + 𝛽,

𝑏
𝜎𝑖
= 𝜅 ⋅ ln (𝜎

𝑖
) + 𝜆.

(9)

Substituting (9) to (8),

𝑟
𝜎𝑖
= (𝛼 ⋅ ln (𝜎

𝑖
) + 𝛽) ⋅ ln (𝑡) + 𝜅 ⋅ ln (𝜎

𝑖
) + 𝜆. (10)

Equation (10) is the final unified model describing the
stress relaxation procedure of the B-GFRP bar gripped with
a seamless pipe, which is obtained from the relaxation test
carried out in accordancewith step by step loading.𝛼 and𝛽 all
reflect the effect of elapsed time of stress relaxation, which are
called delay relaxation parameters. 𝜅 and 𝜆 reflect the extent
of instant relaxation of stress. Thus, they are called instant
relaxation parameters.

If 𝑎
𝜎𝑖
= 0, a new parameter 𝜎

𝑙𝐷
can be obtained. 𝜎

𝑙𝐷

is the minimum value of the initial stress which can cause
delay relaxation of stress, which should be associated with
the nature of the B-GFRP bar. Also, if 𝑏

𝜎𝑖
= 0, another

parameter 𝜎
𝑙𝐼
can be obtained, which is the minimum value

of initial stress which can cause instant relaxation of stress
which should be associated with griping method.
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Figure 16: Accumulated ratio of stress relaxation versus elapsed time.
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Consider

𝜎
𝑖
= exp(−

𝛽

𝛼
) = 𝜎

𝑙𝐷
,

𝜎
𝑖
= exp(−𝜆

𝜅
) = 𝜎

𝑙𝐼
.

(11)

To sum up, six relaxation parameters obtained from the test
about the B-GFRPbar grippedwith seamless pipe are listed in
Table 5.These parameters are substituted into (10) and obtain
model curves in Figure 19. It can be found that the model
curves fit well with the test curves.

It can be found that a little difference exists between the
minimum value 𝜎

𝑙𝐷
of stress causing delay relaxation and the

minimum value 𝜎
𝑙𝐼
of stress causing instant relaxation, and

𝜎
𝑙𝐷
is less than 𝜎

𝑙𝐼
. These test results mean that the procedure

of stress relaxation for a B-GFRP bar gripped with seamless
pipe can be described precisely by the presentedmodel with 4
parameters, and producing the instant stress relaxation needs
larger initial stress relative to the delay relaxation of stress.
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Figure 18: Intercepts versus initial stress.

Table 5: Parameters of stress relaxation for the B-GFRP bar griped
with seamless pipes.

𝛼 𝛽 𝜅 𝜆 𝜎lD (MPa) 𝜎lI (MPa)
0.81 −4.06 2.57 −13.06 153.03 160.70

Table 6: Ratio of stress relaxation for the B-GFRP soil nail element
at a duration of million hours.

Initial stress/ultimate strength 30% 40% 50% 60% 70%
Ratio of stress
relaxation at a
period of time (%)

10 years 6.81 10.21 12.84 14.99 16.80
114 years

1,000,000 hours 7.98 11.94 15.01 17.52 19.64

According to the newly developed stress relaxation model,
the ratios of stress relaxation in 10 years and onemillion hours
at different initial stress are calculated in Table 6.

4.2. Behavior of Young’s Modulus of the B-GFRP Bar in
that Procedure of Stress Relaxation. Figure 13 shows that the
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B-GFRP bar gripped with seamless pipe.

relationship between stress and strain of the B-GFRP bar
gripped with a seamless pipe is linear. From these, it can be
concluded that the stress relaxation over a long period of
time at a lower stress level can not change the slope of linear
relationship between stress and strain at a higher stress level
for B-GFRP bar.That can be said that the Young’s modulus of
B-GFRP bar can not be impacted by stress relaxation at lower
stress level.

Figure 20 shows the relationship between stress and strain
during the stress relaxation for a B-GFRP bar gripped with a
seamless pipe. It can be seen that the procedure of stress relax-
ation can be divided into three periods. In the first period AB,
approximately 10 hours, the rate of stress relaxing is very fast
and the relationship between stress and strain approaches a

straight line. For the second period BC, over a longer time,
the rate of stress relaxing becomes slower and the relationship
between stress and strain is nonlinear. In the last period
CD, the stress and strain change slowly and almost reach a
constant value, and the curve approaches a point. Thus, the
relationship of stress versus strain of B-GFRP bar is variable
during stress relaxation processes, which is a nonlinear
relationship and can not be described by a constant modulus.

5. Conclusion

The objectives of this research program are to evaluate the
behavior of stress relaxation of a large diameter B-GFRP bar.
Two experiments were conducted on the model of stress
relaxation of B-GFRP bar in a specialized grip method at
different stress levels. Based on the experimental results and
analytical studies on sand-coated B-GFRP bar under the
described test conditions, the following conclusions can be
drawn.

(a) For the large diameter B-GFRP bar (27.45mm), it can
be gripped with seamless pipe by filling a binding
agent, which can undertake 70% of its ultimate tensile
load. This gripped method can satisfy the require-
ments for the testing the behavior of stress relaxation
of pre-stressed B-GFRP.

(b) The behavior of stress relaxation of B-GFRP bar
gripped with seamless pipe subjected to prestress
is related to the elapsed time and the initial stress
level. A model of stress relaxation ratio was obtained,
which has four parameters reflecting the influences of
the nature of B-GFRP bar and the property of grip
method. It can be concluded that themodel is in good
agreement with the experimental results.

(c) According to the newly developed stress relaxation
model, the ratios of stress relaxation in ten years and
one million hours at an initial stress of 30% ultimate
strength are 6.81% and 7.98%, respectively.

(d) The stress relaxing over a long period at a lower stress
level cannot change the slope of the linear relationship
between stress and strain at a higher stress level for the
B-GFRP bar.
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