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1 | INTRODUCTION
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Abstract

Cracked concrete members with fiber-reinforced polymer (FRP) reinforcement
generally suffer from increased deflections compared to steel-reinforced mem-
bers due to FRP reinforcements' lower modulus of elasticity. An approach to
counteract this problem can be the prestressing of the FRP reinforcement,
which can significantly reduce member deflections. However, time-dependent
prestress losses occur due creep and shrinkage of the concrete and relaxation
of the prestressing tendons. Within the first part of this article, mathematical
approaches to determine relaxation rates from creep tests are introduced. Sub-
sequently, short-term and long-term tensile tests under sustained load on glass
and basalt FRP reinforcement bars are presented. Based on the experimental
data and the mathematical model, relaxation rates for the investigated speci-
mens are derived. In addition, using an approach based on logarithmic extrap-
olation, the relaxation rates at 1 million hours (end of service life) are
calculated, and the experimentally determined residual tensile properties are
evaluated.
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structures have to be repaired or replaced prematurely.
To address this issue, a wide variety of investigations on

Due to corrosion of the steel reinforcement, concrete
structures with steel reinforcement often do not achieve
the service lives demanded by design codes." Thus, those

Discussion on this paper must be submitted within two months of the
print publication. The discussion will then be published in print, along
with the authors’ closure, if any, approximately nine months after the
print publication.

fiber-reinforced polymer (FRP) reinforcement have been
carried out, including past and current research projects,
focusing on different types of reinforcement fibers such
as carbon,>” basalt,”* or glass®’ and the work of stan-
dards committees and general literature.® '° Due to favor-
able properties like their high tensile strength, low
weight, and high resistance against corrosion, FRP rein-
forcement can be a viable alternative for regular steel
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reinforcement, especially in highly corrosive environ-
ments. When using FRP reinforcement, the lower modu-
lus of elasticity compared to steel reinforcement has to be
considered, resulting in increased member deflections in
State II. In addition, a smaller reinforcement area is
required in the ultimate limit state due to the high tensile
strength, further aggravating the deflection problem. As a
result, the design of FRP reinforced concrete members is
generally determined by their serviceability instead of
their maximum load-bearing capacity. To counteract this
issue, the research on prestressed FRP reinforcement was
intensified (e.g., Nanni and colleagues'®'?). The prestres-
sing force within the FRP tendon induces compressive
stress in the adjacent concrete, increasing the member's
cracking moment. Therefore, the transition from State I to
State II occurs at a higher load level. Due to the higher
member stiffness at the unaltered service load level, the
corresponding member deflection in the serviceability
limit state is reduced. However, due to creep and shrink-
age of the concrete and relaxation of the prestressing ten-
dons, time-dependent prestress losses occur, reducing the
effect of the initial prestressing over time. When changing
the material of the prestressing tendon, the modulus of
elasticity and the relaxation properties of the prestressing
tendon determine the changes of the prestress losses; see
Przygocka et al.'® for an overview of this subject. Gener-
ally, prestress losses in concrete members with prestressed
FRP reinforcement tend to be smaller due to their lower
modulus of elasticity compared to prestressing steel.

However, FRP reinforcement bars also have a pro-
nounced relaxation potential due to their composition.
FRP are defined as a composite material consisting of
fibers and a polymer matrix."* According to Hull and
Clyne,"”> ACI 440.4R-04,"° and Dolan et al.,'” the relaxa-
tion of FRP reinforcement bars is composed of two main
components. The first component is the relaxation of the
polymer matrix, resulting from a stress redistribution
from the matrix onto the stiffer fibers. According to
Dolan et al.,'” the scale of this relaxation component can
be estimated by multiplication of the ratio of the moduli
of elasticity of the matrix and the fibers E,,/E; and the
matrix volume content V,, = (1 — V;). Considering values
of Ep =~ 3500-5000 N/mm® for vinyl ester and epoxy
resin respectively and values of E;= 80,000 and
200,000 N/mm? for glass/basalt and carbon fibers, see
Ehrenstein,’* as well as matrix volume contents of
Vo, & 0.25-0.5, see Youssef et al.,'® the matrix relaxation
causes stress losses of approximately 1.1%-3.1% (glass
fiber-reinforced polymer [GFRP]/basalt fiber-reinforced
polymer [BFRP]) and 0.4%-1.3% (CFRP) of the initial
stress.

The second component is the relaxation of the fibers,
depending on the fiber material. According to Dolan
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et al.'” and Ascione et al.'® carbon and glass fibers are
not subject to relaxation. This statement can be extended
to basalt fibers, since their mineral composition is very
similar to that of glass fibers. Aramid fibers however,
undergo a significant relaxation of up to 18% on the ini-
tial stress across a service life of 100 years according to
Dolan et al."’

This paper deals with the FRP relaxation behavior,
which is reviewed based on existing tests and by compar-
ing two different methods of computing the relaxation
rate of FRP reinforcement. Then, the short-term material
properties of two types of FRP reinforcement (GFRP and
BFRP) are experimentally determined. Based on these
results, long-term tensile tests on these reinforcements
are conducted to experimentally determine the relaxation
rates over a period of 1000 h. In addition, a calculative
approach to extrapolate the relaxation rate over the entire
service life is presented and the residual tensile properties
of the FRP reinforcements after the long-term test are
evaluated.

1.1 | Research significance

Based on international guidelines like ACI 440.4R-04'° or
fib bulletin 40,% it is not permitted to prestress GFRP and
BFRP reinforcement, while CSA-S6-14*' permits prestres-
sing of GFRP reinforcement of up to 25% of the ultimate
tensile strength. The research in this paper assesses the
time-dependent properties of GFRP and BFRP reinforce-
ment based on load levels of up to 50% of the ultimate
tensile strength (one sample was subjected to a sustained
load of 70% of its ultimate tensile strength) over a period
of 1000 h. Based on the results of this work, relaxation
losses, which are an integral component of the overall
prestress losses, can be estimated in order to design safe
concrete structures with prestressed GFRP and BFRP
reinforcement that reach the requested service lives of up
to 100 years.*>

2 | FRP RELAXATION BEHAVIOR
AND REVIEW OF EXISTING TESTS
2.1 | General

As mentioned above, the relaxation of prestressed FRP
reinforcement is a highly time-dependent property that
can vary greatly depending on the material composition
and the initial stress level.® By definition, relaxation
describes a progressive decrease of stress over time under

a constant strain.”® Equation (1) expresses the corre-
sponding relaxation rate y at any given time .
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Ao(t,ty) _ 00— o(t)

w(t,ty) = o — (1)

where w(t,ty) is relaxation rate depending on time f,
Ao(t,ty) is time-dependent stress decrease, o(f) is stress
depending on time ¢, and oy, is initial stress.

To experimentally determine this relaxation rate for a
given material, a constant strain must be applied to a
specimen while the stress is continuously recorded over
time. Such relaxation tests are somewhat difficult to set
up and to maintain over an extended period, since
anchorage slippage influences the strain application over
time. Researchers often examine the creep behavior of
the specimens instead, because according to Trost,? both
phenomena are closely related to one another and creep
tests in a force-controlled setup are easier to carry out
and maintain. Creep describes the progressive increase of
strain over time under constant stress.>> The correspond-
ing creep rate ¢ at any time ¢ can be expressed according
to Equation (2).

Ae(t,ty) e(t) —eo

e 0

where ¢(t,ty) is creep rate depending on time ¢ and the
time of loading t,, Ae(tt,) is time-dependent strain
increase, &() is strain depending on time ¢, and ¢ is ini-
tial strain.

Stress and strain, and therefore creep and relaxation,
are directly connected by a material's modulus of elas-
ticity E(t). It is possible to calculate a material's relaxa-
tion rate when knowing its creep rate and vice versa.
Trost states that for materials like concrete and steel, it
can be assumed that a given value of the modulus of
elasticity does not significantly change over time, even
when the material is subjected to constant stress or
strain, giving E(t) = E,. This assumption is extended to
FRPs in Sections 2.2-2.4 and later validated in
Section 4.4.

2.2 | Approach by Trost

To mathematically connect the creep and relaxation phe-
nomena, Trost** derived a relaxation coefficient p from
the differential equation of time-invariant strain, see
also Trost,”* based on the material properties of con-
crete. This relaxation coefficient considers the decreas-
ing relaxation intensity due to the aging of concrete,
which is the reason it is often called the aging coeffi-
cient. It depends on the progression of stress over time
as well as the corresponding creep rates and leads to
Equation (3):

G(t) _ (ﬂ(t,to) (3)
0o 1+pxo(tto)
where ¢(t,ty) is creep rate depending on time ¢ and the
time of loading t, and p is relaxation coefficient (aging
coefficient).

By merging Equations (1) and (3), Trost converts
creep rates ¢(tt,) to relaxation rates w(tt,) utilizing
Equation (4).

(p(t’ tO)
W) = T ltt) @

According to Trost,>>?* the value of p can theoreti-
cally vary between pp,;,, = 0.5 (linear growth of the relax-
ation losses over time) and p.x = 1.0 (a constant value
of the relaxation losses over time with all losses occurring
immediately at the time of loading). However, based on
his empirical study of a wide range of test results on con-
crete specimens, Trost found that the relaxation coeffi-
cient can be taken as p = 0.8, leading to sufficiently
precise results in general cases regarding concrete struc-
tures. Even though the derivation and calibration of the
relaxation coefficient p are entirely based on concrete,
the tendency of decreasing relaxation intensity can also
be expected from other time-variant materials, such as
FRPs. However, the applicability of Equation (4) and
the value of p = 0.8 have to be reviewed for FRPs.
Therefore, a second approach based on an iterative
conversion of creep rates to relaxation rates, according
to Shi et al.,> is presented in the following.

2.3 | Approach by Shi et al.

The experimental results of long-term relaxation tests with
BFRP tendons by Shi et al.*® showed that the viscoelastic
strain ¢, is proportional to the square of the stress level.
Based on this observation, Shi et al.** derived Equation (5)
to iteratively calculate the remaining time-dependent
stress in the specimen based on creep test results. Accord-
ingly, the recorded strain increment Ae, , from the creep
test is adjusted by considering the decreasing stress level
in the specimen, which is taken as proportional to the
square of the stress ratio. As in Trost's approach, the mod-
ulus of elasticity is assumed to be constant E(t) = E,.

o =0p_1—Ep X A*E'u,exp X (anl/a())zs (5)

where 6, is stress at calculation step n, o, _ | is stress at
calculation step n — 1, and Ae, e, is recorded strain
increment between the time steps ¢, and ¢,, _ ;.
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FIGURE 1 Comparison of relaxation rates according to Trost** and Shi et al.>

Finally, the relaxation rate is calculated using
Equation (1) with o(f) being the calculated remaining
stress after the final calculation step according to
Equation (5). For multiple creep tests conducted by Wang
et al.,?® Shi et al.>> showed that the relaxation rates calcu-
lated in this manner are in good agreement with the
experimentally determined relaxation rates from actual
relaxation tests on the same type of FRP reinforcement.

2.4 | Review of existing creep tests and
comparison of the approaches by Trost and
Shi et al.

While the two approaches by Trost and Shi et al. are
based on the same mechanical principles, see
Equation (1), the approach by Trost is easier to handle
due to the empirically determined relaxation coefficient
p = 0.8. In contrast, the method by Shi et al. is based on
an extensive iterative calculation. To verify the applicabil-
ity of Trost's relaxation coefficient for FRP reinforcement,
a database of creep tests on FRP reinforcement bars,
shown in Table 1, is compiled. The relaxation rate for
each specimen is calculated using both methods. When
comparing the relaxation rates of the 80 tests specified in
Table 1 and shown in Figure 1, an excellent agreement
with a mean ratio of yryost/ysni ® 0.99 between the two
approaches can be found.

In addition, the right part of Figure 1 shows the ratio
of the relaxation rates calculated with the two
approaches. The results are separated into five different
clusters, regarding the various testing facilities and mate-
rial combinations of Youssef and Benmokrane,'® Sayed-

Ahmed et al.,”” Yang et al.,”® Shi et al.,”® and Wang
et al.’® and the authors of this paper, see also Table 1.
The differences between the two approaches are gener-
ally minor. Still, within the sample of Youssef and
Benmokrane, the most significant differences between
the two approaches can be observed, with ratios of
Wrost/Wsni & 0.94 for some specimens. When comparing
these tests with the ones with ratios of yrost/Wsni & 1.00,
no correlation between the rate yr.os/wsn; and the mate-
rial combination, bar diameter and load level can be
found. However, when looking at the calculation results
for authors' tests or the tests of Yang et al., the best agree-
ment between the two approaches can be found. This dif-
ference is mainly attributed to the resolution of the
underlying creep test data. The iterative approach of Shi
et al. depends on the course of the creep strain over time.
Therefore, the method's accuracy is dependent on the res-
olution of the measured creep strain. For the authors'
tests as well as the tests of Yang et al., the given creep
values are tightly spaced (>25 data points within the first
1000 h), leading to very good accordance between the
two approaches. Conversely, for the tests of Youssef and
Benmokrane, the creep values are only available at three
points (1000, 3000, and 10,000 h), omitting the critical
period of early creep within the first 1000 h. Therefore,
the accuracy of the iterative calculation is reduced, result-
ing in increased deviations between the two approaches,
with the iteratively calculated relaxation rates being gen-
erally bigger than the relaxation rates according to Trost.
It is observed that the iterative approach by Shi et al.
tends to converge to the value, according to Trost, when
taking a more extensive number of data points into
account. Overall, the differences between the two
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FIGURE 2

Investigated GFRP and BFRP reinforcement bars.

approaches remain small for all investigated cases and
both computational methods tend to converge toward
the same value. This illustrates that by using the
approach by Trost with the associated value of p = 0.8,
the relaxation rates of FRP reinforcement bars can be
calculated based on creep test results sufficiently pre-
cise. Therefore, the experimental program of this
research will be based on long-term creep tests, shown
in Section 4. Subsequently, the experimentally deter-
mined creep rates will be transformed into relaxation
rates using Equation (4).

3 | SHORT-TERM TENSILE TESTS

3.1 | Materials

In this study, two types of FRP reinforcement bars, which
are shown in Figure 2, are investigated. The first type, a
GFRP reinforcement with a grooved surface, is composed
of ECR-glass fibers and vinyl ester resin with a fiber vol-
ume content of Vig = 75%, according to the manufac-
turer. Specimens with the nominal diameters of
Onom = 8 and 12 mm have been investigated, whose
effective cross-sectional areas are Aepr g gmm = 60.94 mm?
and Aeff G 12mm = 137.12 mm?, respectively. The second
type, a BFRP reinforcement with a helically wrapped and
sand-coated surface, is composed of basalt fibers and
epoxy resin with a fiber volume content of Vig = 77%,
according to its manufacturer. Reinforcement bars with
nominal diameters of @,,,,, = 8 and 10 mm and effective
cross-sectional areas of Acgpgmm = 43.10 mm?® and
Aeftp1omm = 69.27 mm? have been tested. The stated
effective cross-sectional areas of all tested reinforcements
were determined according to ASTM D7205/D7205M-
06> by immersion weighing of each reinforcement type
and diameter.

3.2 | Test-setup and specimen
preparation

The average short-term tensile properties of each type of
FRP bar were determined following ASTM D7205/
D7205M-06> by tensile tests until failure in the testing

b | 2807
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FIGURE 3
bar in a universal testing rig.

Short-term tensile test on a GFRP reinforcement

rig shown in Figure 3. The force was measured by the
testing rigs load cell (range up to 400 kN, precision
+0.2 kN). The strains needed to calculate the modulus of
elasticity were measured with electronic DD1 strain
transducers (upper device on the specimen in Figure 3)
with a stroke length of +2.5mm and a precision of
+0.0025 mm.

The anchorage described in ASTM D7205/D7205M-
06*° is recommended for monotonic tensile tests and
creep or relaxation tests with a maximum load of 400 kN.
Thus, it is suitable for all tests carried out within the
framework of this research. The ends of each specimen
were centered in steel tubes and filled with an expansive
cement grout, see Figure 4. The free lengths have been
calculated to Lpgmm = 380 mm, Lpiomm = 400 mm, and
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PVC cap with FRP reinforcement Expansive cement
central hole bar grout

Steel tube with

threaded front Threaded steel cap
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FIGURE 4

TABLE 2

Reinforcement Type

GFRP Bars Schock Combar 75 8

12 137.12
BFRP Bars DBF Basalt Rebar 77 8

10 69.27

FIGURE 5
after reaching the tensile strength.

Typical failure mode of a GFRP reinforcement bar

480 mm, according to ASTM D7205/

L(Z)lme -
D7205M-06.%

3.3 | Results and discussion

The average short-term tensile properties (the ulti-
mate tensile load F.,,, the tensile strength f; ,,, the
modulus of elasticity E,, and the ultimate strain &, ),
as well as the corresponding standard deviations
(in brackets) based on a sample size of up to 10 speci-
mens each, can be taken from Table 2. Note that the
tensile strength and modulus of elasticity are calcu-
lated using the effective cross-sectional area of the
specimens A.g given above. These short-term tensile
properties are being used as reference values for the
long-term tensile tests in Section 4, especially for
determining the sustained load levels in the specimens
of the long-term tests.

All specimens showed the typical linear-elastic behav-
ior and a dispersed broom-like failure within the free
length, shown in Figure 5. None of the tested specimens
failed in or around the anchorage region, indicating the
suitability of this type of anchorage for tensile tests on
the FRP reinforcement bars within this research.

Material properties of the investigated reinforcement bars.

Vf (%) @nom (mm) Aeﬁ‘ (mmz) F, t,m (kN)
60.94

43.10

Schematic drawing of the anchorage used following ASTM D7205/D7205M-06.%°

firm N/mm?) E, (N/mm?®) &, (%0)

70.8 (£3.3) 1161 (+54) 48,434 (+1889) 24.03 (+1.67)
1639 (+5.1) 1195 (+37) 49,757 (£546)  24.02 (+0.62)
412 (+0.5) 955(x11) 47,611 (+1085) 20.06 (+0.23)
658 (+2.2) 950 (£32) 42,846 (x1514) 22.20 (+1.31)
4 | LONG-TERM TENSILE TESTS

4.1 | Test-setup and preparation

To monitor potential changes of the mechanical proper-
ties due to sustained long-term loads, the stress—strain
relationship of each FRP reinforcement bar intended for
the creep tests was determined before and after the long-
term test in the same testing rig shown in Figure 2. After
preparation, each specimen was loaded with the intended
load level for the long-term test. To define the intended
load levels for the long-term tensile tests, international
guidelines as well as other research initiatives are being
evaluated. The creep-rupture stress limit for GFRP rein-
forcement is set at around 20%-25% of the specimen's
ultimate tensile strength, according to various interna-
tional guidelines.”***"** However, Rossini et al.*!
showed that the guaranteed creep-rupture strength of dif-
ferent GFRP reinforcement bars, is equal to around 40%
of their ultimate tensile strength. Therefore, the intended
stress levels in the long-term tensile tests are based on
the creep-rupture stress limits given be the guidelines
(0.2-0.25 x f,,) and according to Rossini et al.*!
(0.4 X fim). For the specimens V1-V5 and V9-V10 load
levels of 6¢/fim = 0.25 and 6¢/f;m = 0.2 and for the speci-
mens V6-V8 as well as V11-V12 and V16-V17 load levels
of 6o/fi,m = 0.4 were chosen. In addition, the specimens
V13-V15 and the specimen V18 were subjected to higher
load levels of oo/fim = 0.5 and oy/f m = 0.7, respectively,
in order to assess possible effects of increased load levels,
as stress levels of around 70% of the mean ultimate ten-
sile strength did not lead to creep-rupture failure within
the period of 1000 h in the tests of Rossini et al.*!



HIESCH ET AL.

FIGURE 6
of the used strain measuring device.

Schematic drawing

=

=

Measuring length

To measure the strain and the related changes over
time, the specimens were fitted with a strain measure-
ment device consisting of two dial gauges (stroke length
10 mm, precision +0.01 mm) and two brackets fitted to
the specimens, as shown in Figure 6. The precision of this
device was evaluated with control measurements with
the DD1 strain transducers, see Section 3.2, resulting in
differences of less than 1.5% between the two devices,
proving the suitability of this strain measurement device.
Throughout the first 24 h of each test, the strain is mea-
sured and recorded continuously with the DD1 strain
transducers and at several points additionally with the
dial gauges for comparison. Afterwards, the strain was
measured and recorded with the dial gauges every 24 h
for another 4-6 days. Subsequently a measurement was
taken at least every 120 h, in accordance with ACI
440.3R-12.>* The exact data acquisition points beyond the
continuous measurement (after 24 h) are highlighted in
results in Figure 8.

b | 2809
CEB-FIP

Dial gauge

Upper bracket

FRP rebar

Cone point

grub screw Lower bracket

The test frame for the long-term tests is shown in
Figure 7. The applied load was magnified using the lever
principle by a factor between 10 and 12, depending on
the exact frame layout. The front brackets of the frame,
where the test specimens are installed, are hinged in an
articulated manner allowing for a self-aligning specimen
installation. This way, the axial load introduction can be
guaranteed, and the test specimens experience as little
unplanned load eccentricity as possible.

The long-term tests were performed in a controlled
environment with a temperature of T = 21°C (£1.5°C)
and a relative humidity of RH = 60% (+5%).

4.2 | Results and discussion

As shown in Figure 7, the load is applied in a force-
controlled manner, by attaching steel plates (weights)
with slings to the upper beam of the test frame. In this
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FIGURE 7 Schematic drawing of the long-term test frame setup.

TABLE 3 Measured creep rates and corresponding calculated relaxation rates.

9,
Reinforcement Specimen (n.;::) 6o/fem (%) t (h) @ (%) v (%)
GFRP V1 8 25 1000 2.04 2.00
V2 1.79 1.76
V3 3.09 3.01
V4 3.94 3.82
V5 1.57 1.55
V6 40 3.93 3.81
V7 4.10 3.97
V8 2.26 2.22
Vo 12 20 3.67 3.57
V10 2.65 2.60
BFRP V11 8 40 3.39 3.30
V12 4.09 3.96
V13 50 6.10 5.82
V14 2.70 2.64
V15 4.15 4.02
V1e 10 40 2.50 245
V17 4.08 3.95
V18 70 4.06 3.93
GFRP—average 1000 2.90 2.83
BFRP—average 3.88 3.76

force-controlled setup, it could be guaranteed that the Equation (4) with a fixed relaxation coefficient of p = 0.8,
load remained constant over time. The resulting creep as shown in Section 2. All 18 tests are conducted over
rates are directly transformed into relaxation rates using 1000 h and are presented in Table 3 and Figure 8.
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Relaxation rates over time for different load levels and reinforcement types.
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The observed relaxation rates of specimens investigated
up to 1000 h range from wip0on = 1.76% t0 W1000n = 5.82%,
with  ranges of  1.55% < wioooncrre < 3.97%  and
2.45% < w1o0onprrp < 5.82% for the GFRP and the BFRP
specimens, respectively. Considering the experimental
boundary conditions such as material combinations, load
levels and test duration, this matches up well with other
experimental results obtained from literature, see
Table 1. When looking at the relaxation behavior of the
specimens V1-V8, increased load levels (6o/f;m = 0.4 for
specimens V6-V8 compared to oo/f;m = 0.25 for speci-
mens V1-V5) do not result in significantly higher relaxa-
tion rates after 1000 h. This result can be explained by
taking the mechanical background of FRP relaxation into
account. According to fib Bulletin 40,%° the predominant
relaxation component is the matrix relaxation and the
accompanying stress redistribution from the matrix to
the fibers, mainly in the first days after loading. Since the
relaxation rates are compared after 1000 h, when matrix
relaxation is generally completed, relaxation rates mostly
independent of the sustained load level are expected, as
varying load levels mainly change the timeframe for the
matrix relaxation. The same behavior can be observed for
BFRP reinforcement bars with different load levels,
when comparing specimens V11-V12 and V16-V17
(6o/fim = 0.4) with V13-V15 (6o/fim = 0.5) and V18
(o0/ftm = 0.7). Even though some specimens experience
a little more (e.g., V13) or less relaxation (e.g., V16), the
general behavior and average relaxation rates across dif-
ferent load levels are of comparable magnitude.

In addition, specimens of the same type but different
bar diameter also show relaxation properties in
comparable ranges. GFRP reinforcement bars with
nominal diameters of @,,,, = 8 mm and @, = 12 mm
show average relaxation rates of ¥1000n,6.8mm =~ 2.8% and
W1000h.G.12mm = 3.1%, respectively. Comparable results
can also be found for BFRP. The specimens with nominal
diameters of @nom = 8 mm and @,,, = 10 mm show
average relaxation rates of iooonBsmm = 3.9% and
W1000h,G,12mm = 3.5%, respectively. Due to the inherent
and not insignificant scatter due to the nature of compos-
ite materials, illustrated by the coefficients of variation of
Vy1o000n,G = 33% and vyq000n,8 = 28%, specific reasons for
these differences between different diameters of the same
bar type of Ayg = 0.3% and Awg = 0.4% are not clearly
to identify. However, the marginally more pronounced
scattering of BFRP specimens can be attributed to a slight
difference in manufacturing quality. The GFRP reinforce-
ment appears very uniform, indicating a homogenous
cross-section along the length of the reinforcement. For
the BFRP reinforcement a small surplus of resin can be
observed in some areas of the bar, while other areas show
a slight lack of resin. This indicates that the fibers are not

impregnated evenly along the length of the reinforce-
ment, leading to small differences of the cross-sectional
stress distributions along the length of the bar which can
result in slightly increased scattering of the creep coeffi-
cients and relaxation rates.

Finally, as shown by the average values in Table 3, it
can be stated that the investigated GFRP specimens tend
to show lower relaxation rates (y10oon,G.m ~ 2-8%) com-
pared to BFRP specimens (y1000nm = 3.8%). Consider-
ing that the fiber volume contents are almost identical,
see Table 2, this difference can be attributed to the differ-
ence of the elastic moduli of the ECR-glass and basalt
fibers and the epoxy and vinyl ester resin matrices.
With average values of Epg~ 80,000 N/mm® and
E;p ~ 90,000 N/mm? for the ECR-glass fibers and the
basalt fibers as well as E,gp~ 4000 N/mm? and
Emve ~ 3400 N/mm? for the epoxy and vinyl ester resins,
according to Park™ and fib Bulletin 40,%° the modular ratio
of the BFRP reinforcement (basalt + epoxy) is around 30%
greater than that of the GFRP reinforcement (ECR-glass
+ vinyl ester). This leads to greater initial stress in the
matrix of the BFRP specimens and thus to greater relaxa-
tion values due to stress redistribution. Since the modular
ratio and the ratio of the average experimental relaxation
rates are of comparable size, it can be assumed, that the
relaxation due to stress redistribution from the matrix to
the fibers is the main component of the relaxation of the
examined reinforcement bars. In addition, the expected
relaxation rates for CFRP reinforcement should be even
smaller than those of the investigated GFRP reinforce-
ment, given the comparably high modulus of elasticity of
carbon fibers. The results from the literature, see Table 1,
confirm this statement when considering the tests of Yang
et al.,”® whose CFRP specimens only showed relaxation
rates of around wcprp,yang & 1% €ven at high stress levels
of up to 85% of their tensile strength.

4.3 | Prediction of the end-of-life
relaxation rates

Based on the experimental relaxation rates of the FRP
reinforcement bars across 1000 h, the progression of the
relaxation rates until the end of the service life has to be
calculated. According to Eurocode 0,>* the service life of
structural members is typically set at 50 years for general
buildings or at 100 years for bridges. Since concrete mem-
bers with prestressed FRP reinforcement can generally be
used within both of these areas, it is reasonable to predict
the relaxation rates of the FRP reinforcement for a time
frame of at least 100 years. The time of 100 years equals
876,600 h, and with most formulae for determining the
prestress losses of prestressed concrete members being
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TABLE 4 Predicted long-term relaxation rates at .

ﬂ nom
Reinforcement Specimen (mm) 6o/fim (%) texp (h) (%)

GFRP Vi 8 25 1000 2.00
V2 1.76
V3 3.01
V4 3.82
V5 1.55
V6 40 3.81
V7 3.97
N 2.22
V9 12 20 3.57
V1o 2.60
BFRP Vi1 8 40 3.30
Vi2 3.96
V13 50 5.82
A\t 2.64
V15 4.02
V16 10 40 2.45
V17 3.95
V18 70 3.93
GFRP—average 1000 2.83
BFRP—average 3.76

hour-based approaches, it is reasonable to set the
required end-of-life time f,, at 1,000,000 h (~114 years).®
Thus, the prediction of the relaxation rates tends toward
the safe side, with the results consciously overestimating
the relaxation losses for about 14 years. According to
Hull and Clyne," the relaxation intensity decreases over
time because the stress redistribution from the matrix to
the fibers results in decreased residual stress levels in the
matrix, implying a diminished stress redistribution or
relaxation intensity. Also, as stated above, the stress
redistribution from the matrix to the fibers is the princi-
pal reason for the relaxation and is mainly responsible
for the observed relaxation characteristics. Therefore, to
extrapolate the relaxation rates up to f, Shi et al.,»
among others, show that it is appropriate to use a loga-
rithmic function like the one in Equation (6).

w(t) = aiog + biog < log(t). (6)

In Equation (6), the nondimensional relaxation rate is
denoted by w(t), the time in hours by ¢ and the empirical
regression parameters of the logarithmic formula that are
individually determined for every test using the least
squares method by ajoz and by, respectively. Table 4 shows
the predicted values of the relaxation rates y(t,,) using the

Y1000h
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Regression parameter
& o ¥ (Equation 6)

Qjog Q) blog ©) R’ ) (%) W oo/ W1000n (=)
7.163E—03 4.290E—03 0.977  3.29 1.65
6.280E—03 3.784E—03 0.970  2.90 1.65
3.403E—03 8.915E—-03 0.960  5.69 1.89
2.508E—03 1.191E—02 0.955  7.39 1.93
8.597E—04 4.889E—03 0.971 3.02 1.95
8.363E—03 9.928E—03 0.992  6.79 1.78
2.530E—04 1.313E—-02 0.998  7.90 1.99
2.748E—03 6.494E—03 0.965 4.17 1.88
1.310E—02 7.521E—-03 0.965  5.82 1.63
2.511E—-04 8.570E—03 0.941 5.17 1.99
1.329E—-02 6.583E—03 0.976  5.28 1.60
4.774E-03 1.161E—02 0.979 7.44 1.88
8.465E—03 1.658E—02 0.992 10.79 1.85
1.478E—02 3.884E—03 0.982  3.81 1.44
2.076E—02 6.474E—03 0.990  5.96 1.48
9.444E—03 5.012E—03 0.990  3.95 1.61
1.331E—-02 8.742E—03 0.998  6.58 1.67
1.485E—02 8.162E—03 0.996  6.38 1.62
4.493E—-03 7.944E—03 - 5.21 1.84
1.246E—02 8.380E—03 - 6.27 1.67

logarithmic approach according to Equation (6). The
numeric approximations show a good agreement between
the experimental values and the calculation, which is con-
firmed by the coefficients of determination R*. These values
are mostly R* > 0.95, where R* = 1 implies a perfect corre-
lation between the experimental and the calculated values.
In general, when comparing the relaxation rate at ¢, with
the relaxation rate at the end of the experiment after
1000 h, a range of 144 <w./wigoon <199 can be
observed. This allows the conclusion that to calculate relax-
ation losses within the preliminary dimensioning of pre-
stressed concrete members, the relaxation rate at ¢,, can be
predicted with sufficient reliability using v, & 2 X W1opon-

44 | Residual tensile properties
After completing the long-term tests, the residual prop-
erties of the FRP specimens were determined in the
same manner as described in Section 3.2. The observed
residual tensile properties (res) and the tensile proper-
ties from the preliminary loading phase (pre) are
shown in Table 5.

The residual values of the modulus of elasticity indi-
cate that the sustained load does not reduce the stiffness
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TABLE 5 Residual and preliminary tensile properties of the tested FRP reinforcement bars.

Onom Epre Eres Eres/  fres
Reinforcement Specimen (mm) 6o/fim (%) fexp (h) (N/mm?) (N/mm?®) Ey.(-) (N/mMm®) fies/fim (-) Failure mode
GFRP V1 8 25 1000 47,318 46,458 0.98 1194 1.03 Tensile rupture
V2 47722 46208 097 1130 0.97 of the fibers in
V3 51,782 51,308 0.99 1192 1.03 the free length
V4 50,685 50,097 0.99 1133 0.98
V5 47,302 47,678 1.01 1135 0.98
Vo6 40 49,500 49,276 1.00 1212 1.04
V7 44,825 45,833 1.02 1175 1.01
V8 47,678 47,657 1.00 958 0.83
V9 12 20 50,290 50,570 1.01 1211 1.01
V10 50,061 50,415 1.01 1142 0.96
BFRP Vi1 8 40 43,588 43,500 1.00 962 1.01
V12 39,416 39,250 1.00 737 0.77
V13 50 42,368 43,557 1.03 945 0.99
V14 46,100 46,329 1.00 964 1.01
V15 46,150 45,960 1.00 956 1.00
Vie 10 40 42,296 42,787 1.01 890 0.94
V17 43,573 43,625 1.00 989 1.04
V18 70 45,935 45,696 0.99 1029 1.08

of the examined FRP reinforcement throughout the test-
ing period of up to 1000 h and load levels of up to 70% of
the tensile strength. The resulting average ratio is Eyes/
Epre = 1.00. Therefore, the original assumption derived
from the findings of Trost*® and Shi et al.,*® that the mod-
ulus of elasticity of FRP reinforcement under sustained
loads can be taken as constant can be validated based on
the available results. A similar behavior can be observed
when comparing the residual tensile strength of the spec-
imens with the mean tensile strength of short-term refer-
ence tests, see Section 3.3, resulting in an average ratio of
Sres/fpore = 0.98. The two exceptions are specimens V8 and
V12 with ratios of fies/fore = 0.83 and fres/fore = 0.77,
whose comparably low residual tensile strengths are
attributed to damage on the surface of the specimens. In
case of V8, the damage occurred during the transfer of
the specimen between the long-term and the residual
tensile tests. For specimen V12, a production defect was
observable, as parts of the bar were not fully impregnated
in resin and the surface fibers had been destroyed prior
to the residual tensile test.

5 | CONCLUSIONS

The relaxation behavior of GFRP and BFRP reinforcement
bars and the determination of their relaxation rates were

presented in this paper. It was illustrated that the relaxation
process and the creep process are interlinked, enabling the
determination of relaxation rates based on the conversion
of experimental creep data. This process was substantiated
with two different mechanical-mathematical approaches by
Trost** and Shi et al®® It was demonstrated that the
approach by Trost with a constant relaxation coefficient
p = 0.8 is valid for the determination of time-dependent
properties of FRP reinforcement bars.

The investigation of the time-dependent material
properties of two types of FRP reinforcement (GFRP rein-
forcement bars with @,,,, = 8 and 12 mm and BFRP
reinforcement bars with @,,,, = 8 and 10 mm) was based
on long-term tensile tests under sustained load within a
load-magnifying steel frame. The resulting relaxation
rates for sustained load levels of 0.2 < 6p/fym < 0.7 and a
test period of 1000 h ranged from wig00n = 1.76% to
W1o000n = 5.82%.

The experimental results were extrapolated using a
logarithmic function to determine the relaxation rates at
the end of a concrete members’ service life. The resulting
relaxation rates are within a range of 1.44 <./
Wiooon < 1.99, indicating that the relaxation rates at ¢,
can be conservatively estimated with y o, & 2 X yggon for
the preliminary calculation of prestress losses.

After completion of the long-term tests, the residual
tensile properties of the FRP reinforcement bars were
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determined with the results allowing the assumption that
sustained loads with load levels of up to o6¢/fim = 0.70
and a duration of up to 1000 h do not negatively influ-
ence the mechanical properties of the investigated FRP
reinforcement bars.
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