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ARTICLE INFO ABSTRACT

Keywords: This paper presents an experimental work to investigate the effect of fatigue loading and high service temper-
Fatigue ature on the flexural performance of near-surface mounted (NSM) carbon fiber reinforced polymer (CFRP)-
NSM CFRP-strengthening strengthened reinforced concrete (RC) beams. The experimental program included 11 beams, where the effect of
Ei;‘:ﬁ;s:l the strengthening (CFRP) ratio (0.06 % and 0.18 %), fatigue load level (R1 = 0.57 and R2 = 0.38) and applied

temperature (20 °C and 70 °C) have been considered. Experimental results on fatigue tests showed that high
service temperature resulted in an increase in deflections and reduction in the stiffness of the specimens along the
test. Moreover, the application of fatigue cycles with larger amplitude resulted in the failure of the specimens (by
steel rupture), whilst specimens submitted to lower fatigue amplitude survived to the fatigue cycles. The NSM
CFRP-strengthening helped to postpone the final failure of strengthened RC beams after steel reinforcement
rupture during the fatigue test. Besides, damage due to fatigue derived in lower residual yielding and ultimate
load in the post-fatigue test.

1. Introduction

Rehabilitation of civil structures needs attention in order to increase
their lifetime and load-carrying capacity. These structures can be
degraded by environmental factors and repeated loading (e.g. fatigue)
that transfers to the structural members along a certain period and fre-
quency [1-3]. Fatigue failure of a structural element is defined as a
progressive cracking/damaging in the materials composing the element
up to fracture under repeated loading. Unlike short-term loading, fatigue
loading causes a reduction in stiffness of the system due to stress/strain
accumulation in the materials that may lead to a failure in the system
before reaching its ultimate capacity [3-5].

In the last decades, fiber-reinforced polymer (FRP) materials, avail-
able in different types and shapes, have been promoted to strengthen
distressed structures. Nowadays, different techniques are used in FRP-
strengthened structures, namely externally bonded reinforcement
(EBR) and near-surface mounted (NSM) techniques [6], being the later
the most recent one. In this technique, grooves are cut in the concrete
surface and then the FRPs are inserted into these grooves using a proper
adhesive. When compared to the EBR system, the NSM technique has
several advantages such as: no need for surface treatment, less
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susceptible to environmental conditions, less prone to vandalism and
good finished surface, among others [7,8].

Due to the nature of epoxy adhesives typically used in the NSM FRP-
strengthening technique, their mechanical properties can be affected by
the application of temperature variations or constant temperature
approaching the glass transition temperature (Tg) of the adhesive
[9-12]. Although a significant amount of work on the flexural behavior
of NSM FRP-strengthened RC beams under short-term loading exists
[7,8,13-17], few studies addressing the effect of high service tempera-
ture have been published [18-20].

Regarding the fatigue behavior of the FRP-strengthened RC beams, a
significant amount of work has been done for the EBR FRP-
strengthening system [21-29], whereas less literature exists for the
case of NSM FRP-strengthening [30-34]. The fatigue behavior of RC
beams strongly depends on the stress range in steel reinforcement. Ac-
cording to the literature, fatigue life decreases if the fatigue load level
or/and the fatigue cycle amplitude are increased [25,26,30,32], and
vice versa [33,34].

Existing studies confirm that fatigue life of EBR CFRP-strengthened
beams is higher, when compared to unstrengthened control beams,
because of the relief of stresses in internal steel reinforcement [21].
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However, the inclusion of EBR CFRP-strengthening has no effect on
failure mode, and unstrengthened and strengthened beams fail by steel
reinforcement rupture [21-26], as a result of the stress/strain accumu-
lation in the steel reinforcement. Steel rupture is occasionally followed
by a deboning of FRP laminate from concrete surface. Focusing on the
effect of environmental conditions on the fatigue performance, fatigue
life of EBR CFRP-strengthened specimens is reduced when subjected to
the hot-wet environmental conditions [27], and any increase in the
corrosion degree (which is more common in old bridge structures) re-
sults in a reduction in the fatigue life in both strengthened and
unstrengthened beams [28]. Moreover, the effect of temperature was
studied in [29], where the application of 50 °C had no effect on the
fatigue behavior of EBR CFRP-strengthened specimens. However, their
post fatigue residual strength slightly improved due to possible post-
curing in the epoxy adhesive at that temperature [29].

Similarly, results on the fatigue performance of NSM FRP-
strengthened RC elements confirm the extension in fatigue life of
strengthened specimens and the steel reinforcement rupture failure
mode [30-32]. However, unlike EBR systems, no debonding occurred
after steel rupture [35]. In fact, NSM technique has shown better fatigue
performance than EBR technique in those cases where comparative
studies have been performed [35-37]. Finally, different types of NSM
bars and strips [30-32] and bonding material [33] have been considered
in the evaluation of the fatigue behavior of NSM FRP-strengthened RC
elements. In this sense, for a given level of load, sandblasted rods per-
formed better than spirally wound rods [31], and strips performed even
better [32]. Besides, a better fatigue performance was observed when
cementitious adhesives were used, in comparison to epoxy adhesives,
and this was attributed to the better bond and stress transfer between the
CFRP strips and concrete [33].

According to the literature, there is a significant amount of work in
evaluating the effect of fatigue loading on the performance of EBR FRP-
strengthened RC beams, that reduces when we focus on NSM FRP-
strengthened RC elements. Besides, to the best of authors knowledge,
the analysis on the effect of high service temperature on the fatigue
response of NSM carbon FRP (CFRP) strengthened RC beams has not
been addressed yet. In this work, an experimental program to investigate
the fatigue behavior of NSM CFRP-strengthened RC beams subjected to
room temperature (20 °C) and high service temperature (70 °C) is pre-
sented. To this end, a total of 11 beams were tested where different
parameters were considered: (i) CFRP strengthening ratio, (ii) testing
temperature and (iii) fatigue load range. The fatigue tests were pro-
gramed up to 2 million cycles if failure does not occur before, with a
frequency of 2 Hz. Experimental results are presented and discussed in
terms of instantaneous load—deflection response of the reference beams,
cyclic load—deflection response and evolution of deflection, stiffness,
concrete strain and dissipated energy along fatigue cycles. Finally, post-
fatigue behavior of the beams and failure modes are also analyzed.

2. Experimental program
2.1. Materials

2.1.1. Concrete

All the beams were casted using the same batch of ready-mix con-
crete in lab conditions with conventionally vibrating procedure. The
cement type was I1-42.5R, with a content of 320 kg/m?, the maximum
aggregate size was 12 mm, and the water/cement ratio was 0.5. To
improve concrete workability, a viscosity modifier was used. The
experimental compressive strength (f.), tensile strength (f), and
modulus of elasticity (E.) of concrete were determined at different ages
of concrete at room temperature, so that concrete properties were
tracked along the whole experimental campaign. To this end, cylinder
specimens with 300 mm nominal height and 150 mm nominal diameter
were used to determine the f., f;, and E. according to UNE-EN
12390-3:2003 [38], UNE-EN 12390-6:2010 [39], and ASTM C469-87
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Table 1

Concrete mechanical properties.
Concrete age Compressive Tensile strength, Modulus of
(days) strength, f. (MPa) f, (MPa) elasticity, E. (GPa)
31 32.2 (2.2 %)° 3.1 (1.2 %)° 37.7 (4.2 %)°
107° 40.7 (2.2 %)° 3.5 (6.8 %)° 38.0 (5.6 %)"
150 41.1 (2.5 %)° 3.8 (3.6 %)° 39.9 (3.8 %)"
204 41.4 (4.8 %)° 3.7 (8.3 %)° 39.0 (7.6 %)°

#Age at first fatigue test.
bCoefficient of variation (CoV).

Table 2
Tensile mechanical properties of steel bars.

Bar diameter Yielding stress fy Ultimate stress, f, Modulus of elasticity,

(mm) (MPa) (MPa) Es (GPa)

6 553.8 (1.6 %)? 703.5 (1.9 %)* 203.6 (0.8 %)*
8 536.7 (3.3 %)* 698.1 (1.9 %)? 196.4 (3.0 %)*
10 544.1 (2.9 %)* 666.0 (1.6 %)* 202.1 (5.5 %)*

2Coefficient of variation (CoV).

[40] standards, respectively. For each test, three specimens were used.
Concrete mechanical properties at different ages are shown in Table 1.

2.1.2. Steel reinforcement

In this work, ribbed steel bars with a diameter of 6 mm, 8 mm and 10
mm were used. The tensile mechanical properties of steel bars were
obtained from tension tests based on UNE-EN ISO 15630-1 [41]. For
each diameter, three samples were tested. Results on the yielding stress
(fy), the ultimate stress (f,) and the modulus of elasticity (Es) are re-
ported in Table 2.

2.1.3. CFRP strips

CFRP strips, consisting of unidirectional carbon fibers (with a vol-
ume content fiber higher than 68 %) held together by an epoxy vinyl
ester resin matrix, were used for strengthening the specimens [42]. The
CFRP strips had a cross-section of 1.4 x 10 mm and their tensile me-
chanical properties were obtained from five CFRP samples, according to
ISO 527-5 [43] recommendations. An ultimate tensile strength (f, rrp) of
2251.4 MPa (CoV = 3.2 %), an ultimate tensile strain (e, rrp) of 0.0133
(CoV = 7.2 %), and a modulus of elasticity (Eprp) of 169.5 GPa (CoV =
6.3 %) were obtained [18].

2.1.4. Epoxy adhesive

In this study, a high performance, solvent-free, thixotropic, and grey
two-component epoxy adhesive specially developed for bonding CFRP
to concrete was used. According to the manufacturer’s product data
sheet [44], the components A (resin) and B (hardener) should be mixed
at a ratio of 2:1 by weight. The glass-transition temperature (Tg) of
epoxy was determined by differential scanning calorimetry (DSC) [45]
and dynamic mechanical analysis (DMA) [46]. The epoxy specimens
were tested after a curing time at lab conditions of 12 days. According to
test results, the Ty of epoxy was in the range of 53.9-65.3 °C [18].

Tensile strength (fy,epoxy) and modulus of elasticity (Eepoxy) of the
epoxy adhesive were determined by testing dog-bone specimens
following ISO-527-1 [47] specifications. Furthermore, in order to
evaluate the effect of temperature on mechanical properties of the epoxy
adhesive, characterization tests were performed at 20 °C and 70 °C. The
mechanical properties of epoxy adhesive are summarized in Table 3 [9].

2.2. Test program and configuration

The experimental program included 11 beams divided into two se-
ries, where the effect of different parameters was studied, namely: (i)
strengthening ratio (i.e. one and three CFRP strips), (ii) temperature (i.e.
20 and 70 °C) and (iii) R ratio (i.e. 0.57 and 0.38). In this sense, R ratio is
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Table 3

Mechanical properties of epoxy adhesive tested at different temperatures [9].
Testing temperature (°C) fu,epoxy (MPa) fu,epoxy-70/fa,epoxy-20 Eepoxy (MPa) Ecpoxy-70/Edpoxy-20
20 28.0 (0.4 %)° - 8102.4 (0.8 %)° -
70 2.7 (3.7 %)° 0.1 271.5 (4.8 %)" 0.03

#Defined as the ratio between the property value at 70 °C and the reference property value at 20 °C.
b Coefficient of variation (CoV).

Table 4
Test matrix.
Series Group Beam ID Age of concrete ? (days) No. of CFRP strips CFRP area (mm2) Testing Temperature (°C) R ratio
Series 1 - CB-20-ST 104 - - 20 -
SB1S-20-ST 138 1 14 -
SB3S-20-ST 170 3 42 -
Series 2 Group 1 CB-20-R1 107 - - 20 0.57
SB1S-20-R1 142 1 14 0.57
SB3S-20-R1 171 3 42 0.57
SB3S-20-R2 199 3 42 0.38
Group 2 CB-70-R1 126 - - 70 0.57
SB1S-70-R1 158 1 14 0.57
SB3S-70-R1 184 3 42 0.57
SB3S-70-R2 206 3 42 0.38

4Age of concrete at the beginning of fatigue test.

defined as the ratio between minimum load and maximum load of the these three reference beams, one beam was unstrengthened and the
fatigue cycle. In Series 1, three beams were considered as reference other two beams were strengthened with one and three CFRP strips,
beams to be tested under short-term loading in order to define the fa- respectively. All beams in Series 1 were tested at 20 °C. In Series 2, eight
tigue load level to be applied to beams in Series 2 (see Table 4). Among beams were tested under different fatigue loading levels and
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Fig. 1. Four-point bending test configuration: (a) Test setup and (b) Cross-section details (all dimensions in mm).
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Fig. 3. Registered temperatures during the heating process and the fatigue test;
Note: temperature gauge on epoxy surface failed during the heating phase.

temperatures. This series was divided into two groups, according to the
temperature applied during the fatigue test (Groups 1 and 2 refer to
beams tested at 20 °C and 70 °C, respectively). Each of these two groups
included four beams, three of them tested with a R ratio equal to 0.57
and one of them with an R ratio equal to 0.38 (see Table 4).

The fatigue load level was defined based on the yielding stress of the
reinforcing steel (fy) of the reference beams under short-term loading
(Series 1). In this sense, for the fatigue level R1, the minimum fatigue
load (Ppin) and the maximum fatigue load (Ppax) were those causing the
stress in reinforcing steel to be equal to 40 % and 70 % of its yielding
stress (fy) at the corresponding reference beam, respectively, which led
to a R ratio equal to 0.57. For the fatigue level of R2, this range was
between 30 % and 80 % of f; of the corresponding reference beam,
respectively, which led to a R ratio equal to 0.38. The maximum load
was limited to be less than the load causing 80 % of steel yielding stress
(fy), according to ACI 440.2R [48].

Specimens’ designation reads X-Y-Z, where X denotes the type of
beam (CB standing for control beam, and SB1S and SB3S referring to
beams strengthened with one and three CFRP strips, respectively).
Furthermore, Y stands for the testing temperature. Finally, Z indicates
the loading type (ST standing for short-term loading, and R1 and R2
referring to fatigue loading with different R ratios). For instance, CB-20-
ST, refers to the control beam tested at 20 °C under short-term loading.
Furthermore, SB3S-70-R1 refers to a beam strengthened with three

Fig. 4. General view of test setup.
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CFRP strips and tested at 70 °C under fatigue loading with R = 0.57.
The beams were tested under a four-point bending test configuration
(see Fig. 1). The beams were 2400 mm long (clear span of 2200 mm),
140 mm wide and 180 mm deep. The loading span and shear span were
700 mm and 750 mm, respectively. Two longitudinal steel bars with 10
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mm of diameter (2®10) were used in the tension side of the beam,
resulting in a reinforcement ratio of 0.79 %. Moreover, 206 were used in
the compression side of the beams. All beams had shear reinforcement
consisting of steel stirrups with a diameter of 8 mm placed every 75 mm.
In the strengthened beams, CFRP strips with a cross-section of 1.4 x 10
mm and a bonded length of 1950 mm were used. In order to mount the
CFRP strips, grooves with dimensions of 6 x 15 mm were cut in the soffit
of the beams. In those beams were more than one groove was needed the
distance between grooves was set based on fib Bulletin 90 [49] recom-
mendations. Finally, during the cutting of the grooves, a notch (5 mm
wide and 15 mm deep) was created at midspan in order to act as a crack
initiator.

2.3. Instrumentation

The instrumentation used for the presented experimental work is
shown in Fig. 2. A linear vertical displacement transducer (LVDT) with
100 mm stroke (with linearity error of + 0.10 % F.S.) was used in the
midspan of the beam to measure the central deflection (LVDT1).
Moreover, two LVDTs with 25 mm stroke (with linearity error of + 0.10
% F.S.) were used in both support (LVDT2 and LVDT3) in order to
measure the possible supports settlement in all of the tests. Furthermore,
the strain at the top fiber of concrete was measured with a strain gauge
(with a gauge length of 60 mm) that was installed in midspan of the
specimens (SG¢ in Fig. 2). Finally, a load-cell of 125 kN was used to
register the applied load.

70
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min

O L 1 L 1 L 1
0 10 20 30 40 50 60 70

(b) Deflection (mm)
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Fig. 6. Short-term load-deflection curves (Series 1): (a) Effect of strengthening ratio; (b), (c) and (d) definition of Py, and Py
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Table 5

Details on fatigue load levels.

SpecimenID  Py" (kN)  Ppin (KN)  Prax (KN)  Paye” (kN)  Pop® (kN)  R?
CB-20-R1 27.7 111 19.4 15.3 4.1 0.57
CB-70-R1
SB1S-20-R1 33.1 13.3 23.2 18.3 4.9 0.57
SB1S-70-R1
SB3S-20-R1 41.9 16.8 29.4 23.1 6.3 0.57
SB3S-70-R1
SB3S-20-R2 41.9 12.6 33.7 23.1 10.6 0.38
SB3S-70-R2

Py of the reference short-term test in Series 1.
b Average fatigue load defined as: Paye = (Pmax + Pmin)/2.
¢ Amplitude of fatigue cycles defined as: Pamp = Pmax - Pave-
d
R= Pmin/PmaX~

Some specimens needed to be conditioned (i.e. heated up to 70 °C)
prior to fatigue testing. In those cases, heating blankets installed to the
soffit of the beams were used. A proportional integral derivative (PID)

20 ' P
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controller was utilized for controlling heating process, and Type-T
thermocouples, installed between the heating blanket and the soffit of
the beam, were used as temperature controller sensor. An isolation
system (rock wool with aluminum foil) was used in order to speed up the
heating process and reach to a uniform temperature along the beam.
Temperature gauges were used to monitor and register temperature at
different points: on the concrete surface at the top and bottom of the
beam, on the surface of the CFRP and on the surface of epoxy adhesive
(see Fig. 2). The temperature gauges on the surface of the CFRP were
installed prior to introducing the strip into the groove, and a thin pro-
tection layer was applied in order to protect them from the wet envi-
ronment during curing of the epoxy adhesive. The heating process
started almost 24 h prior to fatigue testing until the average temperature
in the soffit of the beam was stabilized to its target value. During fatigue
testing, the PID controller ensured the temperature to be constant along
the test. The evolution of the temperature during the heating process
and the fatigue test of one of the beams is shown in Fig. 3. Although
there was a small difference between temperature at the concrete top
and concrete bottom, the temperature gradient did not affect the
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o
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— 1,000,000 cycles ——=—-1,000,000 cycles
1,500,000 cycles 1,500,000 cycles
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O Il 1 1 1
1 1.2 14 1.6 1.8

(b) Normalized deflection (-)

Fig. 7. Fatigue response of specimens CB-20-R1 and CB-70-R1: (a) Initial load—deflection response prior to cyclic loading, and (b) load versus normalized deflection

curves during cyclic loading.
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outcome of the research carried out. In addition, a general view of test
setup for a beam under temperature is shown in Fig. 4.

2.4. Loading procedure

Specimens in Series 1 were tested under short-term load under
displacement control at a rate of 0.6 mm/min up to failure. As
mentioned before, these specimens were used to define the maximum
and minimum fatigue loads (Ppax and Ppyip, respectively) of specimens in
Series 2. The fatigue tests were performed in three different steps as
below (see Fig. 5):

e Step 1: The beams were loaded up to the maximum fatigue load
(Pmax) under displacement control at a rate of 0.6 mm/min (black
line in Fig. 5).

e Step 2: The beams were unloaded up to the average fatigue load (Paye
= (Pmax + Pmin)/2) under displacement control at a rate of 0.6 mm/
min (red line in Fig. 5).

30 7
7
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|
10 1
5t/ |
——SB3S-20-R1
' - ---SB3S-70-R1
0 1 1 1 1 1
0 2 4 6 8 10 12

Deflection (mm)

(a)

Engineering Structures 273 (2022) 115119

e Step 3: In this step, the fatigue load was applied through a sinusoidal
loading path with a frequency of 2 Hz and a pre-defined amplitude
(Pamp = Pmax - Pave). This step was conducted under force control.
The fatigue test duration was programmed to either 2 million cycles
or failure of the beam, whichever occurs first (blue line in Fig. 5).

3. Results and discussions
3.1. Short-term tests results

The results of specimens of Series 1 (short-term test) (i) allowed the
definition of the fatigue loads (Ppax and Ppyip) to be applied to specimens
in Series 2 and also (ii) were used for comparison purposes with results
obtained on the specimens that experienced the post-fatigue stage.
Experimental load-midspan deflection curves of specimens in Series 1
are shown in Fig. 6, where three phases can be observed: (i) uncracked
phase, with a linear elastic behavior until cracking load (P,,) is attained;
(ii) cracking phase, where stiffness gradually decreases as the load in-
creases up to the yielding of steel reinforcement; and (iii) post-yielding

30
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1 1.2 14 1.6 1.8
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(b)

Fig. 9. Fatigue response of specimens SB3S-20-R1 and SB3S-70-R1: (a) Initial load-deflection response prior to cyclic loading, and (b) load versus normalized

deflection curves during cyclic loading.
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phase up to failure. In this last phase no significant increase in load can
be observed for the unstrengthened beam, whilst relevant load increase
is observed for strengthened beams. The increase in the strengthening
(CFRP) ratio had no significant effect on the cracking load (P,), whilst
larger yielding load (Py) and ultimate load (P,) were obtained in the
specimen with larger strengthening ratio, as expected (see Fig. 6a). In
this sense, the yielding and ultimate loads of specimen SB1S-20-ST were
20 % and 47 % larger than those of specimen CB-20-ST, while for the
specimen with three strips (SB3S-20-ST) the percentages rose up to 51 %
and 108 %, respectively. Finally, it should be mentioned that the
unstrengthened beam failed by concrete crushing, whilst specimens
strengthened with one and three laminates failed by CFRP rupture and
intermediate concrete cover separation, respectively. Further discussion
about the failure modes is provided in Section 3.4.

3.2. Fatigue tests results

Values for Ppin, and P applied to fatigue tests of specimens in
Series 2 are depicted in Fig. 6b-6d and summarized in Table 5. It should
be mentioned that Pp, and Pp,ax computed from results on short-term
tests at 20 °C were applied to fatigue tests at both testing tempera-
tures (20 °C and 70 °C).

3.2.1. Cyclic load-deflection response

Cyclic load-deflection responses of specimens in Series 2 are shown
in Figs. 7-10. In every figure, two graphs are presented. Fig. 7a-10a
correspond to the initial load-deflection response before cyclic loading
(steps 1 and 2 of the fatigue loading procedure presented in section 2.4),
and Fig. 7b-10b correspond to the cyclic load versus normalized
deflection (with respect to deflection of first cycle) curves (step 3 of the
fatigue loading procedure described in section 2.4).

The effect of temperature on the flexural behavior prior to fatigue
loading can be assessed in Fig. 7a-10a. In all the cases, the application of
a high service temperature (70 °C) resulted in lower cracking loads (P.;)
and an increase in the deflection prior to fatigue loading. In this sense, a
comparison of the deflections prior to fatigue loading is presented in
Fig. 11, where the greatest effect of temperature corresponds to spec-
imen strengthened with three strips (SB3S-20-R1 vs SB3S-70-R1). On the
other hand, unstrengthened control beams (CB-20-R1 and CB-70-R1)
show the lowest variation. This behavior could be partially attributed
to lower P, values, and therefore lower M, (i.e. cracking moment),
leading to lower M,/M ratios which are related to larger deflections.
Besides, a possible reduction in the effectiveness of the strengthening
system due to the application of a working temperature beyond the T, of
the epoxy adhesive can also be affecting. This may be related to a
reduction in the stiffness of the epoxy adhesive [50].

The effect of cyclic loading and temperature on the flexural response
of specimens in Series 2 can be assessed in Fig. 7b-10b, where the cyclic
load versus normalized deflection curves are plotted. In these subfigures,
solid lines correspond to specimens tested at 20 °C while dashed lines
refer to specimens tested at 70 °C. In all the cases, normalized de-
flections increased gradually as the fatigue loading progressed, and
larger increments were found in specimens tested at 70 °C, which is in
line with results presented in [27]. It is worth to mention that a large
portion of fatigue deflections occurred at first 50,000 cycles and after
that, the rate of deflection increase slowed down, as observed in
[1,2,23,24,33,34].

Moreover, specimens tested under an R ratio equal to 0.57 (i.e. R1)
did not fail during the application of 2 million cycles. However, special
attention should be given to specimen SB1S-70-R1, which experienced a
large jump in the normalized deflection at about 1.5 million cycles (see
Fig. 8b). This jump was attributed to a reduction in the effectiveness of
the strengthening system that may be due to the reduction in mechanical
properties of epoxy adhesive at higher temperature. In this scenario, the
value of Py, applied to SB1S-70-R1 (Ppax = 23.2 kN) was larger than
the load causing 80 % of steel yielding stress (fy) of the control beam CB-
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Fig. 11. Initial deflections prior to cyclic loading; Note: percentages refer to the
variation in the deflection due to the effect of temperature.

20-ST, thus exceeding the limitation proposed by ACI 440.2R [48]. As a
consequence, a possible accumulation of damage in steel reinforcement
may have occurred.

On the other hand, specimens tested under an R ratio equal to 0.38 (i.
e. R2) did not survive the programmed 2 million cycles and failed by
steel reinforcement rupture. It should be mentioned that once rupture of
the steel reinforcement took place, the integrity of the system was pro-
vided by the NSM CFRP-strengthening strips. In this sense, for specimen
SB3S-20-R2 the steel reinforcement rupture took place at 411,220 cy-
cles, and after that the NSM CFRP-strengthening was involved alone in
order to resist the fatigue loading; from this point on, large increases in
the curvature (deflection) occurred and the beam failed at 492,600 cy-
cles. In the case of specimen under temperature (i.e. SB3S-70-R2),
rupture of steel reinforcement took place at 340,890 cycles and the
beam failed at 417,720 cycles. Therefore, NSM CFRP-strengthening
improved the fatigue life of the system by 20 % and 22.5 % for SB3S-
20-R2 and SB3S-70-R2, respectively. Besides, the application of tem-
perature (70 °C) shortened the fatigue life of the specimen by 15 %
(compare the fatigue life of SB3S-20-R2 and SB3S-70-R2).

Results on fatigue tests at specific number of cycles are reported in
Table 6.

3.2.2. Average normalized deflection

With the aim at analyzing the evolution of deflection due to fatigue,
the average normalized deflection, aven, has been defined as the
average value of deflections corresponding to P, and Pp,x in each
cycle normalized with respect to the value at first cycle (i.e. the value of
Save for first cycle reported in Table 6). The evolution of 8,ye,, along
fatigue loading is shown in Fig. 12. According to results presented in
Fig. 12a, the presence of NSM CFRP-strengthening helped to reduce the
detrimental effects of fatigue loading and, thus, lower values of Save,n
were obtained. Furthermore, the application of a high service temper-
ature (70 °C) negatively affected the fatigue performance of both
unstrengthened and strengthened specimens. Besides, the large jump in
deflection taking place in specimen SB1S-70-R1 at around 1.5 million
cycles is clearly visible in Fig. 12a (see red dash line in Fig. 12a). The
effect of R ratio on 8ave,n can be analyzed from results presented in
Fig. 12b. In this case, although similar patterns were obtained during the
initial cycles of the fatigue tests, specimens under lower R ratios failed
by steel rupture and experienced a sudden increase in 8,ye,, prior to final
failure (see green lines in Fig. 12b). The failure in these specimens can be
explained by the combination of having a lower R ratio and a larger
maximum fatigue load, Pp,y, that in this case was equal to the upper
limit stated in ACI 440.2R [48]. This is in accordance with
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Table 6
Fatigue tests results.

Specimens ID Fatigue life (cycles) Failure mode ? Ebot ace.diss (KN-m) Cycle 8Sve (mm) K9 (kN/mm) €8ve (1E)

CB-20-R1 >2,000,000 Not failed 1432 1 6.5 4.6 718
50,000 7.5 4.0 —-778
500,000 8.1 3.7 —867
1,000,000 8.5 3.7 —907
1,500,000 8.7 3.6 —937
2,000,000 8.8 3.5 —968

CB-70-R1 >2,000,000 Not failed 1462 1 7.0 4.4 —-775
50,000 8.5 3.8 —887
500,000 9.4 3.8 -1051
1,000,000 9.7 3.8 —~1152
1,500,000 9.9 3.8 —1200
2,000,000 10.1 3.7 ~1229

SB1S-20-R1 >2,000,000 Not failed 1991 1 7.3 4.2 —646
50,000 8.2 3.8 —691
500,000 8.7 3.6 —751
1,000,000 9.1 3.6 -803
1,500,000 9.3 3.6 —829
2,000,000 9.3 3.6 —864

SB1S-70-R1 >2,000,000 Not failed 2394 1 8.5 3.8 —741
50,000 9.6 3.4 —-838
500,000 10.4 3.4 —982
1,000,000 10.7 3.4 -1061
1,500,000 14.9 3.1 -1113
2,000,000 16.8 3.0 —~1164

SB3S-20-R1 >2,000,000 Not failed 2845 1 7.9 4.7 —700
50,000 9.1 41 771
500,000 9.6 4.0 —858
1,000,000 9.8 4.0 —888
1,500,000 9.9 4.0 —-905
2,000,000 10.1 4.0 —-931

SB3S-70-R1 >2,000,000 Not failed 3375 1 9.1 41 —887
50,000 10.1 3.8 —~1030
500,000 11.1 3.7 ~1204
1,000,000 11.5 3.7 —1295
1,500,000 11.7 3.7 —~1369
2,000,000 12.0 3.6 ~1405

SB3S-20-R2 492,600 SR 1933 1 8.4 4.0 —657
50,000 9.5 3.6 —708
300,000 10.1 35 —753
400,000 10.2 3.5 -761
417,720 12.1 3.3 —-798
492,600 21.9 1.6 —-1127

SB3S-70-R2 417,720 SR 2266 1 9.9 3.7 —898
50,000 11.5 3.3 -1027
300,000 12.7 3.3 1216
400,000 15.8 2.9 -2178
417,720 22.2 1.6 —2548

# SR = Steel reinforcement rupture.

b Total accumulated dissipated energy at the end of the fatigue test.
¢ Average deflection.

4 stiffness.

¢ Average concrete strain.

[25,26,30,32], who observed that the increase in P, and/or the
decrease in R ratio results in a reduction of fatigue life with specimens
failing by steel rupture.

In order to clearly compare the effect of NSM CFRP strengthening
ratio, temperature and R ratio on the average normalized deflection
(8ave,n), a bar diagram is presented in Fig. 13, where 8,y 5 is compared at
three different cycles: i) at 417,720th cycle, where SB3S-70-R2 failed; ii)
at 492,600th cycle, where SB3S-20-R2 failed and iii) at 2 million cycle,
corresponding to the end of the fatigue test. The comparison of the first
set of data (deflections at 417,720th cycle) shows that higher service
temperature, applied individually to specimens having an R ratio of
0.57, had no significant effect at that number of cycles (specimen SB3S-
20-R1 vs SB3S-70-R1), whereas the change to lower R ratios in speci-
mens at 20 °C had a larger impact on the fatigue performance (specimen
SB3S-20-R1 vs SB3S-20-R2). In fact, specimen SB3S-20-R2 had already
experienced steel rupture at that cycle as a consequence of the high
damage produced by P« Finally, the application of temperature and

lower R ratios in a combined manner had catastrophic consequences,
causing the failure of the beam (specimen SB3S-20-R1 vs SB3S-70-R2).
Results of the second set of data (deflections at 492,600th cycle)
confirm that R ratio had the major effect. Finally, the third set of data
confirms that, for an R ratio equal to 0.57, the application of a high
service temperature was affecting the fatigue performance of control
and strengthened beams in a controlled manner. Special attention
should be given to specimen SB1S-70-R1, which experienced and un-
expected jump in deflections at 1.5 million cycles, as explained before.

3.2.3. Stiffness

Fatigue loading has an effect on the stiffness on any structural
member, as it consists on a cyclic load being repeated for a long period of
time. Thus, evaluation of the stiffness variation during a fatigue test is of
paramount importance as the degradation in the stiffness may influence
the serviceability of the strengthened system [1]. In this section, the
evolution of stiffness along the fatigue loading is analyzed. To this end,
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the stiffness (K) is calculated based on the behavior of the member
within the loading and unloading paths of a cycle [24,33,34], as follows:

Pmax.i—Pmin,i

6max.i—Smin.i

where 8yax,i and Syin,i are the deflections corresponding to Ppax i and
Ppin i at the ith cycle. A schematic view of this procedure is shown in red
lines in Fig. 14.

The evolution of the stiffness (K) along the fatigue tests is shown in
Fig. 15 and also reported in Table 6. According to experimental results, a
big drop in stiffness happened during the first cycles, which corre-
sponded to the increase in deflections shown in Fig. 12. Afterwards,
stiffness tends to stabilize, with specimens tested at 20 °C showing larger
stiffness than those tested at 70 °C. The same stiffness reduction ten-
dency was observed in [27]. Besides, specimens under a larger R ratio
showed larger stiffness (both unstrengthened and strengthened speci-
mens), irrespective of the applied temperature. Furthermore, the in-
crease in the strengthening ratio resulted in a higher stiffness in the
specimens in comparison to unstrengthened control beams. The big drop
in stiffness of specimen SB1S-70-R1 around the 1.5 million cycles cor-
responds to the big jump in deflection shown in Fig. 12a. Similarly,
failure of specimens with low R ratio (i.e. R2 = 0.38) is visible in
Fig. 15b.

3.2.4. Average normalized concrete strain

Measurements from the strain gauge on the top fiber of concrete (see
Fig. 2) allow plotting the evolution of average normalized concrete
strain (eave,n), as presented in Fig. 16. Similar to the case of deflections,
the average normalized concrete strain has been defined as the average
value of concrete strain corresponding to Ppi, and Ppax in each cycle
normalized with respect to the value at first cycle (i.e. the value of 8,ye
for first cycle reported in Table 6). According to experimental results,
strengthening ratio did not have a considerable effect on the evolution of
the normalized concrete strain along fatigue test. On the other hand, for
the specimens under fatigue load level of R1, the increase in the testing
temperature resulted in an increase of 20 % in the &y aye n (see Fig. 16a).
Finally, no significant differences can be found in the earlier stage of the
evolution of average normalized concrete strain (eaye,n) Whatever the R
ratio is. However, specimens under low R ratio (i.e. R2 = 0.38) experi-
enced a sudden increase in €,y n prior to the final failure (see Fig. 16b).
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3.2.5. Accumulated dissipated energy
One of the most important aspects of structural performance under

fatigue loading is the ability of a member to adequately dissipate energy 3500 —CB20 IR PR C‘B 70-R1 J
[51]. Dissipated energy (Egiss) within a fatigue cycle is calculated as the - SB:I S-_2 0-R1 ——— -SB; S-_70-R 1 ///
area of the hysteric load-deflection curve at that cycle. Therefore, the 3000 _—SBSS-ZO-R1 — ——.SB3S-70-R1 JRd 1
accumulation/addition of the individual dissipated energies of each —  SB3S-20-R2 - - - -SB3S-70-R2| .-~ 7

cycle will result in the total dissipated energy in the fatigue test. The . 2500 il b
evolution of accumulated dissipated energy (Eacc,diss) along the fatigue € / /’ s
loading is shown in Fig. 17, in order to evaluate the effect of strength- g 2000 - / 7 7 .
ening ratio, temperature and fatigue load level. Furthermore, the total 3 / s _ prad
accumulated dissipated energy at the end of fatigue test (Etot,acc,diss) 1S "g 1500 F K // g g 4
reported in Table 6. According to experimental results, an increase in the 3 / s s ===
CFRP strengthening ratio derived in larger total accumulated dissipated W 1000 - / e ’ - g === = ,
energy, as expected. In this regard, taking results for specimen CB-20-R1 / Ry ets s g

as the reference value, the E;o acc,diss Was increased by 39 % and 99 % for 500 | / // - ’/ > ]
SB1S-20-R1 and SB3S-20-R1, respectively. Similarly, the application of a oz g =

high service temperature (i.e. 70 °C) and larger amplitudes in the fatigue 0 [ ) ‘ )

loading (i.e. lower values of R ratio) corresponded also to larger amounts 0 05 1 15 2

of total accumulated dissipated energy. It should be mentioned that the
effect of temperature was more pronounced in strengthened RC beams.
This is a sign of temperature affecting the efficiency of the strengthening
system.
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Fig. 17. Accumulated dissipated energy (Eacc,qiss) versus number of cycles.
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3.3. Post-fatigue residual strength

After finishing the fatigue loading, the surviving specimens from
Series 2 were unloaded and then tested up to failure in order to evaluate
their residual strength. A comparison of load-deflection responses of
specimens from Series 1 and 2 is shown in Fig. 18. Furthermore, the
detailed results are shown in Table 7, where P, and 8., are the cracking

Table 7
Short-term and post-fatigue test results.
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load and the corresponding deflection; Py and &y are the yielding load
and the corresponding deflection; P, and §, are the ultimate load and the
corresponding deflection and §;, is the plastic deflection, which was
registered immediately after the unloading process of the fatigue test.
The value of 5, defines the origin of the post-fatigue load—deflection
response and it has been measured after unloading the beams (residual
plastic deflection after the fatigue cycles). According to experimental
results, plastic deflections, 5, generally increased when the temperature
changed from 20 °C to 70 °C. It should be mentioned that the largest
value of 5, was registered in specimen SB1S-70-R1 (5, = 11.3 mm) as a
result of steel having worked at high levels of strains during the fatigue
cycles, as explained in previous sections. The residual flexural strength
depended on the level of accumulated fatigue damage in the beams. In
this sense, similar values of Py were found for short-term specimens
(Series 1) and corresponding specimens in Series 2 under 20 °C. This is a
sign of low damage in steel due to fatigue loading. On the contrary,
larger differences between Py in short-term specimens (Series 1) and
specimens in Series 2 under 70 °C depict that steel reinforcement was
damaged at the end of fatigue tests (i.e. at the beginning of post-fatigue
tests). The largest reduction in Py was observed in specimen SB1S-70-R1,
and read 25 %. This is in accordance with the largest deflection and
reduction in stiffness due to fatigue testing experienced by this same
specimen (see Fig. 12a and 15a). An additional evidence of the damage
accumulated in the steel reinforcement of specimen SB1S-70-R1 can be
found in the value of Py, which was much lower than Py of the reference
short-term specimen in Series 1 (SB1S-20-ST). To conclude, fatigue
loading under large R ratio (R1) and 20 °C did not have significant effect
on the residual strength of the specimens. However, the residual
strength was affected by the application of 70 °C during the fatigue tests.

Specimen ID Fatigue life (cycles) Load (kN) Deflections (mm) Failure mode ®
Per Py Py Ser 8y 8y S

CB-20-ST - 7.4 27.7 30.5 1.0 12.5 56.8 - cC
CB-20-R1 >2,000,000 7.4% 26.1 31.1 1.2% 13.2 61.0 4.2 cC
CB-70-R1 >2,000,000 5.7% 25.4 30.0 1.0% 13.9 41.4 5.4 CcC
SB1S-20-ST - 7.4 33.1 45.0 0.9 14.6 53.0 - FR
SB1S-20-R1 >2,000,000 7.8% 33.1 45.1 0.7% 14.7 52.4 3.8 FR
SB1S-70-R1 >2,000,000 5.9 25.0 28.8 0.8* 21.2 30.0 11.3 SR
SB3S-20-ST - 8.6 41.9 63.5 0.8 15.1 51.7 - ICCs
SB3S-20-R1 >2,000,000 8.6% 42.4 68.3 0.7% 15.9 58.4 3.8 ICCS
SB3S-70-R1 >2,000,000 6.2% 38.3 60.6 0.8* 13.8 41.4 1.5 cC
SB3S-20-R2 492,600 9.1% - - 0.8% - - - SR
SB3S-70-R2 417,720 6.6% - - 0.8% - - - SR

4 P, and & were calculated based on initial branch of the load-deflection curve prior to fatigue loading in Fig. 7a-10a.
b CC = concrete crushing; FR = FRP rupture; SR = steel reinforcement rupture; ICCS = intermediate concrete cover separation.

'SR (SB35-70-R2)

Fig. 19. Representative failure modes of the tested specimens.
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3.4. Failure modes

Failure modes of specimens in Series 1 (short-term loading) and
Series 2 (instantaneous post-fatigue loading in those specimens that
survived fatigue loading) are detailed in Table 7, and representative
images are shown in Fig. 19. According to experimental results, failure
mode for unstrengthened beams did not change due to the application of
a fatigue loading; therefore, the unstrengthened beams in Series 1 and 2
failed by concrete crushing (CC) after steel yielding. It should be
mentioned, however, that a large strain was observed in specimens CB-
20-R1 and CB-70-R1 (see zoom view regarding to specimen CB-70-R1 in
Fig. 19). Regarding the specimens strengthened with one CFRP strip,
experimental results confirm that fatigue loading at 20 °C did not cause
significant damage, so that specimens SB1S-20-ST and SB1S-20-R1
experienced same failure mode, i.e. FRP rupture (FR). Similar
behavior was observed in [37]. However, the application of a higher
temperature during the fatigue tests caused a change in failure mode,
and specimen SB1S-70-R1 failed by steel reinforcement rupture (SR).
This is an evidence of a highly demanded steel reinforcement, due to
bond deterioration, during fatigue loading. This bond deterioration in
the beam was also clear from load-deflection response in Fig. 18, where
the ultimate load of this strengthened beam was smaller than corre-
sponding unstrengthened control beam. Finally, the negligible damage
caused in steel due to fatigue loading under 20 °C was also confirmed in
failure modes of specimens strengthened with three strips, so that
specimens SB3S-20-ST and SB3S-20-R1 failed by intermediate concrete
cover separation (ICCS), which was due to unstable diagonal crack that
propagated along the height of the section. It should be mentioned that
specimens subjected to a lower R ratio (R2) did not survive the pro-
grammed fatigue test (i.e. failed by SR during the fatigue loading) and,
therefore, they cannot be included in the analysis of the post-fatigue
failure mode. However, for illustrative purposes, a representative
image has been included in Fig. 19.

4. Conclusions

The present experimental work aimed to study the effect of fatigue
loading on the flexural performance of NSM CFRP-strengthened RC
beams under two different service temperatures. An experimental
campaign consisting of 11 specimens (3 beams tested under short-term
loading as reference specimens and 8 beams tested under fatigue
loading) was performed, where beams with different amounts of CFRP
strengthening ratio, different fatigue load level and different tempera-
ture were loaded for 2 million cycles or failure, whichever happens first,
at a frequency of 2 Hz. After that, post fatigue tests were carried out to
analyze the residual flexural strength.

As a general conclusion, the increase in the testing temperature
resulted in a decrease in the stiffness and the residual strength. Besides,
due to bigger hysteric loops, specimens under 70 °C showed a larger
amount of accumulated dissipated energy. Based on the test configura-
tion and setup adopted, the NSM strengthening system showed a good
fatigue flexural performance when subjected to testing temperature
beyond the T of the epoxy adhesive.

A list of detailed conclusions from the experimental tests is presented
next:

e Specimens tested under a large R ratio (R1 = 0.57) could withstand
the whole fatigue test (i.e. 2 million cycles), whilst rupture of steel
reinforcement during fatigue loading took place for low R ratios (R2
= 0.38).

e As the fatigue test progressed, the deflection and concrete strain
increased and the stiffness decreased, with the larger rates of varia-
tion corresponding to the initial stages of cyclic loading. Besides, in
general, the NSM CFRP-strengthened RC beams showed a better fa-
tigue performance when compared to unstrengthened control beams.
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The effect of temperature was more pronounced when combined
with low R ratio. Therefore, the combined effect of both parameters
should be considered in evaluating the fatigue life of the members.
e NSM CFRP-strengthening helped to postpone the failure of the beam
during fatigue loading after steel reinforcement rupture. In this
sense, fatigue life was extended in about 22 %.
e Larger CFRP strengthening ratios and higher testing temperature
resulted in larger dissipated energy, whereas R ratio had the opposite
effect.
The residual strength of the specimens depended on the level of fa-
tigue damage. In this sense, residual strength decreased for NSM
CFRP-strengthened specimens under 70 °C, especially for the
strengthened beam with low CFRP ratio.
Fatigue testing did not affect post-fatigue failure mode of
unstrengthened beams. For the case of strengthened beams under R1,
the application of 70 °C during the fatigue loading caused the change
in post-fatigue failure mode.
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