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The use of fiber reinforced polymer (FRP) for flexural strengthening of reinforced concrete (RC) beams has
become a popular strengthening technique. Significant amount of work is available on the short-term flexural
behavior of RC beams strengthened with near-surface mounted (NSM) technique. However, their time-dependent
flexural behavior, specifically under high service temperature, has not yet been addressed. This paper presents an
experimental work to evaluate the time-dependent behavior of NSM carbon FRP (CFRP)-strengthened RC beams.
The experimental program included 23 beams, where the effect of different parameters such as strengthening
(CFRP) area, steel reinforcement ratio and applied temperature (20 and 50 °C) have been considered. Experi-
mental results show that the effect of strengthening area is significant on the flexural short-term response of the
beams, while minor effects are found on the time-dependent deflections. On the other hand, increasing the
service temperature has no significant effect on the short-term tests, but it produces a large increase in the time-
dependent deflection of the specimens. Finally, an analytical procedure for the prediction of time-dependent
deflections, which is based on the age-adjusted effective modulus method (AEMM), is presented. Good agree-

ment between the experimental results and analytical predictions on time-dependent deflections is shown.

1. Introduction

Strengthening of reinforced concrete (RC) structures may become
necessary due to different reasons such as increase in the service loads,
design code changes, earthquake activities, deficiencies resulting from
environmental effects (e.g. corrosion), changes in the occupancy of
buildings, etc. [1,2]. In the last decades, fiber reinforced polymer (FRP)
materials have been accepted to be used in two of the principal
strengthening techniques for RC elements, namely externally bonding
reinforcement (EBR) and near-surface mounted (NSM) systems. In the
EBR reinforcing technique, the FRP sheets or laminates are bonded to
the tensile concrete surface of the damaged member. In the NSM tech-
nique, grooves are cut in the tensile face of the RC element where the
FRP strips/bars are inserted and bonded. Therefore, due to the
confinement provided by surrounding concrete and epoxy, NSM FRP-
strengthening technique is less exposed to aggressive environment
(and other detrimental effects) and less prone to premature debonding
[3-6].

RC elements are usually subjected to long-term loads that can affect
their structural performance in terms of time-dependent deflections,
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loading capacity and failure mode [7-10]. Time-dependent deflections
are a function of the loading history (and its effect on concrete me-
chanical properties), age of concrete at the time of loading, the magni-
tude and duration of the long-term load and material properties. Within
material properties, creep and shrinkage of concrete, which are depen-
dent on environmental conditions, are of main importance [11].
Significant amount of work has been done to study the time-
dependent behavior of EBR FRP-strengthened RC elements [9,12-17],
where different amounts of carbon FRP (CFRP) area and long-term load
levels were considered. The results showed that larger time-dependent
deflections were obtained when higher levels of long-term load were
applied. Besides, the contribution of CFRP strengthening systems to RC
elements under flexural long-term loading was not significant when
compared to elements under flexural instantaneous loading [9,13].
Unlike the EBR FRP-strengthened system, few works exist in the
literature regarding the time-dependent behavior of NSM FRP-
strengthened RC beams [18-21]. Sena-Cruz et al. [18], experimentally
studied the time-dependent behavior of slab specimens strengthened
with NSM CFRP strips. The load was applied in two steps, first 40 % of
long-term load was applied for a duration of 78 days, later the load
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increased to 100 % for a duration of 55 days. The results showed that the
majority of time-dependent deflection occurred at the first step of the
loading. Moawad et al. [19] experimentally studied the time —dependent
behavior of different series of NSM CFRP-strengthened RC beams with
different loading histories and sectional properties. Results showed the
influence of the loading sequences and levels of loading in combination
with the other parameters. The specimens with higher concrete strength
resulted in a larger ratio of time-dependent deflections to instantaneous
deflection. Moreover, for the strengthened specimens with compression
steel reinforcement, the effectiveness of NSM strengthening was more
pronounced in reducing the deflections. Finally, the effect of the long-
term load on the residual flexural capacity of NSM CFRP-strengthened
RC beams was experimentally studied [20] and an analytical work to
predict the time-dependent response of the specimens was presented
[21]. With increase in the long-term load, the residual capacity of beams
decreased. Furthermore, all specimens failed by end-debonding, but for
higher long-term load, the end-debonding occurred in longer bonded
length with larger bond deterioration. In addition, the same trend in
time-dependent strain evolution in FRP was observed from both
experimental data and analytical procedures.

The structures under long-term loading are usually exposed to tem-
perature variation during the different seasons of the year. Being epoxy
adhesives the most common ones used in NSM strengthening, and due to
their nature, special attention should be given to high service temper-
ature (near or beyond the glass transition temperature, Ty, of the epoxy
adhesive) [22-25]. In this sense, the instantaneous behavior of NSM
FRP-strengthened RC beams under room temperature [26-34] and
elevated temperature (fire conditions) [35-39] has received consider-
able attention, but less work has been done on the effect of high service
temperature [40-43].

According to the literature, few works have been performed to study
the time-dependent behavior of NSM FRP-strengthened RC members,
and, to the best of authors knowledge, none of them account for the
effect of high service temperature on the time-dependent deflections and
structural performance. Therefore, the purpose of the present study is to
investigate the time-dependent behavior of NSM CFRP-strengthened RC
beams subjected to room temperature (20 °C) and high service tem-
perature (50 °C). To this end, a total of 23 beams were cast, where the
effect of different parameters was considered (i.e. level of strengthening
(CFRP area), steel reinforcement ratio and applied temperature (20 and
50 °C)). Experimental results are presented and discussed in terms of
instantaneous load-deflection curves, time-dependent and total

Table 1
Text matrix.
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deflections, time-dependent strain in concrete, failure modes, residual
flexural strength of tested specimens and aging effect. Furthermore, an
analytical procedure to predict the time-dependent deflection in NSM
CFRP-strengthened RC beams is presented. The analytical procedure is
based on the age-adjusted effective modulus method (AEMM) [11,44].

2. Experimental program
2.1. Test matrix and test setup

The experimental program included 23 RC beams distributed in
three series as follows (see Table 1): 10 beams were tested under short-
term load and were considered as reference specimens (Series 1), 10
beams were tested under long-term load to examine their time-
dependent behavior (Series 2) and, finally, 3 beams were cast and res-
ted in the lab (without any loading) to be tested at the end of the long-
term experimental program. Series 1 and Series 2 were divided into two
groups to evaluate the effect of steel reinforcement ratio (p = 0.79 % and
1.14 % for Group 1 and 2, respectively). Group 1 included two control
beams and four NSM CFRP-strengthened RC beams, with two different
amounts of CFRP strengthening, subjected to 20 and 50 °C. In Group 2,
two control beams and two NSM CFRP-strengthened RC beams,
strengthened with three CFRP strips, were subjected to 20 and 50 °C.

Specimens’ designation reads X-Y-Z-T, where X indicates the type of
loading (ST standing for short-term load, LT standing for long-term load
and AG meaning aging effect). Moreover, Y denotes the type of beam
(CB meaning control beam, and SB1S and SB3S referring to strengthened
beams with one and three CFRP strips, respectively). Furthermore, Z
indicates the Group that specimen belongs to (i.e. thus indicating the
steel reinforcement ratio). Finally, T stands for the testing temperature.
For instance, ST-CB-1-20, refers to the control beam in Group 1 (p =
0.79 %) tested under short-term loading at 20 °C. Furthermore, LT-SB3S-
2-50 refers to a beam strengthened with three CFRP strips from Group 2
(p = 1.14 %) and tested under long-term loading at 50 °C.

The beams were tested under a four-point bending configuration (see
Fig. 1). The sectional dimensions of the beams were 180 x 140 mm and
the total and clear length of specimens were 2400 mm and 2200 mm,
respectively. Specimens in Group 1 were reinforced with two steel re-
bars with a diameter of 10 mm and two steel rebars with a diameter of 6
mm in the tension and compression side of the beam, respectively (p =
0.79 %). In Group 2, rebars with a diameter of 12 mm and 8 mm were
used in tension and compression side of the beam, respectively (p = 1.14

Series Loading type Group Steel reinforcement ratio, p (%) Beam ID Testing Temperature (°C) No. of CFRP strips Total CFRP area (mm?)
Series 1 Short-term Group 1 0.79 ST-CB-1-20 20 - -
ST-CB-1-50 50 - -
ST-SB1S-1-20 20 1 14
ST-SB1S-1-50 50 1 14
ST-SB3S-1-20 20 3 42
ST-SB3S-1-50 50 3 42
Group 2 1.14 ST-CB-2-20 20 - -
ST-CB-2-50 50 - -
ST-SB3S-2-20 20 3 42
ST-SB3S-2-50 50 3 42
Series 2 Long-term Group 1 0.79 LT-CB-1-20 20 - -
LT-CB-1-50 50 - -
LT-SB1S-1-20 20 1 14
LT-SB1S-1-50 50 1 14
LT-SB3S-1-20 20 3 42
LT-SB3S-1-50 50 3 42
Group 2 1.14 LT-CB-2-20 20 - -
LT-CB-2-50 50 - -
LT-SB3S-2-20 20 3 42
LT-SB3S-2-50 50 3 42
Series 3 Aging Group 1 0.79 AG-CB-1-20 20 - -
AG-SB1S —1-20 20 1 14

AG-SB3S-1-20 20 3 42




Y. Jahani et al.

Composite Structures 300 (2022) 116106

P2 P2
750 |- 700 —l 750
7| v v | #
2 Eﬂ P 350 uﬁzo
o 8 @75 “\WNotch oN
J 200 |
2400
(@)
750 700 750
Test beam
I T~
Steel support
N N
Concrete blocks Concrete blocks
_| /Steel Tlates _‘, _| /Steel Tlates T
(b)
N
§ 20
010 or 1 K
01 "*’]m S
70 | 70 35353535 le]
( ) CB SB1S SB3S Groove details

(&3

Fig. 1. Details of the tested beams: (a) Short-term setup; (b) Long-term setup and (c) Beam sections (dimensions in mm).

%). To avoid shear failure, stirrups with a diameter of 8 mm were placed
every 75 mm in all beams. Furthermore, to strengthen the beams in
flexure, and following fib Bulletin 90 [45] recommendations, grooves
with dimensions of 6 x 15 mm were cut in the soffit of the beams, and
strips with dimensions of 1.4 x 10 mm were introduced using an epoxy
adhesive. Moreover, a 5 x 15 mm notch was created in the midspan of
all beams to act as a crack initiator. For Series 1 and 3 (short-term load
before and after aging), the flexural test was performed under
displacement control at a rate of 0.6 mm/min, whereas for Series 2
(long-term load), concrete blocks and steel plates were used as dead-
weight (see Fig. 1b).

2.2. Instrumentation

Beam instrumentation is shown in Fig. 2. A set of linear vertical
displacement transducers (LVDTs) were placed in the beam to register
the movement of the beam. One LVDT was used in the midspan of the
beam to measure the central deflection (LVDT1). In Series 1 and 3
(subjected to short-term loading), two LVDTs (LVDT 2 and 3) were
placed at supports sections to measure the supports settlement. In
addition to LVDTs, one strain gauge was installed in the midspan of the
specimens to register the strain at the top fiber of concrete (SG¢).

In those specimens subjected to the temperature, heating blankets
(installed to the soffit of the beam) were used to heat up the beams up to
the target temperature (i.e. 50 °C). The heating process was controlled
by proportional integral derivative (PID) controller, and Type-T
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Fig. 2. Beams instrumentation: Position of the linear vertical displacement transducers (LVDTs), concrete strain gauges, temperature gauges, heating system and

insulation system.

thermocouples, installed between the heating blanket and the soffit of
the beam, were used as temperature controller sensor. In order to ensure
a better heat distribution along the beam, an isolation system was used.
To monitor and record the temperature during the heating process and
flexural testing, different temperature gauges were installed on concrete
surface at the top and bottom of the beam, on the surface of the CFRP (it
was installed before introducing FRP into the grooves) and on the sur-
face of epoxy adhesive (see Fig. 2). The beams were left to be heated-up
for 24 h prior to testing (in both short-term and long-term load) until the
average temperature in the soffit of the beam was stabilized to the target
value. A general view of short-term and long-term load setup is shown in
Fig. 3.

2.3. Temperature and humidity

Registration of lab conditions (temperature and humidity) started
the day of concrete casting and continued till the end of the experi-
mental program. An average temperature and humidity of 19.6 °C and
64 % were registered, respectively (see Fig. 4a). In addition, the evo-
lution of temperature and humidity of beams under 50 °C was registered
during the heating (24 h prior to testing) until the end of the long-term
loading. Average values for temperature and humidity read 50.4 °C and
16 %, respectively (see Fig. 4b).

2.4. Materials

2.4.1. Concrete

The specimens were cast in the structural lab with ready-mix con-
crete. The cement type was I-42.5R, with a content of 390 kg/m°. The
maximum aggregate size was 12 mm, and the water/cement ratio was
0.41. A viscosity modifier and underwater admixture were used to

(@)

PID controller

Heating blanket

.

Fig. 3. General view of experimental setup and heating system: (a) Short-term load setup and (b) Long-term load setup.

improve workability. In order to determine the mechanical properties of
concrete, cylinder specimens with 300 mm nominal height and 150 mm
nominal diameter were used. The compressive strength (f.), tensile
strength (f) and modulus of elasticity (E.) of the concrete were deter-
mined according to UNE-EN 12390-3 [46], UNE-EN 12390-6 [47], and
ASTM C469 [48] standards, respectively. The mechanical properties of
concrete at different ages is summarized in Table 2.

The time-dependent behavior of the concrete was determined ac-
cording to ASTM C512-02 [49]. To this end, four cylindrical specimens
(150 mm diameter and 450 mm height) with an embedded strain gauge
were manufactured. Two of the four cylinders were kept at 20 °C and the
other two were heated up to 50 °C. Each pair of concrete cylinders was
stacked on a loading frame and loaded with a long-term load level of
0.35f. (the same long-term load level in all specimens). The long-term
load was applied at the same time as the beams.

To measure free shrinkage strain in concrete (eg), two concrete
prisms, having the same concrete beam section (180 x 140 mm) and 1 m
length, were instrumented with an embedded strain gauge and left
unloaded at the same temperature and humidity as beam specimens. The
strain evolution with time for both shrinkage specimens (at 20 °C and
50 °C) is shown in Fig. 5a. For the specimen submitted to 50 °C, heating
started at the same time as heating of the long-term specimens (Series 2).
The effect of heating on concrete shrinkage is clearly visible. In the
shrinkage specimen subjected to 50 °C, the thermal strain was also
considered in the strain registration. Registers of maximum shrinkage at
the end of long-term loading are summarized in Table 3, with shrinkage
corresponding to the heated specimen being 35 % higher than that of the
specimen at lab conditions.

The concrete creep coefficient was obtained according to Eq. (1):
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Table 2
Concrete mechanical properties.

Concrete age Compressive Tensile strength, Modulus of

(days) strength, f. (MPa) fr (MPa) elasticity, E. (GPa)
90° 48.1 (2.3 %)° 3.7 (6.0 %)’ 41.2 (5.3 %)°
200" 48.3 (2.2 %)° 3.7 (9.0 %)! 41.9 (4.5 %)°
430¢ 53.7 (0.8 %)° 3.6 (9.4 %)! 47.6 (1.9 %)

@ Age at short-term test of Series 1.

b Age at long-term test of Series 2.

¢ Age at residual flexural test of Series 2 and short-term test of Series 3.
4 Coefficient of variation (CoV) indicated in brackets.

et 10) — €cs(1,10) — €ci(to)
eci(t())

(ﬂc(t1 t(’) = (1)
where t is the loading time, tj is the concrete age at the start of
loading, ¢.(t,tp) is the concrete creep coefficient, e.(t,tp) is the total
concrete strain, £.(t,tp) is the concrete shrinkage strain and e(tp) is the
instantaneous concrete strain caused by the long-term load.

Due to technical issues in the setup of the concrete creep specimen
subjected to 50 °C, the concrete creep coefficient was experimentally
determined only for specimens at 20 °C (see Fig. 5b). Existing formu-
lation from Model Code 2010 [11] was used to estimate the concrete
creep coefficient for the concrete at 50 °C. Experimental values and
analytical prediction of concrete creep coefficient are presented in
Table 3. For comparison purposes, analytical prediction on concrete

creep coefficient of specimen subjected to 20 °C is also included.

2.4.2. Steel reinforcement

Mechanical properties of steel bars were obtained from tension tests
based on UNE-EN ISO 15630-1 [50]. The yielding strength (f,), the ul-
timate strength (f,) and the modulus of elasticity (E;) were 586.4 MPa
(CoV = 2.3 %), 707.7 MPa (CoV = 1.7 %) and 205.1 GPa (CoV = 1.0 %)
respectively.

2.4.3. 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 [51]. The
mechanical properties of the CFRP strips were obtained according to ISO
527-5 [52] recommendations. An ultimate tensile strength (f, rrp) of
2251.4 MPa (CoV = 3.2 %), an ultimate tensile strain (g, rrp) of 0.0133
(CoV = 7.2 %), and a modulus of elasticity (Eprp) of 169.5 GPa (CoV =
6.3 %) were obtained [40].

2.4.4. Epoxy adhesive

The adhesive used in this study is a high performance, solvent-free,
thixotropic, and grey two-component epoxy adhesive specially devel-
oped for bonding CFRP to concrete under the commercial name of
S&P220HP. According to the manufacturer’s product data sheet [53],
the components A (resin) and B (hardener) should be mixed at a ratio of
2:1 by weight, and the suggested curing duration is 7 days. Tensile
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Fig. 5. Experimental time-dependent behavior of concrete: (a) Strain in shrinkage specimens at 20 and 50 °C and (b) Creep coefficient at 20 °C.

Table 3
Concrete creep coefficient and shrinkage strain.

Temperature Concrete creep coefficient, ¢, Experimental shrinkage
°C train,
Co Experimental ~ Model Code strain, s, (ke)
2010 [11]
20 0.80 0.60 563
50 - 2.64 759

1 Not available due to failure in setup.

properties of the epoxy adhesive were determined by iSO-527-1 [54]
specifications (see Table 4) [24]. To evaluate the effect of temperature
on mechanical properties of the epoxy, the specimens were tested under
20 °C and 50 °C. The tensile strength (fy epoxy) and modulus of elasticity
(Eepoxy) at 50 °C decreased by 30 % and 47 %, respectively, when testing
temperature changed from 20 °C to 50 °C. Moreover, the glass transition
temperature (T) of epoxy was also determined with differential scan-
ning calorimetry (DSC) [55] and dynamic mechanical analysis (DMA)
[56]. According to test results, the T, of epoxy was in the range of
53.9-65.3 °C [40].

The creep coefficient of epoxy adhesive (¢epoxy) was also evaluated at
20 and 50 °C (see Fig. 6). Three levels of long-term load (causing 20 %,
40 % and 60 % of epoxy ultimate strain, 0.0035, obtained from tensile
test) were applied to the specimens for a duration of 40 days (1000 h),
which is similar to the duration used in the literature [22,57-59]. The
long-term loading was applied through a gravity loading system with a
lever arm with a magnification factor of 4 [22,60]. The temperature and
humidity conditions applied during the epoxy tensile creep tests were
the same as those of the beams. For each temperature, two specimens
were tested, and all specimens included two strain gauges (one at each
side). The creep coefficient of epoxy adhesive was obtained according to
Eq. (2):
& (1, 10) — €.(to) )

EE(I())

where ¢, (t,tp) is the epoxy adhesive strain with time and &, (tp) is the

epoxy adhesive strain at the loading moment.
According to experimental results, epoxy creep coefficient at 20 °C

¢epox,v (ta tﬂ) =

Table 4
Mechanical properties of epoxy adhesive [24].

was affected by the sudden drop in humidity and temperature in the lab
taking place around 200 h after loading (see Fig. 6a). Besides, specimens
tested at 50 °C failed after a few hours of loading (see Fig. 6b).

2.5. Test procedure

In this experimental program, 4 loading stages were considered. In
stage 1, the beams of Series 1 were tested under four-point bending
configuration (see Fig. 1a) to obtain their short-term flexural response.
Tests were performed under displacement control mode at a rate of 0.6
mm/min.

In stage 2, prior to long-term test, beams were subjected to pre-
loading in order to ensure a level of cracking corresponding to the ser-
vice load. To this end, beams in Series 2 were subjected to two loading/
unloading cycles up to service load level, Pg,. The service load was
calculated by limiting the stress in compressed concrete (o, < 0.6f,) and
steel reinforcement (o5 < 0.8f) [61]. For this pre-loading stage, the same
test setup and loading rate as in stage 1 was used.

In stage 3, after the pre-loading, specimens in Series 2 were moved to
the long term loading frames (Fig. 1b) and the long-term load was
applied for a duration of 200 days. The long-term load was chosen to
obtain a concrete compressive stress of 0.35 f, so that linear creep
behavior of concrete was ensured by being under the Model Code 2010
limitation [11].

Finally, in stage 4, and after the long-term test, specimens in Series 2
were tested up to failure to evaluate their residual flexural strength.
Additionally, specimens of Series 3, that were resting in the lab for
aging, were tested to obtain their short-term flexural response. In this
stage, the same test setup and loading rate as in stages 1 and 2 was used.

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

Results of short-term flexural tests (Series 1) are presented in Fig. 7 in
terms of load versus midspan deflection curves. In each curve, three

phases can be distinguished: i) an initial linear behavior representing the
elastic behavior of the uncracked element; ii) a second phase, starting at

Testing temperature (°C) Tensile strength, fi, epoxy (MPa)

Suepoxy-50 / fuepoxy-20

Modulus of elasticity, Eepox, (MPa) Eepoxy-50 / Eepoxy-20

20 28.0 (0.4 %)” -
50 19.6 (3.6 %)* 0.7

8102.4 (0.8 %)” -
4289.6 (2.3 %)" 0.53

@ Coefficient of variation (CoV) indicated in brackets.
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the cracking load (P.), where stiffness decreases and load can be
increased up to yielding of steel reinforcement; and iii) a post-yielding
phase up to failure. For the case of unstrengthened beams (CB), no
significant differences between yielding load (Py) and ultimate load (Py)
exist. For the case of strengthened beams, load can be further increased

Table 5
Experimental results of specimens in Series 1 under short-term load.
Specimen ID P, P, P, Strength increase Failure
(kN) (kN) (kN) ratio * mode "
ST-CB-1-20 7.43 30.75 34.28 - CC
ST-CB-1-50 7.00 30.00 33.57 - CC
ST-SB1S- 7.82 36.88 45.50 1.33 FR
1-20
ST-SB1S- 6.00 35.36 45.15 1.34 FR
1-50
ST-SB3S- 8.85 46.50 71.40 2.08 FR
1-20
ST-SB3S- 6.75 45.25 70.00 2.09 FR
1-50
ST-CB-2-20 6.70 37.89 41.84 - CC
ST-CB-2-50 5.95 38.71 42.10 - CC
ST-SB3S- 9.60 53.36 75.10 1.79 FR
2-20
ST-SB3S- 8.20 51.00 77.68 1.85 FR
2-50

@ Ratio of ultimate load of strengthened beam to ultimate load of the control
unstrengthened beam of the same group.
> CC = concrete crushing after steel yielding; FR = FRP rupture.

after steel yielding until the ultimate load. Experimental results of short-
term tests (Series 1) are presented in Table 5. As a general result, the
increase in the CFRP strengthening area produces an increase in stiffness
in the post-cracking and post-yielding stages, which results in larger
yielding loads, Py, and ultimate loads, P,. According to results presented
in Table 5, larger benefits of the CFRP strengthening system were ob-
tained in beams with lower steel reinforcement ratio, as expected and
depicted by the comparison between the strength increase ratios of
specimens in Groups 1 and 2. Finally, no significant effect of tempera-
ture is visible in the load-deflection curves. The similarity in short-term
responses between specimens tested at 20 °C and 50 °C can be attributed
to the fact that 50 °C was below the T of the epoxy (53.9 °C < Ty <
65.3 °C) and epoxy adhesive was post-cured and therefore its mechan-
ical properties improved [24,25,40].

Representative images of failure modes are shown in Fig. 8.
Unstrengthened control beams, with and without temperature, failed by
concrete crushing (CC) after steel reinforcement yielding. Besides, all
strengthened beams failed by FRP rupture, irrespective of the applied
temperature and the CFRP strengthening area, and no premature bond
failure took place. It should be mentioned that results may change if
different test configurations and/or larger temperatures were applied
[40].

3.2. Pre-loading

Before the application of the long-term load, specimens of Series 2
were subjected to a pre-loading stage, consisting in two cycles of
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Fig. 8. Representative views of failure modes of specimens in Series 1.

Table 6

Experimental results for pre-loading stage in Series 2.
Specimen ID Pg,, (kN) Ppr (kN) 8p,0 (mm)
LT-CB-1-20 20.4 13.8 2.14
LT-CB-1-50 2.14
LT-SB1S-1-20 24.8 2.21
LT-SB1S-1-50 2.32
LT-SB3S-1-20 27.1 1.93
LT-SB3S-1-50 1.93
LT-CB-2-20 26.5 15.8 2.22
LT-CB-2-50 2.05
LT-SB3S-2-20 30.0 1.86
LT-SB3S-2-50 1.67

loading/unloading. First, the specimens were loaded up to the service
load level (Pg,); then, two cycles were applied between the minimum
load (2 kN) and maximum load (service load). Table 6 shows the
experimental data from the pre-loading stage for all of the specimens in
Series 2. Finally, the specimens were rested to relax at lab conditions for
1 day prior to the application of the long-term load. Deflections were
continuously registered, even during the relaxation period, so that the
permanent deflection after a one-day relaxation (6p0) could be
computed. Fig. 9 presents representative load-deflection curves for the
pre-loading process of LT-SB3S-1-20 and LT-SB3S-2-50. In this Figure,
Py stands for level of long-term load to be applied in long-term tests.

3.3. Time-dependent tests results

Following the pre-loading stage, beams in Series 2 were placed ac-
cording to the setup shown in Fig. 1b to be tested under long-term
loading. The vertical transducer at midspan section allowed regis-
tering the evolution of deflection due to long-term load. Similarly, the
evolution of concrete strains was also recorded.

35 :
0l Pser=27.\1 kN |
25 1
Z20 1
?
T 15, 1
—

10

N ——LT-SB35-1-20] |

0 2 4 6 8 10
Deflection (mm)

3.3.1. Deflections

The evolution of the total deflection (&) with time is presented in
Fig. 10. The total deflection results from the addition of the permanent
deflection after pre-loading stage (5p,0), the instantaneous deflection
after the application of the long-term load (6jns) and the time-dependent
deflection due to long-term load (&). The markers in the vertical axis in
Fig. 10 represent the permanent deflection after pre-loading stage (6p,0).
Additionally, time-dependent deflections (5;g) are presented in Fig. 11.
According to experimental results, summarized in Table 7, the increase
of the CFRP strengthening area in specimens tested at 20 °C resulted in a
decrease in the three components of the total deflection (i.e. 6p,0, 6ins and
8d), irrespective of the steel reinforcement ratio. This is due to the in-
crease in the tensile reinforcement stiffness and due to the same long-
term load being applied in all specimens of the same group (i.e. long-
term load to be applied was the same for control specimens and speci-
mens with CFRP strengthening).

Experimental results on specimens tested at 50 °C revealed that the
application of a high service temperature (50 °C) did not have remark-
able effects on the instantaneous deflection after the application of the
long-term load (5js), when compared to that of specimens at 20 °C.
However, the application of high service temperature had a clear effect
on time-dependent deflections (6;4), irrespective of the steel reinforce-
ment ratio. In this sense, in Group 1, the time-dependent deflection in
unstrengthened control beam (LT-CB-1-50) increased by 60 % because
of the application of 50 °C, and this percentage increase up to 85 % for
strengthened beams with either one or three strips (i.e. LT-SB1S-1-50
and LT-SB3S-1-50). Likewise, in Group 2, the time-dependent deflection
increased by 86 % and 100 % in unstrengthened control beam (LT-CB-
2-50) and strengthened beam (LT-SB3S-2-50), respectively. It should be
mentioned that similar time-dependent deflections were obtained
within the same Group of specimens tested at 50 °C, so that the time-
dependent response of the strengthened beams approached to the
unstrengthened beam.

An initial explanation lies in the larger concrete time-dependent

35 ; : : :
Pser=30.0 kN
N

30 1

25 1

Z 2 1
g

815 1
—

10 :

5 4

07100 ——LT-SB3S-2-50
0 . i ‘ : ]

0 2 4 6 8 10
Deflection (mm)

Fig. 9. Representative load-deflection curves for pre-loading process for specimens: (a) LT-SB3S-1-20 and (b) LT-SB3S-2-50.
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Fig. 10. Total deflection of beams in Series 2: (a) Group 1 (p = 0.79 %) and (b) Group 2 (p = 1.14 %).
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Fig. 11. Time-dependent deflection of beams in Series 2: (a) Group 1 (p = 0.79 %) and (b) Group 2 (p = 1.14 %).

Table 7
Deflections from long-term load.
Specimen ID Deflections (mm) Stot/ Bins,
s Oimstor=Oms+  Oug Stot = Sins,tor + o
5p,0 maxa 5td,max
LT-CB-1-20 4.31 6.45 1.44 7.89 1.22
LT-CB-1-50 4.36 6.50 2.31 8.81 1.36
LT-SB1S- 4.15 6.36 1.24 7.6 1.19
1-20
LT-SB1S- 4.31 6.63 2.30 8.93 1.35
1-50
LT-SB3S- 3.16 5.09 1.18 6.27 1.23
1-20
LT-SB3S- 3.48 5.41 2.20 7.61 1.41
1-50
LT-CB-2-20 4.39 6.61 1.17 7.78 1.18
LT-CB-2-50 4.55 6.60 2.18 8.78 1.33
LT-SB3S- 3.17 5.03 1.07 6.1 1.21
2-20
LT-SB3S- 3.44 5.11 2.14 7.25 1.42
2-50

@ Maximum time-dependent deflection from Fig. 11.

properties (i.e. shrinkage and creep coefficient) at 50 °C. Based on
experimental values for concrete shrinkage in prism specimens (see
Fig. 5a), the total shrinkage of the specimens from the day of loading
increased from 100 pe at 20 °C to 240 pe at 50 °C. Furthermore,

according to analytical predictions presented in Table 3, concrete creep
coefficient increased from 0.60 to 2.64, showing a 340 % difference. A
secondary cause can be the detrimental effect of temperature on both
instantaneous and time-dependent mechanical properties of the epoxy
adhesive. In this sense, short-term values of epoxy tensile strength (f,,
epoxy) and tensile modulus of elasticity (Epoxy) decreased by 30 % and 47
%, respectively, when epoxy was submitted to 50 °C (see Table 4).
Additionally, higher creep coefficients were found for epoxy at 50 °C
(see Fig. 6). Nevertheless, it should be mentioned that the effect of
higher temperature on the time-dependent behavior of concrete seems
to be dominant, as the time-dependent deflections of the unstrengthened
control beams in Groups 1 and 2 subjected to temperature (i.e. LT-CB-
1-50 and LT-CB-2-50) were increased by 60 % and 86 %, respectively.

It should be mentioned that the fluctuations observed in the evolu-
tion of deflection at 20 °C (Figs. 10 and 11) were probably due to large
humidity variations taking place at the structural lab (see Fig. 4a). For
the case of heated specimens (submitted to 50 °C), minimum fluctua-
tions in humidity were observed, because of the good performance of the
heating and isolation systems (see Fig. 4b).

The normalized deflections of the specimens (¢t / Sins,tor), Where Sins,
tot = Oins + Op,0, are shown in Fig. 12. According to experimental results,
larger normalized deflections were obtained in specimens strengthened
with three strips, and similar normalized deflections were obtained for
beams strengthened with one strip and their counterpart unstrength-
ened beam. This is due to lower instantaneous deflections (Sins,cor) for
beams with three strips and similar time-dependent deflections (5,) for
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Fig. 12. Ratio of total to instantaneous deflection of beams in Series 2: (a) Group 1 (p = 0.79 %) and (b) Group 2 (p = 1.14 %).

beams within the same Group. This effect is more clear when deflections
of specimens under 50 °C are analyzed.

3.3.2. Concrete strain

The total and time-dependent strain at the top fiber of concrete at the
midspan section (see the position of SG¢ in Fig. 2) is shown in Figs. 13
and 14 respectively. Similar to evolution of total and time-dependent
deflections, strengthening with larger amounts of CFRP area resulted
in a reduction in total and time-dependent concrete strain. In addition,
the application of high service temperature produced a sharp increase in
the time-dependent concrete strain. For instance, for unstrengthened
control beams in Group 1 (LT-CB-1-50) and Group 2 (LT-CB-2-50), the
time-dependent concrete strain was increased by 65 % and 77 %,
respectively. For strengthened beams in Group 1 (LT-SB1S-1-50 and LT-
SB3S-1-50) the percentage increased up to 79 % and 88 %, respectively.
Furthermore, in strengthened specimens belonging to Group 2 (LT-
SB3S-2-50), the time-dependent concrete strain was increased by 136
%. According to the results from unstrengthened beams, and similar to
the evolution of time-dependent deflections, time-dependent strains in
concrete were mostly affected by concrete time-dependent properties
and how they depend on service temperature.

3.4. Residual flexural strength and aging effect

Following long-term tests, specimens in Series 2 were tested up to
failure to evaluate their residual flexural strength. The initial deflection
prior to the post long-term tests was obtained by registering the ultimate
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(a) Loading time (days)

permanent deflection (6p,) after removing the long-term load. In addi-
tion, specimens in Series 3 were also tested up to failure to evaluate the
aging effect on their instantaneous load-deflection response. Fig. 15
shows representative load-deflection curves, and detailed results are
listed in Table 8.

The ultimate permanent deflection (§,,) was used to plot the
load-deflection curves of specimens in Series 2 during their testing up to
failure after long-term loading (see Fig. 15). According to the results
presented in Table 8, it is worthy to mention that the ultimate perma-
nent deflection of specimens subjected to 50 °C was larger than that of
specimens at 20 °C, which was in agreement with the trend in time-
dependent deflections.

The comparison between results in Series 1 and Series 2 (black and
red lines in Fig. 15, respectively) allows accounting for the residual
strength of the beams after long-term load. For the case of unstrength-
ened control beams, similar yielding loads and post-yielding behavior
were obtained. The differences in their ultimate deflection can be
attributed to the failure mode (concrete crushing) and the values for
concrete compressive strain at failure. For the case of strengthened
beams, in general slightly higher values for yielding load and post-
yielding stiffness were found for the case of beams submitted to previ-
ous long-term load, irrespective of the temperature applied during the
long-term tests. It should be mentioned that failure mode for strength-
ened beams remained to be FRP rupture, except for the case of beams
strengthened with three strips in Group 2 (LT-SB3S-2-20 and LT-SB3S-
2-50). In these latter cases, premature cracking initiated in the
compression zone of the specimens and, due to the increase in deflection
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Fig. 13. Top fiber concrete total strain evolution: (a) Group 1 (p = 0.79 %) and (b) Group 2 (p = 1.14 %).
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Fig. 15. Representative load-deflection curves for the analysis of residual flexural strength and aging effect: (a) Unstrengthened control beams in Group 1; (b)
Strengthened beams with one strip in Group 1; (c) Strengthened beams with three strips in Group 1.

(and curvature), FRP rupture took place (see Fig. 16). This change in
failure mode from FRP rupture (FR) to concrete crushing followed by
FRP rupture (CC-FR) may be the cause of lower ultimate loads.

The effect of long-term loading is also visible in the initial stiffness of
the load-deflection curves. Beams in Series 2 being partially cracked
derived in the elastic slope lying between the un-cracked and cracked

11

stages. The stiffness presented in Table 8 was computed as the ratio
between load and deflection corresponding to the long-term load level
and the service load level. Initial stiffness of specimens subjected to long-

term loading (Series 2)

were, by far, the largest ones (see Fig. 15 and

Table 8). This behavior is similar to what happened during the pre-
loading stage, where two cycles of loading/unloading were applied.
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Table 8
Results for the analysis of residual flexural strength and aging effect.
Specimen ID P, P, Stiffness * (kN/ Spu Failure
(kN) (kN) mm) (mm) mode ”
LT-CB-1-20 30.43 34.17 3.30 3.30 CC
AG-CB-1-20 30.91 34.42 1.41 - CC
LT-CB-1-50 29.50 34.05 3.06 5.30 CC
LT-SB1S- 37.25 46.03 3.23 3.60 FR
1-20
AG-SB1S- 38.68 49.28 1.75 - FR
1-20
LT-SB1S- 35.72 44.90 2.90 4.48 FR
1-50
LT-SB3S- 47.00 72.85 3.64 2.63 FR
1-20
AG-SB3S- 47.26 71.56 2.12 - FR
1-20
LT-SB3S- 46.48 69.80 3.46 4.01 FR
1-50
LT-CB-2-20 38.00 41.07 3.58 2.48 CC
LT-CB-2-50 38.48 42.73 3.47 4.29 CC
LT-SB3S- 53.57 74.41 4.41 2.80 CC-FR
2-20
LT-SB3S- 52.46 73.00 4.20 3.38 CC-FR
2-50

@ Computed as the slope of load-deflection curve between long-term load level
and service load level.

b CC = concrete crushing after steel yielding; FR = FRP rupture; CC-FR =
Concrete crushing followed by FRP rupture.

Finally, the effect of high service temperature is reflected in the reduc-
tion of initial stiffness, when compared to specimens tested at 20 °C. This
is again a consequence of larger concrete time-dependent properties
causing larger ultimate permanent deflections after the removal of the
long-term load (8p,.,).

For the analysis of the aging effect, results in Series 1 and Series 3
(black and blue lines in Fig. 15, respectively) should be compared.
Similar to what was found in the analysis of the residual strength after
long-term load, identical load-deflection curves were obtained for

CC (AG-CB-1-20)
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unstrengthened control beams and slightly larger yielding loads and
post-yielding stiffness were found for strengthened beams. Failure
modes of aged beams did not change when compared to that of Series 1.

4. Analytical predictions on time-dependent deflections

In this section, an analytical procedure based on Gilbert [44] is used
to predict time-dependent deflections of CFRP NSM strengthened RC
elements. Within the procedure, the age-adjusted effective modulus
method (AEMM) is used in the cross-sectional analysis to determine how
stresses, strains and curvatures vary with time due to creep and
shrinkage of concrete. A schematic view of beam cross-section is shown
in Fig. 17a. Furthermore, in both types of loading (i.e. short-term and
long-term), a linear distribution of strains was assumed (see Fig. 17b).

Assuming a linear strain distribution (as shown in Fig. 17b), the
instantaneous response of a cracked section, in terms of instantaneous
maximum concrete compressive strain (e¢;) and initial section curvature
(x7), can be calculated as follows:

 BMyr + Ny

& = E(Al— B) 3
 AMyr + BNy
N TR (Al - BY) )

where My and Ny are the moment and axial force applied at the
beginning of the long-term loading, respectively (N = 0 for RC sections
under flexural moment only). Moreover, A is the area of the transformed
section, and B and I are the first and second moments of inertia of the
area of the transformed section, respectively. Furthermore, E. is the
modulus of elasticity of concrete.

Based on Gilbert [44], the variation with time (i.e. time-dependent)
of the maximum concrete compressive strain Agy(t,tp) and section cur-
vature Ax(t,tg) can be calculated as follows:

B, (1, 10) AM(t,to) + 1(2,10)AN(2, 1)

Agy(t,10) = 5)

E.(t,1)(Ac(t,10)L.(1,10) — B2(t, 1))

Fig. 17. Time-dependent analysis. (a) Schematic view of beam cross-section and (b) Instantaneous and long-term strains and curvatures in a cracked section.
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At 10)AM(1,19) + B, (t, 1) AN(t, 19)
E.(t,10)(A.(2,10)L(1,10) — B2(t, 1))

where t is the age of specimen at the moment considered in days and
tp is the age of specimen at the beginning of long-term loading in days. In
Egs. (5) and (6), Ae(t,tp) is the area of the transformed section, and B(t,
to) and I(t,tp) are the first and second moments of inertia of the area of
the transformed section, respectively. Finally, AM(t,tp) and AN(t,ty) are
the restraining force and moment to prevent free development of creep
and shrinkage in concrete, and can be calculated as:

Ak(t,1y) = (6)

AN(1,19) = E.(t,10)[0.(t, 10) (AcEoi — Bek;) + £ (2, 10)Ac] @)

AM(t,10) = E.(1,10)[@. (1, 10) (= Betoi + 1.Ki) — €4i(1,10)Bc] ®

where A, is the area of the concrete section, and B, and I, are the first
and second moments of inertia of the area of the concrete section
(without considering the steel reinforcement), respectively. The
instantaneous maximum concrete compressive strain (gp;) and initial
section curvature (x;) can be computed from Egs. (3) and (4), respec-
tively. In addition, ¢.(t,tp) and &g (t,tp) are the concrete creep coefficient
and shrinkage, and E,(t,tp) is the effective modulus of elasticity of con-
crete. In this work, Model Code 2010 [11] predictions for concrete creep
coefficient and shrinkage were assumed. Besides, in applying the
AEMM, the effective modulus of elasticity of concrete can be obtained as
bellow:

E.(t,t) = L
’ 1+ x(t,10)e.(t,10)
where y(t,tg) is the reduction factor for concrete creep coefficient,

which can be taken as 0.8 for normal strength concrete [9,12,16,44].
It should be mentioned that, in addition to the explicit mention of

E.(t,tp) in Egs. 5-8, the effective modulus of concrete should also be

taken into account for the calculation of geometrical properties of the

transformed section, by updating the time-dependent steel modular
ratio, ns(t,tp), and time-dependent FRP modular ratio, ngrp (t,tp), as
follows:

ny(t,10) = Ey/E.(t, 1)

9

(10)

nprp(t,t0) = Epgp(,10) /Eo(1, 10)

where E; is the modulus of elasticity of steel reinforcement and
Errp(t,tp) is the modulus of elasticity of FRP.

(1)

4.1. Comparison with experimental results

In this section, analytical predictions following the previously
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presented methodology are compared to experimental results on time-
dependent deflections (shown in Fig. 11). For the analytical pre-
dictions, average values for registers on temperature and humidity
during the long-term load (see Fig. 4) were used for determining the
concrete creep coefficient and shrinkage following Model Code 2010
[11]. In addition, the effect of temperature on mechanical properties of
concrete was considered according to Mode Code 2010 [11]. It should
be mentioned that temperature gradient in the height of the section
causes an additional curvature/deflection that should be taken into ac-
count [44]. In this study, due to uniform heating, the difference in
temperature between the bottom and top fibers was about 5 °C, thus
causing a negligible extra curvature/deflection.

Comparisons of predicted and experimental time-dependent de-
flections are shown in Figs. 18-20. According to the results, the analyt-
ical predictions at 20 °C underestimate the time-dependent deflection,
especially for the unstrengthened control beam with lower steel rein-
forcement ratio (LT-CB-1-20 with p = 0.79 %). Focusing on the pre-
diction of the time-dependent deflections in specimens under a high
service temperature, in general, analytical predictions overestimate the
time-dependent deflection especially for those of the unstrengthened
control beams (LT-CB-1-70 and LT-CB-2-70). It is worthy to mention
that the presented analytical methodology could be also applied to
members subjected to cyclic temperatures, as for instance day-night or
summer-winter. In that case, the temperature and humidity histories
should be considered as an input in the analytical model.

5. Conclusions

The present experimental work aims to study the long-term perfor-
mance of NSM CFRP-strengthened RC beams under different service
temperatures. An experimental campaign consisting of 23 NSM CFRP-
strengthened RC beams was performed, where beams with different
steel reinforcement ratios and different amounts of CFRP strengthening
area were loaded for 200 days. After that, post long-term tests were
carried out to analyze the residual flexural strength as well as the ageing
effect. Besides, an analytical procedure for the prediction of time-
dependent deflections is presented and compared to experimental
results.

As a general conclusion, temperature did not affect the instantaneous
flexural performance of NSM CFRP-strengthened RC beams, but had a
significant effect on their time-dependent behavior and ultimate per-
manent deflections. More detailed conclusions are presented next.

From the short-term tests, the following conclusions can be drawn:
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Fig. 18. Analytical predictions and experimental time-dependent deflections for unstrengthened control beams.

Group 2 (LT-CB-2-20 and LT-CB-2-50).
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Fig. 19. Analytical predictions and experimental time-dependent deflections for strengthened beams in Group 1 having: (a) one CFRP strip (LT-SB1S-1-20 and LT-
SB1S-1-50) and (b) three CFRP strips (LT-SB3S-1-20 and LT-SB3S-1-50).
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Fig. 20. Analytical predictions and experimental time-dependent deflections
for strengthened beams in Group 2 (LT-SB3S-2-20 and LT-SB3S-2-50).

The increase in the service temperature up to 50 °C had no significant
effect on the load-deflection response of the specimens. This can be
attributed to this temperature being below the T of epoxy adhesive
and to an additional possible post-curing of the epoxy adhesive.
The application of a high service temperature did not affect failure
modes, and unstrengthened beams failed by concrete crushing after
yielding of the steel reinforcement whilst strengthened beams failed
by FRP rupture.

From the long-term tests and analytical predictions, the following

conclusions can be drawn:

The increase in the temperature from 20 °C to 50 °C had an effect on
the time-dependent behavior of concrete (larger shrinkage and creep
coefficient) and epoxy resin (larger creep coefficient).

Under 20 °C and the same value of long-term load, lower time-
dependent deflections were obtained for beams with larger
amounts of FRP strengthening area, as expected. However, for
testing temperature equal to 50 °C, the increase in the strengthening
area did not have a significant effect on the time-dependent de-
flections and the time-dependent response of the strengthened beams
approached that of the unstrengthened beams.
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The effect of temperature on the time-dependent behavior of con-
crete appeared to be the dominant factor in time-dependent response
of RC beams.

Analytical predictions based on AEMM and Model Code 2010 were in
a good agreement with experimental data.

From the residual flexural strength tests and aging specimens,
owing conclusions can be drawn:

Similar to time-dependent deflections, the ultimate permanent
deflection of specimens subjected to 50 °C was larger than that of
specimens at 20 °C.

When compared to short-term and aging specimens, no significant
change was observed in the residual strength of unstrengthened
control beams. On the other hand, for the strengthened beams, a
slight increase in yielding load and post-yielding stiffness were
found.

Failure mode of the strengthened specimens with higher reinforce-
ment was changed from FRP rupture to concrete crushing followed
by FRP rupture. The rest of the specimens had the same failure mode
as in short-term testing.

The largest initial stiffness was observed for the specimens subjected
to long-term load. Furthermore, the specimens subjected to tem-
perature had lower initial stiffness due to larger permanent accu-
mulated deflections.
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