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Abstract

Despite the key role of thin-walled tubular reinforced concrete (RC) members in
major critical infrastructure projects, for example, bridges, their torsional perfor-
mance is still not well understood and the effectiveness of strengthening systems
cannot be easily assessed, especially when using innovative strengthening mate-
rials. With a large part of critical infrastructure approaching its design service
life, these issues are becoming more and more important. This paper examines
the torsional behavior of thin-walled tubular RC beams and evaluates the contri-
bution of different strengthening configurations using carbon fiber reinforced
polymer (CFRP) reinforcement applied according to the near surface mounted
(NSM) technique. Six strengthened specimens are tested with different amounts
of CFRP laminates in the longitudinal and transverse direction. Digital image
correlation (DIC) is used to gain a deeper understanding of the contribution of
the NSM CFRP laminates to the fracture process and overall deformation behav-
ior of the RC elements. The crack mouth opening displacement (CMOD) of the
critical crack is compared to those of the other cracks, and the torsional crack
evolution is assessed against the strain evolution in the CFRP laminates. The
results confirm the effectiveness of NSM CFRP strengthening solutions for thin-
walled RC members, and provide clear evidence that torsional performance can
be improved in terms of torsional moment carrying capacity, torsional stiffness,
torsional angle of rotation and limiting the crack width propagation, which
improves the aggregate interlock shear resisting mechanism.
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1 | INTRODUCTION AND
BACKGROUND
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rehabilitation and maintenance in 2013 and this figure
increased to 342 bn euros in 2017, showing the critical state
of existing structures and infrastructure and highlighting
the importance of developing efficient strengthening
systems. Though several innovative solutions already exist
to enhance the flexure and shear capacity of existing
reinforced concrete (RC) elements, less attention has been
paid to enhance the performance of key structural ele-
ments subjected to critical torsional forces (e.g., box girders,
spandrel beams). With a large proportion of the existing
infrastructure in Europe and across the world now
reaching their service life or requiring rehabilitation and
strengthening, reliable and durable solutions to increase
their torsional capacity are therefore required.

The available strengthening methods for RC structures
can be broadly divided into two categories (a) traditional
strengthening methods, including span shortening or
section enlargement,' shotcrete® or steel jacketing,®
posttensioning,®> and (b) innovative strengthening
methods, typically comprising advanced fiber reinforced
polymer (FRP) composites applied according to the
externally bonded (EB) or the near surface mounted
(NSM) techniques.

One of the first studies on the use of EBR FRP for
torsional strengthening has been reported in,* where the
authors investigated the effect of fiber orientation, num-
ber of strengthened faces, number of plies, as well as the
use of anchorage systems. The use of 90° oriented fibers
was found to provide better confinement and a higher
increase in ultimate moment capacity, while continuous
wrapping was found to provide higher ultimate strength
and post cracking stiffness than individual strips. The use
of EBR for the torsional strengthening of solid and
box-section RC beams has been further investigated
experimentally and numerically in References 5 and 6.
Different strengthening configurations using both strips
and continuous sheets were examined, and both solu-
tions were found to improve torsional capacity and
reduce crack propagation and evolution. Analytical for-
mulations to predict the torsional capacity of the EBR
FRP strengthened elements were also developed in Refer-
ences 5 and 7. In Reference 8, the performance of FRP
strengthened RC T-beams subjected to combined torsion
and shear was investigated.

More recently, the use of NSM FRP reinforcement for
torsional strengthening was also examined.”'® In these
studies, the authors examined the performance of NSM
FRP laminates on solid section beams using both epoxy
and cement based adhesives,’ as well as the use of novel
FRP ropes, '° which were found to perform better in
terms of torsional moment capacity than the more tradi-
tional laminates. FRP ropes are also explored for
strengthening of RC deep beams in shear by embedded

through section (ETS) technique with and without
anchorages in El-Saikaly et al."' and Chalioris et al.'* In
both references, the RC beams are strengthened with
ETS along with different configurations, which involve
CFRP sheets, CFRP L-strips with and without CFRP rope
anchorage'' and by CFRP ropes.'* All the strengthened
beams have increased shear capacity and more impor-
tantly, changed the brittle failure mode to a ductile
flexural failure.

In comparison to EBR FRP, the use of NSM FRP rein-
forcement has many advantages, including ease of appli-
cation, minimal aesthetic impact, better fire protection,
reduced amount of surface preparation. In the case of
shear and torsional strengthening, the effectiveness of
EBR FRP is limited by premature delamination of the
FRP material® due to stress concentration in the corners,
which is unlikely to take place in NSM reinforcement as
the laminates are inserted inside grooves in the concrete
cover and can develop a much better bond with the con-
crete substrate.'>**

The present paper mainly explores the application of dig-
ital image correlation (DIC), a non-contact technique to
assess the torsional behavior of beams strengthened with
CFRP laminates. One of the early known applications of
DIC on concrete is in Choi and Shah,'® where the compres-
sive behavior is studied. Many research works are available
since then for understanding the fracture properties of
concrete,'®"” but primarily it was used in experimental
mechanics''® to determine stress distribution through strain
field. The process involves capturing images at regular inter-
vals and comparing them with the reference/primary image,
where the region of interest is split into multiple subsets.
The images corresponding to the loaded stages of the struc-
ture are then compared to the primary image (in multiple
subsets) to obtain surface displacements and thereby estimat-
ing the strain field distribution during the loading process.

The contribution of NSM CFRP reinforcement to the
overall torsional behavior of thin walled tubular RC beams
is assessed in this paper. Eight specimens (two reference
and six strengthened beams) were tested experimentally to
examine the performance of different strengthening con-
figurations. DIC was used extensively to gain invaluable
insights into the complex process of crack formation/prop-
agation and to more accurately monitor CFRP strain evo-
lution. DIC was also used to monitor the crack mouth
opening displacements of the critical failure crack and of
the other primary and secondary cracks.

2 | EXPERIMENTAL PROGRAMME

Eight beams were tested as part of this experimental
programme, including two reference beams and six
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strengthened beams using different NSM CFRP configu-
rations. The strengthened beams were divided into two
series: (a) Series 1 comprised four beams strengthened on
all four faces, while (b) Series 2 comprised two beams
strengthened only on three faces. The three-side strength-
ening configurations were investigated to examine the
potential contribution of NSM FRP reinforcement in
cases where access to all four faces is not possible, which
is typical in many existing applications.

2.1 | Specimens

Figure 1 shows the cross sectional details of the tested
beams, having a 400 mm X 400 mm outer cross section and
an inner hollow section of 200 mm X 200 mm. Each beam
has a total length of 1900 mm, with a central 1,000 mm
long study area. The size of the specimens are designed to
fail in torsion in the central study region (1,000 mm) of the
beams, with wall thickness and reinforcement ratios repre-
sentative of real applications in tubular type RC elements
requiring torsional strengthening. Also, to attend the limita-
tions of the test setup in terms of equipment, space
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and reaction frame particularities. Finally it was condi-
tioned by the financial resources available and the time
period allowed to carry out the experimental program
according to the funding research project. The longitudinal
reinforcement consists of 8 bars with a diameter of 10 mm
positioned in the four corners and in the center of each side.
The transverse reinforcement consists of four-legged 8 mm
diameter links, with 25 and 75 mm external and internal
covers, respectively. In the central region, the stirrups are
spaced at 200 mm centers, while the spacing is decreased to
100 mm in the end zones (450 mm from each end). The
reduced spacing aims to prevent failure in the proximity of
the loading and clamping areas of the beam during testing,
the details of which are explained in Section 2.3. All beams
in this experimental programme are manufactured with a
C25/30 concrete.

2.1.1 | Material properties

The compressive strength and modulus of elasticity of
the concrete at 28 days were obtained from tests on three
and five concrete cylinders with an average diameter of
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Property $8 (mm) Co.V. (%) $10 (mm) Co.V. (%) TABLE1 Properties of steel
reinforcement

Modulus of elasticity, Eg,, (GPa) 195.98 0.45 205.73 10.25

Yield stress, fym (MPa) 566.71 7.45 449.49 2.69

Yield strain, eym(pe) 3.06 11.53 22.87

Tensile strength, f,,, (MPa) 680.27 4.74 560.99 1.48
Agw [AfEf 1 ] (2)

. . . Pw,eq =
150 mm and height of 300 mm according to code specifica- W (bwsw) Eg (bst)

tions.”® A mean compressive strength, f.,, of 31.80 MPa
(2.8%) and modulus of elasticity, E.n,, of 34.53 GPa (3.5%)
were obtained, respectively (the values in parenthesis are
the corresponding coefficient of variation). Five samples of
8 mm and 10 mm diameter bars were tested according to
(EN_10002-1 (1990)*') to determine their mean yield
stress, fym, modulus of elasticity, Egn, and ultimate
strength, fum. The results of the corresponding steel rein-
forcements are presented in Table 1. Tests on five samples
from two different batches were carried out on the CFRP
laminates to determine their tensile strength, f;,, and mod-
ulus of elasticity, Egny, according to (ISO*?), and the results
are presented in Table 2.

2.2 | Strengthening schemes

The strengthening configurations adopted in this re-
search study are grouped into two categories: (a) four face
strengthening and (b) three face strengthening using
straight CFRP laminates as shown in Figure 2. It should
be mentioned that the strengthening schemes in Series
1 requires clear access to all four faces. However, in real
case scenarios it is usually difficult to access all four
sides due to the presence of structural or non-structural
elements. Hence, Series 2 strengthening configurations
involve strengthening on three faces. The transverse
laminates are spaced at 65mm (s=(3)200=65) and
40mm (s=(1)200=40) , while the longitudinal lami-
nates are spaced at 135mm (s = (3)400=135) and 80 mm
(s=(1)400=80) . The transverse laminates are spaced
such that the expected 45° spiral cracks are intersected by
at least one (200 mm spacing) or two (100 mm spacing)
laminates. The reinforcement ratios in both the longitudi-
nal and transverse directions vary for each of the beams,
tested as part of the two series. The reinforcement ratios
are calculated according to Equations (1) and (2), using
equivalent longitudinal (piq) and transverse (pyw.eq)
reinforcement ratios.*?

Ag |:AfEf 1 } (1)

0= (bdy—bydy) * | Es (bd;—bndn)

where Ay, b and d; are, respectively, the cross sectional
area, breadth and the internal arm of the existing longitu-
dinal steel bars; A; and d; are the cross sectional area and
the lever arm of the internal longitudinal CFRP; E; and
Ey are the modulus of elasticity of the steel and CFRP; by,
is the width of web (100 mm); by, and dj, are the breadth
and depth of the hollow section; Ay, and s,, are the cross
sectional area and the spacing of the transverse reinforce-
ment (Figure 2a). The values of these variables are indi-
cated in Table 3.

The reference beams are named “Ref 4S” and
“Ref_18S,” where “Ref” stands for reference and 4S and 1S
represent the number of steel stirrups in the central mon-
itoring zone. In the case of the strengthened beams, their
designation is of the format “SxF_LySz,” where “SxF”
indicates the series strengthened (S) on four or three
faces (“x” equal to 4 or 3, respectively). The second term
of the beam ID, “LySz,” is composed of “Ly” that indi-
cates the number, y, of CFRP laminates on each face of
the beam in the longitudinal direction, L, while “Sz” indi-
cates the number, z, of CFRP laminates on each face of
the beam in the transverse direction, S (stirrup). For
example, “S4F_L2S5” represents the beam of Series
1 (S4F, while S3F is Series 2), strengthened on four faces
with two laminates in the longitudinal direction and five
laminates in the transverse direction on each face of
the beam.

The configurations adopted for the four-faces
strengthened series (S4F) are shown in Figure 2a-d,
while the configurations of the series of beams strength-
ened in three-faces (S3F) are shown in Figure 2ef. A
summary of all beam reinforcement details are given in
Table 3 in terms of area of longitudinal steel (Ay), longi-
tudinal steel reinforcement ratio (py), longitudinal CFRP
strengthening ratio (pg), area of transverse steel rein-
forcement (As,,), transverse steel reinforcement ratio
(psw), transverse CFRP strengthening ratio (pgy), spacing
of the longitudinal CFRP laminates (sg) and spacing of
transverse CFRP laminates (sgy ).

The CFRP laminates were manufactured by Clever
reinforcement Iberica company. The laminates have a
cross section of 10 mm X 1.4 mm. The first three



GOWDA ET AL.

fibl -

TABLE 2 Properties of carbon fiber reinforced polymer (CFRP) laminates

Property
Batch 1 2,346 1.20
Batch 2 1982 3.30

Tensile strength, (MPa) f,,

FIGURE 2 (a)
Strengthening configurations:

(a) S4F_L2S5, (b) S4F_L2S10, s
(c) S4F_1.4S5, (d) S4F_L4S10, §
(e) S3F_L285, and (f) !
S3F_LA4S10 (all dimensions e
in mm)
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beams of Series 1 (S4F_L2S5, S4F_12S10, S4F_L4S5)
were strengthened with CFRP laminates from the same
batch (Batch I), while beam S4F_L4S10 and the two
beams of Series 2 were strengthened with CFRP lami-
nates from a different batch (Batch II) both in the longi-
tudinal and transverse direction.

As part of the strengthening process, the longitudinal
CFRP laminates were placed first, at a depth of 22 mm,
followed by the transverse laminates at a depth of
12 mm. The grooves in the RC beam were cut at the des-
ignated locations and with the required dimensions using

Co.V. (%)

Modulus of elasticity, Eg,, (GPa) Co.V. (%)
205.04 5.60
199.83 1.40

(b)
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a laser-guided tool. The selected groove depths are
smaller than the ACI (440.2R-08>*) guidelines due to the
limited concrete cover, representing real case scenario.
After the grooves were cut, the strengthening process
involved the following steps:

« The grooves are cleaned with air pressure;

« The CFRP laminates are cleaned with acetone to
remove any dust particles;

« The epoxy is prepared according to the prescribed
hardener to resin ratio (1:4);
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TABLE 3 Reinforcement and strengthening ratios, and spacing of carbon fiber reinforced polymer laminates in Series 1 (S4F) and 2

(S3F) of strengthened beams

Beam Asl (mmz) Ps1 (%) Pa (%) pl,eq (%) Asw (mmz) Psw (%) Ptw (%) pw,eq (%) Sf (mm) Stw (mm)
S4F_1.2S5 628 0.571 0.096 0.667 50.24 0.502 0.071 0.573 134 65
(Figure 3a)
S4F_1.2S10 628 0.571 0.096 0.667 50.24 0.502 0.141 0.644 134 40
(Figure 3b)
S4F_14S5 628 0.571 0.192 0.763 50.24 0.502 0.071 0.573 80 65
(Figure 3c)
S4F_1.4S10 628 0.571 0.192 0.763 50.24 0.502 0.141 0.644 80 40
(Figure 3d)
S3F_L2S5 628 0.571 0.072 0.643 50.24 0.502 0.053 0.555 135 65
(Figure 3e)
S3F_14S10 628 0.571 0.144 0.715 50.24 0.502 0.106 0.608 80 40
(Figure 3(f))
WP - S— _._l.‘_.“. oL Y — (a)
, oo f ,;,,. Beam
o LVDT’s

FIGURE 3 Appearance of a strengthened face of the
S4F_14S5 beam

« The grooves are filled with epoxy and a layer of epoxy
is also applied on the two large faces of the CFRP
laminates;

« The CFRP laminates are inserted into the grooves, and
the excess epoxy is removed from the surface of
the beam,;

« The beam is set to dry for a week, even though the rec-
ommended minimum curing time is only 2 days.

Figure 3 shows one of the faces of the S 4F_L4S5
beam after has been strengthened.

2.3 | Testsetup

The test setup adopted for all experimental tests is shown
in Figure 4a. The boundary conditions consist of a load-
ing end and a fixed end. The fixed end comprises a steel
frame and a hydraulic jack in between an element of
this frame and the bottom surface of the beam to adjust
the height of the beam and firmly fix it, thus restricting
all translations and rotations. The loading end of the
beam consisted of a steel loading section connected to
a load cell through multiple hinges to minimize the

Left face

Fixed end \

Loading end \
(b)
Back top

LVDT &

|

Steel jackets
A Steel loading section
—— Load cell

Circular arc bearing

"

\ Front top
N LVDT -

Strain gauges in steel bars
== Strain gauges in CFRP
laminates

== VDT

LVDT

"~ Front bottom

FIGURE 4 (a) Test setup, and (b) location of LVDT's

development of any additional eccentric force during the
test. Load is applied through a L-type steel loading sec-
tion, where one end of this section is inserted inside the
hollow section of the beam (up to 300 mm) and the other
end is connected to load cell through multiple hinges to
apply the load, converting it into moment. The beam was
rested on a pinned support, which was placed on a circu-
lar arc bearing (CAB) with a rotational arc radius of
350 mm from the center of the beam. Rollers were also
placed below the CAB to accommodate any elongation or
shortening of the beam during testing. More details on
the test setup can be found in.>* Two steel jackets were
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placed in the over-reinforced region of the beam loading
end in an attempt of avoid the premature failure in this
region. The development of this test setup was assisted by
performing comprehensive numerical analysis, comple-
mented with parametric studies for assessing the influence
of different strengthening configurations and material
properties on the torsional strengthening effectiveness.*’

The experimental tests were performed under dis-
placement control at a loading rate of 1.2 mm/min. Lin-
ear Variable Differential Transformers (LVDTs) were
placed on all the faces in the loading end to measure the
average torsional angle of rotation. Additional LVDT's
were also positioned along the front and back face of the
beam to measure relative elongation or shortening. An
inclinometer was also applied inside the hollow
section to measure the angle of rotation. Dial gauges
were placed on the extreme right and left faces at the
fixed end to measure any translations that could take
place during testing.

A 2D DIC setup was used on the left face of each beam
to monitor the distribution of deformations along the cen-
tral study zone of 1,000 mm, in order to obtain detailed
information on the crack initiation and propagation, for bet-
ter interpretation of the resisting mechanisms in this load-
ing stage. Due to the available testing space limitations, and
considering the main purpose of qualitatively assessing the
cracking process in a representative beam's face, the option
was to use a single camera with an optimized positioning in
order to capture the entire testing area of one of the beam's
faces. Therefore, only in-plane displacements and deforma-
tions were traced, considering the plane of the imaged face
of the beam. A 24 mm by 36 mm complementary metal-
oxide semiconductor (CMOS) sensor, with a resolution of
approximately 36 megapixels, was used. The objective lens
adopted had a focal distance of 44 mm and the aperture of
f/11. Images were taken at a time interval of 10 s. The cam-
era was mounted on a tripod at a distance of 1.22 m from
the concrete surface. Two LED lights were used to ensure
uniform light conditions during the tests. A speckle pattern
was created on the surface using a very thin spray of black
acrylic spray paint over an initial white spray.

3 | RESULTS

3.1 | General behavior: Series 1 and
Series 2

3.1.1 | Torsional moment versus

torsional angle of rotation

Figure 5a shows the torsional moment versus torsional
angle of rotation for the reference and strengthened

Ref_18
—Ref 4§
S4F_L2S5

Torsional moment (kN-m)
&
<
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—S4F_L4S5
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0
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Torsional angle of rotation (Degrees)
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Torsional angle of rotation (Degrees)
FIGURE 5 (a) Torsional moment versus torsional angle of

rotation (b) General behavior of near surface mounted (NSM)
strengthened beams

beams of both series (S4F and S3F). Figure 5b shows
the typical behavior of a strengthened beam, while
Tables 4-6, summarize the experimental values for all
tested beams in terms of torsional moment, torsional
angle of rotation and stiffness at cracking moment, yield
initiation and peak moment. The main observations from
the tests are summarized in the following, while a more
detailed account of the performance of each of the tested
beams is given in References 23 and 26.

The general torsional response of the strengthened
beams is characterized by three distinct phases: (a) linear
elastic; (b) crack propagation; and (c) post-yielding of
steel reinforcement.

1. Linear elastic phase: from the initiation of the test up
to the torsional cracking moment (6, M;). The
performance of the beam is primarily governed by the
concrete response, while the reinforcement contribu-
tion is almost negligible.

2. Crack propagation phase: from the torsional cracking
moment up to a load level at which the process of
crack formation stabilizes, considered to be coinciding
with yielding of the steel reinforcement. This phase
can further be divided into two sub-phases: (a) micro-
cracking phase where many cracks initiate following
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TABLE 4 Experimental results of tested beams in terms of torsional moment

Note: Qiéf: S and R stand for, respectively, strengthened and reference beam.

the development of the torsional cracking moment;
(b) macro-cracking phase where major cracks form on
all the faces of the beam. The relative loss in torsional
resistance decreases with the increase in applied tor-
sional angle until no new torsional cracks develop.
The stiffness associated with this phase, that is, the
stiffness at stabilized cracking, is determined as (ki
Mer = AM e/ AB¢ prer) and represents the slope of the
line connecting the peak before the first major drop
after the torsional cracking moment, and the first
point identified as the yielding of the reinforcement.
During this phase, both the steel reinforcement and

Beam Mo ONm) (M52 Mg ONm) MGy (U5) 0 M enm) (M)
Ref_4S 28.01 - ' 41.44 47.29 - | 56.69 -
(Series 1)
S4F_L2S5 25.04 —10.61 44.43 55.23 16.79 78.30 38.11
S4F_1.2S10 28.46 1.64 51.17 57.63 21.87 81.69 44.09
S4F_L4S5 34.41 22.87 50.40 56.40 19.27 79.37 39.99
S4F_1.4S10 39.26 40.17 55.51 59.39 25.58 83.02 46.43
Average 31.79 50.38 57.16 80.59
Co.V. (%) 19.84 9.05 3.11 2.67
(Series 2)
S3F_L2S5 23.69 —15.43 44.00 56.28 19.02 66.65 17.57
S3F_L4S10 26.57 -5.14 44.78 55.57 17.51 70.27 23.94
Average 25.13 44.39 55.92 68.46
Co.V. (%) 8.11 1.24 0.90 343

Note: Mﬁéf: S and R stand for, respectively, strengthened and reference beam.

TABLE 5 Experimental results of tested beams in terms of angle of rotation
Beam Orcr (deg) (‘950+gk> Ocncr (deg)  Orsyi (deg) (%) 0:p (deg) (”‘S'*;gfﬁ") Py= a2 Pa=o>
Ref_4S 0.39 - Y 0.93 2.77 - 4.78 - 1.73 12.32
(Series 1)
S4F_L2S5 0.33 —14.43 0.88 2.76 —0.44 7.31 53.01 2.65 22.03
S4F_1.2510 0.30 -23.20 0.99 2.57 -7.24 8.40 75.83 3.27 28.20
S4F_LA4S5 0.62 59.28 1.19 2.94 5.97 8.23 72.21 2.80 13.32
S4F_1.4S10 0.78 101.88 1.45 2.97 7.22 8.19 71.43 2.76 10.46
Average 0.51 1.13 2.81 8.04 2.87 18.50
Co.V. (%) 45.90 21.97 6.56 6.10 9.54 43.91
(Series 2)
S3F_L2S5 0.21 —45.62 0.75 2.70 —2.39 4.63 -3.17 1.71 21.93
S3F_L4S10 0.44 13.85 1.02 2.78 0.48 5.71 19.48 2.05 12.93
Average 0.33 0.89 2.74 5.17 1.88 17.43
Co.V. (%) 0.50 21.28 2.05 14.81 12.77 36.53

CFRP reinforcement contribute to the overall tor-
sional resistance.

Post-yielding of steel reinforcement: from the initia-
tion of steel yielding (6 i, Msyi) to the peak tor-
sional moment (6, M,). Most of the steel
reinforcement develops some degree of yielding
before the peak torsional moment is reached. As the
response of this phase follows a non-linear ductile
behavior, the stiffness (k; ;) is measured only in its
initial stage. During this last phase, the contribution
of steel reinforcement can be considered to be con-
stant while the torsional resistance offered by the
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TABLE 6 Experimental results of the tested beams in terms of torsional stiffness
Beam Koin (N-m/deg)  (Sbn)  kope (Nm/deg)  (Saete) g (Nom/deg) (%)
Ref_4S 69.80 - b 4.02 - 4 7.36 -
(Series 1)
S4F_L2S5 64.46 —7.66 5.77 43.64 6.10 —17.06
S4F_1.2S10 87.30 25.07 5.97 48.60 7.69 4.58
S4F_L14S5 45.08 —35.41 3.74 —7.03 7.49 1.81
S4F_14S10 48.43 —30.61 3.42 -14.84 6.20 —15.76
Average 61.32 4.73 6.87
Co.V. (%) 31.43 28.20 12.19
(Series 2)
S3F_L2S5 68.91 —1.28 4.88 21.52 7.44 1.12
S3F_L4S10 66.81 —4.28 4.48 1141 9.88 34.30
Average 67.86 4.68 8.66
Co.V. (%) 2.19 6.14 19.93

Note: kﬁéf: S and R stand for, respectively, strengthened and reference beam.

CFRP laminates further increases until failure of
the beam is reached.

The linear torsional stiffness of the beams strength-
ened on three and four faces, except S4F_1.2S10 beam,
have decreased with respect to the reference beam. How-
ever, in case of three face strengthened beams, the stiff-
ness is very close to the reference beam. In terms of
torsional cracking moment, M, .,, beams strengthened on
all four faces with four longitudinal laminates exhibit the
maximum increase (31.52% average), whereas a reduc-
tion in performance is registered in all other beams,
irrespective of the adopted strengthening scheme. Simi-
larly, in terms of angle at torsional cracking moment,
Series 1 beams with the four faces strengthened with four
longitudinal CFRP laminates have registered an average
increase of 80.58%, while all other beams, except
S3F_L2S5, have presented smaller 6, ,. This variation in
torsional cracking moment and angle of rotation at crack-
ing moment can be attributed to normal variability of
material properties, beam geometry and stiffness at the
supports. It should be noted, however, that the determi-
nation of both M. and 6., is highly susceptible and
dependent on the accurate detection of crack initiation
by visual inspection of all the four faces of the beams.

All beams, with the exception of S4F_LA4S5 and
S4F_14S10, exhibit a higher torsional stiffness at macro
cracking, with respect to the reference beam due to the con-
tribution of the CFRP laminates in resisting torsion. Higher
values of torsional moment at yield initiation, Mg, also
developed in all strengthened beams. Beams strengthened
with the highest amount of transverse reinforcement exhibit

an overall better performance than the beams strengthened
with lower amounts of CFRP transverse reinforcement. The
angle of rotation at yield initiation of all strengthened
beams does not seem to be affected by the presence of the
CFRP strengthening reinforcement.

The torsional stiffness at yield initiation, ki, has
decreased in S4F_12S5 and S4F _L4S10, and beam
S3F_L4S10 has presented the highest increase. The rest
of the beams have shown negligible increase between
1 and 5%. In terms of torsional moment at peak and its
corresponding angle of rotation, M, and 6, ,, respec-
tively, all of the strengthened beams have enhanced per-
formance with respect to the reference beam, due to the
effective contribution of the CFRP laminates, being visi-
ble the favorable contribution of the transverse CFRP
reinforcement in this regard.

3.1.2 | Crack spacing and failure modes

Table 7 presents the experimentally determined values of
crack spacing and crack orientation. The crack spacing,
Syms 1S calculated as the average distance between fully
developed cracks on all four faces of a beam. Similarly, the
angle of inclination, @y, is measured as an average orien-
tation of all the cracks evaluated with respect to the longi-
tudinal axis of the beam. All strengthened beams have
shown a reduction of crack spacing, varying between
16 and 49% with respect to the reference beam. Beams
strengthened with the highest transverse CFRP reinforce-
ment ratio have shown the maximum reduction in spac-
ing, by an average of 43%, that is, the spacing between
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TABLE 7 Average crack spacing (s,,) and crack orientation
(@term) Of the tested beams

Average Average
crack crack
spacing orientation,
_ R4S
Beam Sym (Mm) <s§msk_f§‘" )100 (%) ®erm (degrees)
Ref_1S 417.92 - 49.61
Ref 4S 200.28 = 50.09
S4F_L2S5 132.59 —33.80 51.34
S4F_12S10 104.48 —47.83 53.70
S4F_L4S5 133.33 —33.43 49.13
S4F_14S10 101.37 —49.38 49.32
S3F_L2S5 169.20 —15.52 49.33
S3F_L4S10 139.90 —30.15 50.83

Note: S%R"‘S: S and R stand for strengthened and reference beam,

respectively.

cracks decreased from 200 mm (Ref _4S) to an average of
115 mm. The transverse CFRP laminates are effective in
reducing crack spacing, arresting the crack growth, and
thereby increasing the torsional moment carrying capacity
of the beams due to a more effective mobilization of the
aggregate interlock shear resisting mechanism (Table 4).

Figure 6 shows the failure modes of all tested beams.
In Series 1, beams S4F 1.2S5, S4F_L2S10 and S4F_1.4S5
failed by CFRP rupture followed by concrete crushing,
while beam S4F_14S10 failed by premature concrete failure
in the over-reinforced region due to stress concentration
around the steel loading section. In Series 2, beam
S3F_L2S5 failed by concrete crushing on the unstrengthened
top surface, while beam S3F_14S10 has prematurely failed,
similarly to beam S4F_1.4S10.

3.1.3 | Ductility performance of
strengthened beams

The increased torsional moment carrying capacity of the
strengthened beams is evident through previous section.
In order to further evaluate the strengthening efficiency,
two ductility index ratios are introduced to quantify the
ductility performance of beams strengthened with NSM
CFRP laminates in torsion.”” These ratios are calculated
according to the Equations (3) and (4) presented below:

Op

= 3

Hiy 9t,sy ( )
O,

Hier = 0, k (4)
Cr

where 6, ;, indicates the peak torsional angle of rotation,
M., and M, indicates the ductility performance of
beams with respect to peak torsional moment and tor-
sional cracking moment. The corresponding values of
each beam is presented in Table 5. Based on the results,
it is evident the contribution of NSM CFRP laminates in
increasing the ductility performance of the beams in
Series 1 by 114 and by 15% in Series 2 with respect to
angle of rotation at yielding point, and by 618% in Series
1 and by 511% in Series 2 with respect to angle of rotation
at cracking moment.

3.2 | Digital image correlation
3.2.1 | General response of strengthened
beams

The central study zone of the left face of both reference
and strengthened beams was monitored with 2D-DIC to
examine in detail the influence of the investigated
strengthening solutions on the overall deformation
behavior. Typical crack evolution and global behavior are
described using strengthened beam S4F_1.4S5 and refer-
ence beam Ref_4S, followed by a discussion on the effect
of the various strengthening schemes. The crack develop-
ment is presented in Figure 8, while the corresponding
strain evolution in the CFRP reinforcement is presented
in Figure 9. The longitudinal and transverse CFRP lami-
nates are represented by white dotted lines, and the
transverse and longitudinal steel reinforcement by yellow
dotted lines in Figure 8. Full field major principal strain
maps (tension) have been computed and represented for
a strain range varying between 0 and 0.1. Although the
strain maps computed are based on the assumption of
continuous displacement fields, strong strain gradients
may be seen as approximate representations of discrete
displacements such as cracks, provided that the resolu-
tion of the system is sufficiently high. While the overall
deformation behavior is similar for all strengthened
beams, the magnitude of the strain field at failure is
mainly affected by the amount of CFRP laminates for-
ming the strengthening system. The observed crack types
(Figure 7) can be categorized as follows:

1. Primary cracks (Type I): parallel spiral cracks exten-
ding throughout the whole length of the beam;

2. Secondary cracks (Type II): new individual cracks
(Type IIa) or originating from existing primary cracks
(Type 1Ib) only extending along one side of the beam
and with typical length of ~200 mm and more;

3. Tertiary cracks: new individual cracks (Type IIla) or
originating from existing primary or secondary cracks
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FIGURE 6 Failure modes
of the strengthened beams:

(a) S4F_L2S5, (b) S4F_L2S10,
(c) S4F_L4SS, (d) S4F_L4S10,
(e) S3F_L2S5 and (f) S3_L2S10
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FIGURE 7 Schematic representation of cracks

(Type IIIb) only extending along one side of the beam
and with typical length smaller than 200 mm.

Cracking initiated with the formation of secondary
(ITa) and tertiary cracks (IITa) within the loading and

(f)

fixed end regions and subsequently extended into the
central study region at an applied rotation and moment
equal to 1.89° and 54.11 kN-m, respectively (Figure 8b).
In the specimens with fully functioning internal strain
gauges, crack initiation was also recorded by the strain
gauges attached to the transverse steel reinforcement. At
this stage, the beam enters in the macro/micro crack
propagation phase, during which the initiation of new
cracks, or the propagation of existing ones, is mainly
observed within the central region. Although the contri-
bution of concrete through aggregate interlock is still
very significant, the moment carrying capacity is mainly
guaranteed by the internal reinforcement and the NSM
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FIGURE 8 Cracking evolution of beam S4F_L4S5 captured by digital image correlation (DIC)
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forcement are not available as all of the strain gauges
stopped functioning. As the applied torsional rotation
increased, both the longitudinal and transverse CFRP
laminates were successful at controlling the development
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FIGURE 9 Carbon fiber reinforced polymer (CFRP) strain
versus torsional angle of rotation of beam S4F_L4S5



GOWDA ET AL.

of primary cracks and mainly secondary and tertiary
cracks formed after this stage. As a result, the presence of
the external CFRP reinforcement contributed to the
larger torsional deformability of the strengthened beams,
increasing their ductility performance and torsional
moment carrying capacity.

Crack stabilization and yielding of the steel rein-
forcement occurred at a value of applied torsional rota-
tion and moment equal to 2.94° and 56.40 kN-m,
respectively (6; «yi and M, qiin Figure 9). The formation
of new cracks, as well as the widening and interlinking
of existing tertiary and secondary cracks, occurred at a
lower rate after this stage, as shown in Figure 8d-f at
3.43°, 4.51° and 5.22° with 60.99, 68.12 and 70.92
kN-m. The corresponding CFRP strain values are pres-
ented in Figure 9, points d, e and f. In the case of the
reference beam, a sudden increase in steel strains
between 4,000 and 6,000 micro strain is observed,
whereas in the case of the strengthened beams, the
strain in the steel reinforcement is limited to 2000
micro strain, since the torsional moment carrying
capacity is distributed between the steel and the CFRP
laminates.

With the further increase in the applied torsional
moment, interlinking of existing cracks, between all
three types of cracks took place at 5.99° and 7.39°
with 73.74 and 77.34 kN-m (Figure 8g,h). At this stage
the CFRP laminates were fully engaged in resisting the
imposed torsional rotation. This is confirmed by the
variation in the strain recorded along the CFRP lami-
nates (Figure 9 points c-j). The crack pattern at peak
torsional moment is shown in Figure 8i (8.44°,
77.95 kN-m and point “i” in Figure 9), quickly followed
by the formation of primary cracks, softening of the
torsional response and failure of the beam (9.44°, 64.78
kN-m). It can be observed from Figure 8d-k that the
longitudinal and the transverse CFRP laminates con-
trolled the crack growth, enhanced the aggregate inter-
lock and promoted the formation of many secondary
and tertiary cracks rather than the full development of
primary cracks (cracks running full depth of the beam's
cross section, 400 mm).

It can be concluded that the CFRP laminates in the
initial stages successfully controlled the formation of
primary cracks, and promoted the development of ter-
tiary cracks (Figure 8c, IIIa) and secondary cracks
(Figure 8i, IIb). However, at higher angle of rotation,
closer to the peak moment, interconnection of tertiary
and secondary cracks took place forming primary
cracks, leading to failure (Figure 8j). Similarly, the evo-
lution of crack pattern for beam S3F_L2S5 (three face
strengthened beam) follows the same procedure and is
presented in Appendix A.
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FIGURE 10
digital image correlation (DIC), and (b) Torsional moment versus
VCG deformation

(a) Location of virtual clip gauges (VCG) using

3.2.2 | Crack mouth opening
displacements

In order to further clarify the stiffening mechanisms
occurred during crack initiation and propagation, the
evolution of crack opening was derived at three specific
locations for three cracks of S4F_14S5 beam. For the pur-
pose, three virtual clip gauges (VCG) were created in the
DIC procedure, by tracing the displacement in three pairs
of points placed in opposite positions relative to a given
crack. The position of the three VCG adopted is presented
in Figure 10a. The displacement difference between
the two points forming a VCG was then calculated in the
direction which is approximately perpendicular to the
crack plane. The VCG_2 is located in the critical failure
crack. The displacements obtained, which can be con-
sidered as an approximation of the opening of the
corresponding crack projected to the plane of measure-
ment (plane of the surface of the beam), are represented
in Figure 10b.

As shown in Figure 10b, the crack monitored by
VCG_1 was the first one to develop. A sudden displace-
ment increment was registered when the crack formed,
and subsequently crack opening increased at a very low
rate. A second crack, the opening of which was registered
by VCG_3, showed a sudden increase in width, similarly
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to the previous crack represented by VCG_1. The third
crack to form, which was captured by VCG_2, showed an
even slower increase in width. This is most likely the result
of the fact that, while the rotation imposed to the specimen
was increasing and also the number of open cracks
increased, the torsional stiffness decreased. Therefore, the
suddenly imposed displacement increment that results from
the opening of a new crack leads to a load drop that tends
to be smaller. Additionally, it is also possible to observe that
the cracks formed at later stages tend to show a more rapid
subsequent increment of crack opening, probably due to
the gradual deterioration of the bond conditions of the rein-
forcements. Lastly, all three cracks have reached approxi-
mately similar value of crack opening at peak moment
(0.8 mm), at which point one of these developed in the criti-
cal failure crack (captured by VCG_2).
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FIGURE 11 Cracking evolution of reference beam, Ref_4S using digital image correlation (DIC)

3.2.3 | Reference beam: Ref_4S

In the current section, the behavior of the reference beam
“Ref_4S” is described using DIC. The development of the
cracks with respect to the increase in the applied torsional
moment (vs. torsional angle of rotation) is presented in
Figure 11, and the respective steel strain evolution is pres-
ented in Figure 12. The steel reinforcements, both the lon-
gitudinal and the transverse reinforcements are presented
by yellow dotted lines in Figure 11.

In Figure 1la, the reference beam is in the linear
response stage where no cracks are developed. The torsional
cracking moment takes place in Figure 11b, where the first
secondary crack is formed closer to the front loading region
of the beam, at 0.49° and 30.87 kN-m. No steel strain jump
is registered in any of the steel strain gauges, since the
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FIGURE 12 Steel strain versus torsional angle of rotation of
reference beam, Ref_4S

strain gauges are positioned close to the center of the beam
(950 mm, Figure 4b). The beam then enters micro/macro
crack propagation phase, shown in Figure 11c-e, at 1.21°,
1.60° and 1.74° where several cracks are formed and the
corresponding strains are shown in Figure 12 (points c, d
and e). All the cracks formed at this stage, run almost
throughout the respective beam faces, with limited breaks
that is, cracks with branches or splitting cracks. This
response is different from the strengthened beams
(Figure 8b), which experience more cracks with many bra-
nches, due to the crack opening and slide resisting mecha-
nisms provided by CFRP laminates bridging these cracks.

Figure 11f corresponds to the stage when yielding of steel
reinforcement is registered and cracks are formed in the cen-
tral study region, which is followed by a continuous degrada-
tion of the torsional resistance of the beam. A strain jump at
this stage is registered, presented by point “f” in Figure 12.
Corresponding to stages in between points “e” and “f,” two
other strain gauges (SG_LS1 and SG_TS1) have registered a
sudden abrupt increase in strains, due to crack process lead-
ing to the yielding of the respective reinforcements. The peak
torsional moment is obtained at 4.78°, 56.68 kN-m and the
DIC image closer to the value is presented in Figure 11h
(4.70°, 56.01 kN-m), with the corresponding strain value at
points “h” in Figure 12. Finally, the crack pattern of the
beam’s failure is shown in Figure 11j. Comparing the after
failure images of reference beam (Figure 11j) and strength-
ened beam S4F 14S5 (Figure 8k), it is notable the much
higher number of cracks (smeared in the beam’s test zone) in
S4F _14S5 due to the contribution of the CFRP laminates,
leading to the increased torsional moment capacity.

3.2.4 | Additional results and outcome of
DIC procedure

Figure 13 shows the surface strain distribution of all the
tested beams where DIC was used. The CFRP laminates

JibA—

are represented by yellow dotted lines both in horizontal
and longitudinal direction in the DIC images, and by
black solid lines in the photographs of the specimens.

Figure 13a shows the DIC analysis of Beam S4F_L2S5.
Although failure in this beam was not captured by DIC, as
it took place in a portion of the beam that was not moni-
tored by the camera (see Figure 6a), the DIC images can
be used to examine in greater detail both the crack devel-
opment and evolution. An average crack spacing of
143 mm was calculated from the results of DIC consider-
ing only full cracks (Type I) on the left face, while the
average crack spacing considering all four faces was
133 mm. A summary of the crack analysis is presented in
Table 8 for all beams, including both values obtained
from DIC, considering only the left face of the beam and
overall visual and photographic inspection considering
all the four faces at failure. The results show a small dif-
ference of 2.5% between the different techniques adopted
for measuring crack spacing.

The DIC analysis of S4F_L2S10, which was strength-
ened with twice the amount of transverse CFRP lami-
nates than S4F_L2S5, is shown in Figure 13b. Also in
this case, the critical crack (Figure 6b) was not capture
by DIC. A higher number of cracks formed along
S4F_L2S10 (average crack spacing of 120 mm) due to
contribution of the extra percentage of transverse lami-
nates that resulted in a higher torsional moment capac-
ity. The failure pattern of beam S4F_L4S5, which failed
by CFRP rupture followed by concrete crushing on the
top and left face, was successfully captured by DIC
(Figure 13c). Figure 13d shows the crack pattern and
strain field at failure of specimen S4F_1.4S10, which was
strengthened with the highest amount of longitudinal
and transverse reinforcement ratios and failed prema-
turely in the over-reinforced region at the loading end.
Also in this case, the use of DIC enables a more detailed
visualization and examination of secondary and tertiary
cracks, successfully terminating the formation of spiral
cracks and increasing the ductility performance of the
strengthened beams. In few cases, it was also noticed
that cracks developed along the CFRP reinforcement,
although only at critical load levels (Figure 13c, top lon-
gitudinal CFRP laminate).

The average crack spacing in beam S3F_L2S5, which
failed by concrete crushing on the unstrengthened top
surface (Figure 13e) and on the left face captured by
DIC, was 186 mm, which is the largest that was
observed in this study. Figure 13f shows the DIC analy-
sis of beam S3F_14S10, which failed due to local
crushing between the steel jackets on the top face, as for
beam S4F_14S10.

Based on the results analyzed by DIC, the technique
has helped in gaining a better understanding of:
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FIGURE 13 Digital image correlation (DIC) results: (a) S4F_L2S5, (b) S4F_L2S10, (c) S4F_L4S5, (d) S4F_L4S10, (e) S3F_L2S5, and (f)

S3F_L4S10

TABLE 8 Comparison of average crack spacing based on
digital image correlation (DIC) and local measures

Average

crack spacing

according Average crack DIC/average

to DIC (imm): spacing (mm): of four
Beam Left face All faces faces (%)
Ref_4S 163.76 200.28 81.77
S4F_1.2S5 142.86 132.59 107.75
S4F_L2S10 120.00 104.48 114.86
S4F 14S5  139.58 133.33 104.69
S4F_L4S10 114.00 101.37 112.46
S3F_12S5  186.07 169.20 109.97
S3F_L4S10 12045 139.90 86.09
Average 102.51

« The torsional crack evolution process in thin-walled
elements strengthened with NSM CFRP laminates

subjected to torsion;

« The interlinking of some secondary and tertiary cracks,
has degenerated in to primary cracks, resulting in a
smeared crack distribution pattern of the strengthened

beams at their failure stage. However in the case of ref-
erence beam, there is formation of many primary
cracks (full cracks). Crossing the information of the
crack propagation process by DIC with the strain evo-
lution in the reinforcement systems has contributed
for a deeper understanding of the contribution of the
CFRP laminates for the torsional strengthening of the
tested RC beams. This information can now be used
for assessing the predictive performance of advanced
computational models based on the finite element
method. After calibrating with the help of this experi-
mental information, these models can be used for exe-
cuting parametric studies, not only for assessing the
influence of relevant parameters on the strengthening
performance of the adopted NSM technique, but also
for assisting on the enhancement/development of
design guidelines;

The NSM strengthening technique increased not only
the torsional load carrying capacity, but also the tor-
sional ductility corresponding to the unstrengthened
beams.

Even though, no premature failure at the extremities

of the CFRP laminates were not observed, the anchorage
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FIGURE 14 Strategies (a and b) for improving the anchorage
conditions for the extremities of near surface mounted carbon fiber
reinforced polymer (NSM CFRP) laminates

conditions of these zones can be improved by providing
pultruded L-shaped FRP profiles bonded by resin or by
screws as shown in Figure 14.

3.2.5 | Strengthening assessment

The strengthening configurations of both series are veri-
fied against the formulations provided in the fib Bulletin
90.%® Although, the code does not provide specific equa-
tions for NSM strengthening, the design procedure
(Equation 5) follows the same procedure. First, the tor-
sional resistance is evaluated using the average mean
values of the material properties from the experimental
tests. Second, the equations are used to design the beams,
using design values (considering partial safety factors)
from the experimental results.

Tra = min(Tras + Tra > TRd,max) (5)
Tras = Mk% fyacotd (6)
Traf= 2kfsb;—:fbhf fwaCoto (7)

kg =1—e % ™ (8)
TRd,max = 2V0cwf qAktet iSiNOcosH (9)

where Tyq is the torsional resistance of the member, Trq s
is torsional resistance by transverse steel reinforcement
(adopted from NTC-2018), Trq¢ is the resistance by trans-
verse CFRP reinforcement, Trqmax iS the resistance by
the diagonal compressive struts, Ax is the area enclosed
by the center line of the connecting walls, A; is the area

Jibd—

of the steel stirrups (only one leg is considered as the
other leg does not offer resistance to the same component
of shear flow), f,4 is the design yield strength, 6 is the
diagonal compressive strut angle inclination, b and f are
breadth and depth of the cross section of the FRP lami-
nate, b and h are the breadth and depth of the beam cross
section, fiwq is the design value of the FRP strengthening
contribution, s¢ is the spacing of the FRP laminates, v is
strength reduction factor for cracked concrete in shear,
Qew 1S a coefficient taking into account the state of stress
in compression chord, f.q is the design compressive
strength of concrete, f.; is the effective wall thickness
(A is the outer cross sectional area and u is the perimeter
of the cross section). Available research shows (Chen
et al.,"® Dias and Barros,*® Bianco et al.*) that by increas-
ing the percentage of shear reinforcement, the contribu-
tion of FRP for the shear strengthening is detrimentally
affected. This concept is now extended for the torsional
strengthening by affecting the TRd,f by the kfs factor that
depends on the pw,eq (Equation 8), which is the equiva-
lent reinforcement ratio (Table 3). The a and b constants
of this inverted sigmoid function were calibrated by the
obtained results, but more experimental data will be nec-
essary for a more reliable applicability of this parameter.
The evaluation of the fg,q was performed according to
the formulation proposed by Bianco et al.,** whose
parameters values are indicated in the footnote of
Table 10 and the equations are presented in Appendix B.

The results of the evaluation are presented in Table 9
(using average values for the material parameters and unit
values for partial safety factors) and the design values for the
same are presented in Table 10. By using average values for
the material properties a very good agreement with the exper-
imental values was obtained (%:1.06), while in case of
design values a TTR“:‘ﬁ:l.S was determined, which is a
proper safety factor for structures that have failed with
the yield initiation of the existing steel reinforcement.

Comparing the design values with the experimental
results, for example, beam S4F_14S5, the updated predicted
resistance is 27.71 kN-m, which corresponds to 35% of the
peak experimental torsional moment (79.37 kN-m), 0.49°
angle of rotation (corresponds to 6% of the experimental
angle of rotation at peak moment), the experimental CFRP
strain evolution is in the initial stages (Figure 9) and the
crack pattern (Figure 8b) has very few primary and second-
ary cracks. The same pattern is observed in all the strength-
ened beams using NSM-CFRP laminates both in four face
(Series 1) and three face (Series 2) retrofitting solutions.

Thus the increase in torsional moment carrying
capacity and torsional angle of rotation, and the reduced
crack pattern for the predicted and evaluated values
according to fib Bulletin 90,%® shows the increased perfor-
mance of the experimentally tested beams.
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TABLE 9 Evaluation of the experimental results using fib bulletin 90?®

Beams TRd,s (kNm) TRd,max (kNm) pw,eq ffw (MPa) kfs

Ref_4S 25.64 155.37 0.502 -

S4F_L2S5  25.64 155.37 0.573 2,346
S4F_12S10 25.64 155.37 0.644 2,346
S4F_14S5  25.64 155.37 0.573 2,346
S4F_L4S10 25.64 155.37 0.644 1982
S3F_L2S5 25.64 155.37 0.555 1982
S3F_L4S10 25.64 155.37 0.608 1982

Note: Ay = 90,000 mm?, A, = 100.53 rnmz,fy = 566.70 MPa, 6 = 45°, s = 200 mm (100 mm), b = 10 mm, ¢y = 1.4 mm, b = h = 400 mm,

0.906
0.550
0.906
0.550
0.955
0.749

TRd,f (kNm) TRd,num (kNm)

47.59
57.78
47.59
48.82
31.81
49.89

25.64
73.23
83.42
73.23
74.45
57.44
75.53

fae = fom — 8 = 23.8 MPa, v= 0.6(1 - f;—;)) =0.54, dow = 1, fom = 318 MPa, fug; = A/u = 400%/1600 = 100 mm.

Traex
TRd,exp (kNm) TR

Trd,num

56.69 2.2113
78.3 1.0693
81.69 0.9793
79.37 1.0839
83.02 1.1150
66.65 1.1602
70.27 0.9304
Average 1.0564

TABLE 10 Prediction of the experimental results using fib bulletin 90,%® considering design values and partial safety factors

Beams Tras (kN'm)  Tramax (KN-m)  frwa (MPa)
Ref_4S 22.29 77.52 -

S4F_1.2S5 22.29 77.52 1,366
S4F_12S10  22.29 77.52 1,237
S4F_14S5 22.29 77.52 1,366
S4F_14S10 22.29 77.52 1,237
S3F_L2S5 22.29 77.52 1,366
S3F_14S10 22.29 77.52 1,237

ks

0.906
0.550
0.906
0.550
0.955
0.749

Tras (kN-m)

- 22.29
27.71 50.00
30.47 52.76
27.71 50.00
30.47 52.76
21.92 44.21
31.14 53.43

TRd,num (kNm)

Trd.ex
TRd,exp (kNm) R,

Trd,num

56.69 2.543
78.3 1.566
81.69 1.548
79.37 1.587
83.02 1.574
66.65 1.507
70.27 1.315
Average 1.516

Note: v, = 1.15, f,q = 492.78 MPa, y. = 1.5, fug = 15.87 MPa, L, = 21.4, A, = 25,000, Lq = 800, Vi"" = 32,844, fum = 2.44, E, = 31,616, J; = 0.000009, C5 = 1959,
Lyte = 218.3, Vg ® = 41.9, Lg = 100, fum™ = 1.39, dp = 0.6335, dp.1(Lrg) = 0.6335, A, = 16,764, A3 = 0.17, ymax = 0.0018, Vi o™ = 19,120.

4 | CONCLUSIONS

This paper discusses an experimental programme on tor-
sional strengthening of thin walled tubular RC structures
using different strengthening ratios of longitudinal and
transversal CFRP laminates applied according to the NSM
technique (in four and three strengthened faces). Based on
the results obtained from the tests, the NSM CFRP strength-
ening in both longitudinal and transverse direction is a
promising rehabilitation solution for torsional deficient RC
structures. The technique increases the torsional moment
carrying capacity of the beams depending on the CFRP rein-
forcement ratios. The NSM strengthening also increases the
ductility performance of the strengthened element with
respect to the corresponding unstrengthened element. The
application of DIC technique provides useful data in under-
standing the contribution of CFRP laminates in resisting the
applied torsional moment. Apart from these general conclu-
sions, which include information extracted from DIC analy-
sis, the following conclusions can be drawn.

« All four faces and three faces NSM CFRP strengthen-
ing schemes resulted in enhanced torsional

performance, with an increase in moment carrying
capacity varying from 18 to 46% depending on the
adopted strengthening ratios.
the strengthened beams
exhibited higher ductility than the reference one, rang-
ing from 19 to 76%.
« Four faces strengthened beams (Series 1) performed
better than the three faces strengthened counterparts
(Series 2), due to early failure of the unstrengthened
top surface of the beams of Series 2.

« Apart beam S3F_L2S5,

« With

the exception of beams
S3F_14S10, all other beams failed by CFRP rupture
followed by concrete crushing. Beams S4F 1.4S10 and
S3F_1.4S10 failed prematurely due to the development
of high stresses around the steel loading section.

« DIC measurements provided evidence that the NSM
CFRP laminates were effectively mobilized and assisted
in controlling crack opening and reducing crack spacing
(by about 15-49%). It was also shown that the crack
opening behavior follows a sequence of typical steps:
after an initial sudden displacement increment, crack
opening increases very mildly, until right before failure
when one of the cracks coalesce and suddenly suffers

S4F 1.4S10 and
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strong displacement increments until failure. The sud-
den displacement jump that occurs at the moment
when a new crack opens tends to be milder while defor-
mation increases and damage accumulates, until failure.
This information can be further explored to improve the
methods for anticipating the collapse of structures based
on the monitoring of existing cracks.
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Beam S3F_L2S5 (three face strengthening): Step by step DIC analyses
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APPENDIX B

According to BSMCFT, the design value of tensile
strength in FRP la%;pates by NSM technique (fzvq) is
evaluated by fg,q = 55
where

VI = Vet (Vmax) = sroe— [% —arcsiny —y/1 —wz} . to
obtain all the costants and unknowns, the following
equations are necessary. More details on the BSMCFT is
available in Bianco, Monti and Barros.*°

1. Evaluation of constants, including geometric con-
stants, mechanical constants and bond-modeling
constants;

a. The geometric constants are: effective perimeter of
FRP laminate cross section (Lp); cross sectional
area of the prism surrounding the concrete (A.);
and length of the CDC (Ly).

b
L, =2(as +bs) =21.40; A.= sw7w =25000;

hy

- =800
sind,

Lg=

b. The mechanical constants are: FRP laminate ten-
sile strength; concrete tensile strength (fi.y,); and
Young's modulus (E,).

tr fom—8 z/3
VI = asbify, = 32844;  fum :1.4(T)

2
/3
E.=2.15x10* (%) =2.50;=31616.53

fru is the tensile strength of the FRP laminate and fyy,
is the concrete tensile strength.

c. The bond-modeling constants are: bond modeling
constant; integration constant (Cs); constant of
differential equation (4); effective resisting bond
length (Lgg); and corresponding maximum bond force

(Vi)

L=-L|=
"7 Ar |Er T AGE

LPF . Af] o,V 1
tLyse = % =215.81;=0.000009; = 1959.13;

LyA

1

=41.91

bd _
Vi =

d. Evaluation of reduction factor () and equivalent aver-
age resisting bond length (Lyf);

Z;qﬁ = 77ZRﬁ
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where S11 (Lyg) iV <vi
*" | min]

=0.6335
5 Zeq . 5 Vtr fvbd > Vtr
- hsind, (cot6, + cotf) 11 (Lgi)s0u1 (V)] f1 =Vt
Lrs = ; =100
4sin(6y + )
fetm iff. <f! where
* ctm ctm
= {fam —_eq 81 [1—cos(ALyg)] ifLyh < Lre
1 iffoy, >f::tm o1 (LRﬁ) = s FT S T, =0.6335
o Lp)ﬁl sin(ﬂLRﬁ) _ 1 Rfi Rfe
fctm = =1.39

- - - C
Jy-min(Lggtana, bys)-min(sgsing, 2Lgstana) s (Vi) =8 { 1—cos {_ arcsin;] }

1
In which Lgg should be

f. Evaluation of the maximum effective capacity of the

L Tan if g < Leg NSM FRP laminate (V%) with equivalent average
Rfi = - —
' Lgge if Lrf > Lyse resisting bond length (L;%);

e. Assessment of the imposed enge qsllp value (6y), for V% = Vi et (max) = — ;1 2 E _arcsiny —y W}
which the maximum force Vi (Lypg;61i) in the consti- dA3Y max
tutive law for the corresponding bond length Ly: is =19120
achieved; where
A, = LPA.A _ sin(@v +/)’) . _ 201u A, =16764.58,
T 26, T Lesin(6y+6)  As=0.1732,

v =(1-A3)7maxLa =0.75 Ymax = 0.0018
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