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Abstract

In this paper, the effectiveness of FRCM composites for the confinement of concrete specimens is
studied. Concrete cylinders were confined using either carbon- or glass-FRCM jackets, and then tested
monotonically under axial load. Performance of the system was evaluated in terms of gain in axial
strength and ductility with respect to unconfined specimens. In addition, values of hoop strains recorded
with strain gauges mounted on the fibers were compared to those obtained on the composite surface
using a digital image correlation (DIC) system. Results show that carbon-FRCM jackets provide higher
gain in axial strength than their glass-FRCM counterparts and have a higher fiber exploitation ratio.
Measurement of hoop strains on composite surface were significantly higher than those recorded di-
rectly on the fibers using strain gauges, for both the FRCM-confinig systems.

1 Introduction

In the previous decade, intensive research has been carried out on the use of fiber reinforced cementi-
tious matrix (FRCM) composites, for improving the flexural, shear, and axial capacity of existing con-
crete members. FRCM composites are comprised of high strength fibers in the form of open-mesh
configuration, and ordinary cement mortars, modified by adding mineral additions (i.e., fly ash or silica
fume) and polymers, to improve strength, bond characteristics, durability, and ultimate deformation [1].

Experimental evidences have shown that the use of FRCM composites is able to increase the ele-
ment strength, although its efficiency is, in general, lower than that achieved by using fiber reinforced
polymer (FRP) composites [2]. However, some characteristics of the FRCM system, such as the possi-
bility of applying it on wet surfaces, post-earthquake assessment, and compatibility with the substrate,
make them a suitable alternative to the more well-know FRP composites [3].

For the case of axial confinement of concrete members, applying the FRCM jackets along the height
of the elements promotes the increase of axial strength and ductility of the confined element with res-
pect to the unconfined case. One of the first studies on this subject [4] analyzed plane concrete cylinders
confined with carbon FRCM jackets, which were then tested monotonically under axial load. Results
showed that the carbon FRCM jackets were able to attain an increased peak axial strength between 25%
and 77%, depending on the applied number of layers and tensile strength of the matrix. The failure
mode was characterized by debonding or fiber fracture. The type of failure was attributed as well to
different tensile strengths of the mortars used. Although fiber fracture was also reported for FRP con-
fined specimens tested in [4], the FRCM confined elements showed a more ductile failure mode due to
a more gradual fracture of the individual fiber bundles.

Garcia et al. [5] confined concrete cylinders using one or two basalt fiber layers, and pozzolanic or
Portland cement-based mortars. They witnessed an increase in the axial strength value between 21%
and 31%, depending on the mortar type, irrespectively of the number of layers. The highest enhance-
ment was observed for the matrix with the highest tensile strength, that corresponded to the Portland
cement-based mortar in this specific case. The failure mode was characterized by the presence of ver-
tical cracks running along the height of the specimen, that widen as the load increased without any fiber
fracture. De Caso y Basalo et al. [6] studied the influence of external reinforcement on glass-FRCM
confined concrete cylinders. They observed that for the type of system used, the effectiveness of the
confinement was not reduced with the number of layers applied; indeed, higher axial strength values
were achieved for specimens with the highest number of layers (four in this case). In addition, the
failure mode was characterized by the slippage of the fibers in the fiber-matrix interface and partial
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fiber fracture. Similar results were reported in [7], where PBO-FRCM confined cylinders were experi-
mentally analyzed. Trapko [8], working also with PBO-FRCM confined elements, found that the sys-
tem was more effective for elements with lower values of unconfined axial strength, i.e., the highest
increase in the axial strength value was observed for the members with the lowest unconfined compres-
sive strength.

Colajanni et al. [9] reported an increase in the axial strength and ductility for PBO-FRCM confined
concrete elements with square sections, although lower than those of cylinder specimens. For these
latter, they found that the increase in axial strength was proportional not only to the number of layers
but also to the overlapping length and the mechanical properties of the matrix. Indeed, a higher increase
in ductility was observed for those specimens in which a larger value of overlapping length was used.

Ombres and Mazzuca [10], working on a dataset of available experimental tests on FRCM confined
specimens, found out that the ratio of confined to unconfined axial strength (fc/fco) was directly pro-
portional to the axial stiffness of the reinforcement, p/Ey, where py is the confinement reinforcement
ratio of the system (4nt/D with n=number of fiber layers, #=equivalent nominal thickness of the fiber
mesh, and D=member diameter), and E is the elastic modulus of the bare fibers. They observed also
that fcc/feo was inversely proportional to the unconfined axial strength fzo.

The above research context highlights that, although several experimental research have been al-
ready carried out in this context, there is still need to carry out further efforts to better understand the
behavior of such elements, for instance, providing information about the values of strain achieved by
the system in the hoop direction. The local evaluation of such strains has been carried out by means of
horizontal linear velocity displacement transducers (LVDTs) [11] or strain gauges [12] attached to the
matrix surface. However, as pointed out by several researchers [12], failure of the system usually occurs
at the matrix-fiber interface and not on the substrate or at the matrix-substrate fiber, as it is usually
found for FRP composites. This implies that, for the case of FRCM composites, contrary to the case of
FRP composites, strains on the fibers should be determined, instead of on the matrix surface. To eva-
luate such strains, strain gauges attached to the fiber surface before embedding it in the matrix have
been successfully used to study the bond behavior of FRCM composites [13]. More recently, digital
image correlation (DIC) systems have also been used to study the behavior of FRCM strengthened
concrete and masonry elements [14].

DIC is a non-contact measurement technique that identifies the coordinates of points and patterns
in images using imaging sensors [15]. The use of DIC within the civil engineering field has been fo-
cused on the measurement of displacements, deflections, and presence of cracks in reinforced concrete
(RC) and masonry structures, but also more recently on the study of FRCM-confined members too [16].

In this study, plain concrete cylindrical members were confined using FRCM composites with two
different fiber types: carbon and alkali-resistant (AR) glass. The influence of the FRCM system on the
behavior of the confined elements was evaluated in terms of increase of axial strength, ductility, and
crack development on the composite surface. The FRCM system hoop strains were studied by means
of strain gauges mounted on the fibers and compared to those recorded on the matrix surface by means
of DIC system. Values of fiber strains recorded were then used to compare predicted and experimental
values of lateral confinement pressures and gain in axial strength provided by the FRCM system.

2 Experimental program

Nine specimens of 150 mm of diameter (D) and 300 mm height (H) were included in the experimental
campaign presented in this paper. Three specimens worked as control specimens (NC-S3), three were
confined (C-S3) with two layers of carbon FRCM composites and the remaining three were confined
with two layers of glass-FRCM composite (G-S3). They were realized with a low-strength concrete
mixture, having an average compressive strength class target of 15 MPa at 28 days, representing a low-
strength, deteriorated concrete situation, that might require retrofit interventions.

The FRCM composite systems used were commercially available from a single producer. Carbon
and glass, dry, open mesh textiles were employed. Glass fiber bundles, as delivered by the producer,
were coated to improve the bond between the fiber and the matrix. Both the system used for the con-
finement of the specimens were provided by a single, same, producer. Fiber features are listed in Table
1. Concerning the cementitious matrix, it consisted in a premixed mono-component low modulus fiber-
reinforced matrix with polymeric and inorganic binders with pozzolanic property, to be hydrated with
water at a water/binder ratio of 0.17. The mechanical characteristics of the matrix, obtained using
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40x40x160 mm prisms were: flexural strength (fin) = 5.3 MPa; and compressive strength (fenm) = 22.9
MPa, both evaluated within 4 days from cylinders testing.

Table 1  Fiber properties.

Fiber type w Ey S fu I o PEr
(g/m?) | (GPa) | (MPa) | (%) (mm) (GPa)

C (carbon) 170 240 4700 1.8 0.047 0.0025 0.602
G (glass) 251 70 2000 >3.0 0.050 0.0027 0.175

Concerning the strengthening procedure, surface preparation consisted in a superficially damping only.
A first layer of matrix was then applied on the wet concrete surface. Immediately after, the first fiber
layer was placed on top of the fresh matrix and pressed gently. The fiber layer was then covered by a
second matrix layer and the procedure was repeated for the second fiber layer and the third and final
matrix layer. Afterwards, the last matrix layer was superficially damped and the specimens were cov-
ered by a wet cloth that was removed seven days after the confinement procedure took place. The
average thickness of each matrix layer was approximately equal to 4 mm. An overlapping length of 150
mm was used.

Fig. 1 Carbon (left) and glass (right) mesh conﬁgu.ration.

For the loading protocol, specimens were tested under monotonical axial compression loading using
a hydraulic press with a total capacity of 600 kN. A constant displacement rate of 0.6 mm/min was used
for testing the specimens. Three LVDTs with a gauge length of 100 mm were mounted on concrete
specimen surface, placed at the specimen mid-height, equally spaced radially at 120°, to evaluate the
axial strain during the loading. Further two LVDTs were used to evaluate the displacement of the press
plate (see Fig.2, left). Such instrumentation was used only for the confined specimens, and it aims to
record the axial strains after reaching the peak load, using as gauge length the entire height of the spe-
cimen. Concerning the monitoring of fiber hoop strains, on one specimen per type, four strain gauges
(SGs) were mounted on the fibers before embedding them in the matrix. Two strain gauges were applied
in each layer of fiber, in order to analyze the possible difference in the strain values depending on the
location of the fiber layer with respect to the concrete surface (see Fig.2, right).

Filippo Andreose, Jaime Gonzalez-Libreros, Flora Faleschini, Klajdi Toska, Mariano Angelo Zanini and 3
Carlo Pellegrino



1° fib Ttaly YMG Symposium on Concrete and Concrete Structures

. overlapping
\ length
\ . S G.TJ' it SGEMJ

8G3.y  SGdyy

SG o 8 SG2,

Fig. 2 Test set-up: left, disposition of LVDTs; right, position of strain gauges.

For DIC measurement, a three dimensional (3D) configuration was used in order to avoid significant
errors in in-plane displacements, associated with two dimensional (2D) configurations. The stereo-vi-
sion system consisted of two monochrome cameras with 5 Megapixel CCD resolution and 12 mm focal
length lenses. The two cameras were placed 1.5 m from the samples and oriented with a 36° stereo
angle. Light-emitting diode (LED) lamps were located close to the specimens to obtain uniform illumi-
nation of the samples during testing. Images were acquired with a frequency of 1 Hz. The system was
synchronized with the data acquisition system of the testing machine and images were acquired simul-
taneously with the applied load. The system was calibrated by capturing several images of a known
grid pattern in various poses, including significant rotations about all three axes. Before testing, a white
base layer was applied on the specimens’ surface and then a black ink marker was used to apply a
random speckle pattern. Speckles were around 1 mm diameter and 3-5 pixels in size. Fig. 3 shows the
location of the virtual strain gage used to evaluate the matrix strains, compared to the speckle pattern
adopted in the two confined specimens.

Fig. 3 Location of virtual strain gauges SG1pic and SG2pic for specimen: left, C-S3; right, G-S3.
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3 Results

31 Axial stress vs. axial strain response

Fig. 4 shows the relevant curves plotting the axial stress versus axial strain for the analyzed specimens.
In Table 2, instead, average values of peak and ultimate compressive axial strength (fe, and feo,u, respec-
tively), and peak and ultimate axial strains (e and &cou, respectively) for unconfined specimens are
presented. Table 2 also lists the corresponding average values of confined peak and ultimate compres-
sive axial strengths (f.c and fu, respectively), and peak and ultimate strains (ecc and &ccu respectively).
In this paper, it was assumed that the ultimate condition of the specimens corresponds to a drop of 15%
of the peak load in the post-peak branch of the axial stress vs. axial strain curve. Ratios of confined to
unconfined axial strength (fcc/fc0), i.€., the increase in the axial strength provided by the FRCM system,
of confined or unconfined ultimate axial strength to average peak unconfined axial strength (feo,u Or
feeu)/feo, and of ultimate unconfined or confined axial strain to peak unconfined axial strain (&cou or
&ccu)l€co, are also shown in Table 2. In one carbon confined specimen a pronounced hardening branch
was observed. This resulted in a higher e.. mean value for the CFRCM series with respect to the glass
and non confined ones.

Table 2 Results of the axial behavior.

Series | feo OF foe | feclfeo Jeou OF fecu | (feou OF fecu)lfeo | €co O Ece Ecou OF Eccy | EcouOF Ece,u)/Eco
(MPa) | (-) | (MPa) (-) (%) (%) (-)
NC-S3 16.8 - 14.3 0.85 0.164 0.272 1.66
C-S3 22.3 1.32 19.0 1.13 0.218 0.905 5.52
G-S3 19.3 1.15 16.4 0.97 0.102 0.407 2.49
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Fig. 4 Envelope of the axial stress vs. axial strain curve for NC-S3, C-S3, and G-S3 series.

3.2 Failure mode of confined specimens and influence of fiber

Failure mode was characterized by vertical cracks on the FRCM jackets running along the height of the
specimens. For G-S3 specimens, one of the first vertical cracks appeared around the beginning of the
overlapping zone before peak load was attained. As the load increased, original cracks, that formed
relatively early, continued growing in length while new cracks started opening. The final cracking pat-
tern was characterized by a homogeneous crack distribution around the perimeter of the specimens.
Instead, for C-S3 specimens, formation of cracks was preceded by the concentration of high values of
strain on the matrix surface. All specimens, except one, showed a softening post-peak branch which
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would suggest that specimens failure is due to the slippage of fibers into the matrix. Fig. 5 shows the
post test C-S3 (left) and G-S3 (right) specimens.

W c-53-D03
RS

Fig. 5 Post-tesf éracking pattern: left, C-S3; right, G-S3.

Results in Fig. 4 and Table 2 show that the FRCM jackets can provide an increase in the axial
strength, irrespectively of the type of fiber used. However, the gain in strength for carbon-FRCM con-
fined elements is around two times higher than that observed for glass-FRCM confined specimens,
although the area of confinement provided was the same for the two systems. Indeed, the fibers have
the same equivalent nominal thickness #. However, as expressed before, the effectiveness of the system
is not related exclusively to the amount of reinforcement provided but to the system axial rigidity prEr.
As shown in Table 1, carbon-FRCM confined system has a higher value of prErbecause carbon fibers
have a higher elastic modulus than glass fibers, which explains the differences in the gain in axial
strength. All specimens except one showed a softening post-peak branch which would suggest that
specimens failure is due to the slippage of fibers into the matrix.

FRCM confined specimens show also larger post-peak descending branches with significantly far
higher values of ultimate axial strain when compared to that of unconfined elements. The increase in
ductility is higher for carbon-FRCM jackets which indicates that this system is more effective than its
glass counterpart, as demonstrated by the higher value of €cu./co reported in Table 2.

3.3  Hoop fibers and matrix strains

For specimen C-S3, Fig.6 (left) shows that strains in carbon fibers start to be recorded and increase
rapidly for values of fec/feemax that range between 0.85 and 0.90, independently of the location of the
strain gauge (layer or position in the cylinder perimeter). This point coincides with the development of
the first longitudinal crack in the matrix surface. For this specimen, the highest values of strain were
recorded for the strain gauge mounted on the first fiber layer (SG1iuy). For this strain gauge, the maxi-
mum value of hoop strain recorded (& max) Was equal to 0.0044, which corresponds to a fiber exploi-
tation ratio (&w,ma/ &) 0f 0.25. Lower values of this parameter were obtained for the fibers in the second
layer, implying that the first layer is more effective than the second one. For glass confined specimens
the first longitudinal cracks in the matrix surface apear for values of fec/fec,max between 0.4 and 0.5 which
explains the sudden increase of strain in the glass confined series as shown in Fig. 6 (left). This differ-
ence from the carbon specimens is due to the higher axial stiffness of the carbon system that guarantees
higher confinement with less strain developments. For specimen G-S3, Fig. 6 (right) shows that the
higher values of & are recorded for both strain gauges mounted on the external fiber layer. The maxi-
mum exploitation value found was equal to 0.17, recorded for strain gauge SG1exs. which is lower than
that found for specimen C-S3-3, although the hoop strain (taken in absolute value) is higher. The higher
values of strains recorded on the external layer might be associated with the early matrix cracking and
the cracking pattern.
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Fig. 6 Normalized axial stress fee/fec,max VS. hoop strain for specimens: left, C-S3; right, G-S3.

Lastly, results recorded by virtual strain gage placed in the transverse direction and based on DIC sys-
tem show that matrix surface strains are considerably higher than those recorded by the strain gauges
mounted on the fibers (see Fig. 7 compared to Fig. 6, right-side, for specimen G-S3). These results
imply that measurement of strains made on the composite surface can highly overestimate the actual
hoop strains developed on the fibers. This mismatch can be easily associated to the cracking pattern
development onto the matrix surface.

0.75

See/fee,max
=
tn
=

= = == $G3uxs
— = $Gdeny

SG3oic
— = = = SG4ic
0.00 T T T L T 7T T T T L T
0.000 0.003 0.006 0.009 0.012
Hoop strain
Fig. 7 Normalized axial stress fcc/feemax VS. hoop strain on fiber and matrix surface for specimen
G-S3.
4 Conclusions

This paper presents the results of an experimental campaign aimed at studying the behavior of concrete
members confined with carbon- and glass-FRCM composites. The cracking pattern and evolution of
hoop strains measured directly on the fibers and on the surface of the FRCM jacket were also
investigated.

The main results proved the effectiveness of FRCM composites to improve the axial strength and
ductility of plain concrete specimens confined with FRCM jackets, irrespectively of the type of fibers
used. A better performance of the FRCM-system is expected for fibers with higher values of axial
stiffness.
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Particularly, higher maximum exploitation ratio, i.e., ratio between maximum fiber hoop strain and
ultimate fiber strain, was observed for carbon-FRCM confined specimens when compared to their
glass-FRCM confined counterparts. In the former specimens, higher values of strain were obtained on
the first fiber layer while for the latter members, similar values were recorded for both layers, although
higher strains were witnessed on the outer fiber layer.

Lastly, hoop strains measured on the composite surface were significantly higher than those re-
corded directly on the fibers.
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