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ARTICLE INFO ABSTRACT

Keywords: Bond aspects may significantly influence the effectiveness of Fiber Reinforced Cementitious Matrix (FRCM)
Carbon fibers jackets as confining system. Among them, this paper focuses on the following variables: the overlapping length,
FRCM the equivalent thickness of the fibers (directly related with the fabric weight), fibers coating presence (pre-
Concrete confinement . . . . . . . .

Bond impregnated with epoxy resin or fluid cement paste), and lastly, the reinforcement configuration (continuous or

discontinuous layers). For this scope, an experimental campaign was carried out on cylindric specimens, subject
to cyclic axial loading, strengthened with two layers of carbon-based FRCM (CFRCM). Failure modes, axial
stress—strain curve, strength and stiffness deterioration and, lastly, plastic strains were analyzed. Experimental
results indicate a clear effect of the investigated parameters on the overall effectiveness of the confining jackets:
the best results were obtained when carbon fibers are epoxy-coated, recalling that for making the application
feasible, a relatively large mesh size and a low degree of coating impregnation should be used for the textiles.
Lastly, new relationships to predict the main parameters that define the cyclic behavior of confined concrete are
proposed and compared with those found in literature for other confining systems (based on fiber-reinforced

Cyclic loading
Stress—strain

polymer FRP and transverse steel).

1. Introduction

Concrete confinement through external bonded reinforcement (EBR)
can be achieved using different jacketing systems, and among them, in
the last years the use of Fiber Reinforced Cementitious Matrix (FRCM)
has significantly increased the attention of designers due to some
interesting features of this composite. Indeed, compared to the most
well-known Fiber Reinforced Polymer (FRP) solution, some benefits can
be achieved, namely the avoidance of using large amounts of epoxy
resins that have high cost, deteriorate when exposed to medium-high
temperature (typically, higher than 70-80 °C), and have few compati-
bilities with cement-based materials, especially when wet surfaces are
present [1]. Although, it is well-known that the FRCM strengthening
systems behave differently from FRP, with the main evidence of per-
forming worse in terms of strength enhancement. This behavior was well
documented in literature e.g., by Triantafillou et al. [2], who compared
the confining effectiveness of FRP and FRCM jackets with the same
stiffness and strength. Such difference is based on the intrinsic charac-
teristic of the FRCM system: in fact, FRCM presents multiple interfaces
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where bond stresses develop, i.e., one between the fibers and the matrix
(the inorganic constituent of the composite), and one between the
composite and the substrate to be strengthened or repaired. Thus, the
maximum strength, the failure mode and, more generally the evolution
of the stresses and strains in the FRCM-reinforced member differ
significantly from that of FRP-counterparts. This is clearly visible
comparing the stress-strain curve of FRCM and FRP in tension: the
former typically exhibits a tri-linear curve (when clamping test setup is
used [3]), whereas the latter a linear elastic behavior until failure. The
FRCM stiffness changes during the tensile test [4], after the loss of the
perfect bond present in the first elastic stage only, due to the following
co-causes: (i) the multiple cracking and the redistribution of the stresses
along the test sample after the first cracking stage; (ii) the propagation of
the cracks along the sample; and (iii) the tension stiffening effect.
Bond behavior dominates, for many reasons, the overall performance
of FRCM strengthening systems, independently from the configuration
in which they are applied. When testing bond between FRCM and con-
crete substrate, different test methods were applied by each author, but
mainly single [5] and double lap-shear tests [6] should be mentioned,
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Table 1
Specimens’ features.
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Specimen group Confinement I, (mm) tr (mm) Condition Layers N. specimens
REF - - - - - 3
C200_1D_C CFRCM 200 0.047 Dry 2-continuous 3
C200_2D_C CFRCM 200 0.061 Dry 2-continuous 3
C200_1D_D CFRCM 200* 0.047 Dry 2-discontinuous 3
C300_1D_C CFRCM 300 0.047 Dry 2-continuous 3
C200_1ER_C CFRCM 200 0.047 Pre-impregnated (Epoxy Resin) 2-continuous 3
C200_1FC_C CFRCM 200 0.047 Pre-impregnated (Fluid cement matrix) 2-continuous 2

" For each layer.

for their wide-spread diffusion. According to a large and well-
established literature, the parameters that influence bond between
FRCM and concrete can be summarized as: fiber types [7]; the presence
or not of fibers coating [8], and its degree of impregnation [9]; the
quality of the substrate and its preparation in terms of roughness [10];
the bond length [11]; the number of fiber layers [12]; the loading rate
[13]; some environmental conditions, e.g., high temperature [14],
carbonation, freezing/thawing [15] or wetting/drying cycles [16], etc.
All the cited parameters may have an influence on the effectiveness of
the strengthening system, changing substantially the bond capacity.
Thus, they impact on the failure mode that may occur. That can be, in
order of efficiency, from the worst to the best: FRCM debonding from the
substrate, along the interface or detaching a portion of concrete; slip-
page of the fibers through the mortar; failure of the fibers, achieving
their tensile strength.

Particularly focusing on the adoption of FRCM jackets to confine
concrete members, bond plays again a significant role, because the
stresses are transferred from the axially loaded member to the EBR
system properly by means of the bond acting through the different in-
terfaces, namely concrete-to-matrix and fibers-to-matrix. This is
macroscopically evident looking at the failure modes that may be ach-
ieved: first, debonding may occur close to the end of the lap, mainly as a
result of an insufficient overlapping length or due to an incomplete
textile impregnation by the mortar [2,17,18], displaying a visible major
vertical crack; another possibility relates to the slippage of the fibers
inside the matrix [17,19,20]; lastly, bond capacity can remain intact,
and the failure occurs for the reaching of fibers tensile strength [21,22].
In this last case, circular-shaped cross-section members are more
homogenously stressed, displaying high confining efficiency. Instead,
the presence of sharp edges, even if rounded, determines high stress
concentration with premature FRCM failure [22], particularly when
steel longitudinal reinforcement is present, for the potential occurrence
of buckling phenomena [23].

Confinement of concrete with FRCM jacket has been widely inves-
tigated in literature, both for bare [24,25] and reinforced concrete (RC)
members [26-28] under axial and under horizontal loading [29,30].
Recent research from the same authors of this work investigated how the
axial load, when cyclically applied, affects the stress—strain behavior of
the FRCM-confined concrete [31]. Particularly, within the analyzed
research variables, the cyclic response was identified as comparable to
the monotonic one; however, loss of bond may affect the cyclic
stress-strain response more than in the case of the monotonic one.
Therefore, in this work, some variables affecting bond condition be-
tween CFRCM jackets (with carbon fibers) and concrete substrate are
analyzed in cylindrical specimens subject to cyclic axial loading. Spe-
cifically, the following parameters are investigated: two overlapping
lengths, namely 200 and 300 mm; two equivalent thickness of the fibers,
being 0.047 and 0.061 mm; the treatment applied to the carbon fibers,
which can be dry or pre-impregnated, rather with epoxy-coating or with
fluid cement-based matrix; the type of reinforcement configuration,
realized with continuous or discontinuous layers. The range of the first
parameter is chosen according to the current knowledge: indeed, for
CFRCM systems with mesh size of 10x10 mm and nominal thickness of

0.095 mm, it was found that the effective bond length is between 200
and 300 mm [1], thus similar results can be expected also in the present
case. Instead, for the equivalent thickness, the two values were chosen
based on the available products provided by the producer of the FRCM
system. Concerning the condition of the fibers, i.e., dry or pre-
impregnated, the choice aims to reproduce the two most used solu-
tions in the market (dry and epoxy-impregnated) and a third alternative,
that consisted in pre-impregnating the carbon mesh in a fluid cement-
based matrix (cement impregnated), was also investigated. Lastly, the
two reinforcement configurations (continuous and discontinuous layers)
applicable in the practice are analyzed.

2. Experimental program

The experimental program deals with the realization and testing of
20 cylindrical specimens with diameter and height d x h = 150 x 300
mm, which nomenclature and features are listed in Table 1. Note that
the specimens are grouped into seven categories, which contain in all
cases three identical specimens, except for one group, in which only two
specimens are present due to some testing problems. Table 1 summarizes
the specimens group name, the overlapping length I, fibers equivalent
thickness t; fibers condition, reinforcement configuration and the
number of specimens within each group. Specimens are labelled with a
nomenclature that consists of three parts. The first letter identifies the
fiber material (C = carbon) while the number characterizes the over-
lapping length (i.e., [, = 200 or 300 mm). The second part of the label
indicates the fiber type and condition, being 1 for the fiber net with t; =
0.047 mm, and 2 for t; = 0.061 mm, whereas the letter D stands for dry,
ER for epoxy-resin coating and FC for fluid-cement pre-impregnating.
The final part shows whether the fiber layers were applied continuously
(C) or discontinuously (D).

2.1. Materials and specimens realization

To cast the specimens, one single concrete batch was realized with
medium-low strength. The choice aims to simulate the material prop-
erties of existing structures, where repair or strengthening interventions
may be required. All the concrete specimens were cured in water at 20
=+ 2 °C for 28 days, and then were strengthened with the CFRCM com-
posite. Then, they were left curing for at least other 28 days covered by
humid tissues and placed inside plastic bags at 20 + 2 °C.

Concrete specimens were characterized in terms of compressive
strength on six samples with d x h = 150 x 300 mm, following the EN
12390 series as test reference [32]. Tests were carried out after 28 days
of curing. Results are given in terms of average (ave.) and standard de-
viation (st. dev.): f. = 22.45 £ 0.5 MPa. The indirect tensile test [33] and
secant elastic modulus [34] were evaluated on three samples with d x h
=100 x 200 mm too at the same age, being f,; = 2.94 + 0.5 MPa and E,
= 23.43 £ 1.41 GPa.

To realize the EBR strengthening system, CFRCM composites
constituted by a premixed thixotropic mortar, with pozzolanic and short
fibers additions, and carbon bi-directional nets were used. Concerning
the mortar, different batches were mixed during the strengthening
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Table 2
Properties of dry carbon fibers (M = provided by the manufactures, on single wire; E = experimental, on one groove).
Fiber type tr qmm) Condition Ef (GPa) fr (MPa) & (%)
M E M E M E
1 0.047 Dry 240 236.5 + 12 4900 1215 £ 225 1.80 0.95 + 0.14
2 0.061 Dry 240 230 £ 11.5 4900 1059 £ 53 1.80 0.73 + 0.14

"1

Fig. 1. A) dry fibers, b) epoxy resin and c) fluid cementitious matrix impregnation.

operations; for this reason, for each batch, three prismatic samples with
40 x 40 x 160 mm dimensions were realized and tested at 28 days to
evaluate the compressive f 2g and flexural f.;2g strength according to
[35]. However, both the properties were well stable, thus here the ave.
and st. dev. values are given, only: f; 2g = 23.1 & 2.66 MPa and f.;2g =
5.05 £+ 0.65 MPa.

Two types of dry carbon bi-directional nets were used: one with t; =
0.047 mm and the other with t; = 0.061 mm. For each type, fiber
properties were tested on three specimens subject to uniaxial tensile
tests [36], and which results are listed in Table 2. To realize the coated
fibers, only the net with t; = 0.047 mm was used: in one case it was pre-
impregnated with epoxy resin, in the other with fluid cement. The epoxy
resin was a thixotropic one with an elastic modulus of 4600 MPa,
compression and flexural strength respectively 82 and 45 MPa. Con-
cerning the second case, the impregnation procedure was performed just
before applying the CFRCM jacket using a cementitious matrix with w/b
ratio equal to 0.3 to obtain a fluid mixture. Fig. 1 shows the carbon fabric
in dry conditions (a) and in epoxy resin (b) and fluid cementitious matrix
impregnation (c).

Confinement operations were carried out after 28 days of curing,
following the same protocol for all the specimens. To promote adherence
between the concrete support and the FRCM jacket, and to prevent
mortar moisture loss, specimens’ surface was dumped with water just
before applying the EBR system. Afterwards, a first layer of mortar
(approximately 3-4 mm) was applied, followed by the first fiber layer,
that was positioned gently pushing it onto the matrix. A second layer of
mortar was applied and the same procedure was repeated for the second
fiber layer, which was lastly covered with the mortar. The fiber was
maintained slightly in tension by hand during its application, to avoid
bubbles formation and imperfect contact. Overall, the thickness of the
jackets did not exceed 10-12 mm. Note that the CFRCM jackets were
applied leaving uncovered about 10 mm at the top and bottom of the
cylinders, to ensure that the axial load is applied on the concrete core
only, avoiding to stress the jacket axially. Lastly, after the strengthening
procedure, specimens were covered with a humid tissue, closed in

Fig. 2. Test setup.

plastic bags and let curing until testing.

2.2. Test set-up and loading protocol

Specimens were tested under the same loading protocol using a
universal loading machine in a displacement control mode. The axial
load was applied cyclically, with a displacement rate of 0.6 mm/min
both for loading and unloading paths, similar than in [31]. The test was
stopped when a significant strength reduction was observed, generally
being lower than 50 % of the peak load. The cyclic loading was applied
using single loading-unloading cycles, at increasing displacement steps.
Before testing, the upper and bottom faces of the specimens were capped
with high-strength mortar, to level the load application surface and
ensure a proper distribution of the stresses within the sample. To prevent
the specimens from moving during the test, a small compression (about
10 kN, corresponding to 0.56 MPa) was maintained constant during the
unloading-reloading cycles.
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Table 3

Results of unconfined specimens.
Specimen ID feo (MPa) £co (%) feu (MPa) ecy (%)
REF1 22.95 0.33 18.36 0.46
REF2 21.92 0.27 17.54 0.34
REF3 22.47 0.31 17.98 0.41
REF ave. 22.45 0.30 17.95 0.40
REF st. dev. 0.52 0.03 0.58 0.06

The axial load was acquired continuously during the test, using the
600 kN load cell of the universal testing machine. Axial strains were
monitored using three linear voltage displacement transducers (LVDTs),
that acquired the displacement between the top and bottom plates and
three strain transducers (STs), with a gauge length of 100 mm, applied
directly onto the surface of the specimen. Note that STs were used to
monitor small axial strains in the pre-peak branch, while the LVDTs to
record the strains in the post-peak branch of the axial stress-strain curve.
Both LVDTs and STs were installed equally spaced at 120° and their
disposition is shown in Fig. 2.

3. Results and discussion

Tables 3 and 4 summarize the main experimental results for each
sample tested, respectively for the unconfined and jacketed concretes.
For the unconfined specimens, the peak axial strength f.y and strain &,
ultimate axial strength f,,, and strain ¢, are listed. Ultimate conditions
are evaluated, conventionally, when the load drops below the 80 % of
the peak (Fig. 3a). Instead, for the CFRCM-confined specimens, first
confined axial strength f,. and strain ¢, ultimate confined axial strength
fecu and strain e, are listed. In this case, as discussed thoroughly by the
same authors in [31], the ultimate condition depends significantly on
the type of stress—strain curve exhibited by the specimens after the first
peak, which may be purely softening, softening with a further plateau or
with hardening (see Fig. 3b). Particularly, Fig. 3b shows the multi-stage
behavior of the FRCM-confined concrete, and it identifies the couples of
(&, fo) for each situation:
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e stage 1 is characterized by the same slope of the unconfined concrete;

o stage 2 is developed after the exceedance of f,), when the FRCM
jacket is activated by the dilation of the concrete core until reaching
fee;

e stage 3 depends on the efficiency of the confinement, and this branch
defines the ultimate conditions, too. The confining pressure exerted
by the FRCM jacket may allow the specimen to increase (stage 3c) or
maintain (stage 3b) the bearing capacity at increasing axial strains;
alternatively, the confining pressure is not sufficient to sustain the
load (stage 3a), which decreases with the increase of the axial strain.

Other than the above parameters, the strength enhancement at the
first peak (f../fco) and at the ultimate conditions (fe.u/f;0) compared to
the unconfined strength are reported. Lastly, as a ductility index, the
ratio of the axial strain at failure over that at the peak is shown (e.c/€cc)-

3.1. Failure mode

Most confined specimens showed similar cracking patterns which are
visible in Fig. 4. Small vertical cracks appeared in the FRCM confining
jacket when the loading history was near the first peak. Generally,
specimens displayed a quite homogeneous and uniform vertical crack
pattern and larger cracks were observed in the upper part of the ele-
ments. After ultimate load is reached, very few new crack openings were
observed and failure was reached with the continuous openings of few of
the existing main cracks. The main failure crack is generally near the
overlapping start or end of the fabric layer, highlighting the failure due
to fiber slippage in the matrix. Clear fiber rupture was observed only in
the specimens with impregnated fibers, as can be seen in Fig. 4f and
Fig. 4h. For specimens confined with epoxy-resin impregnated fibers,
the spalling of the external mortar layer was observed (Fig. 4f). This is
mainly due to a very dense vertical cracking pattern (Fig. 4e), generally
at half height of the specimen, which eases the detachment of exterior
mortar pieces.

Table 4
Results of confined specimens (in bold, the average value within each group is shown).
Specimen ID fec (MPa) ecc (%) fecu (MPa) Eccu (%) fec /1 feo feeu s feo Eccu / Ecc
C200_1D_C1 27.11 0.30 23.62 0.78 1.208 1.052 2.600
C200_1D_C2 26.82 0.28 22.29 0.74 1.195 0.993 2.643
C200_1D_C3 26.21 0.29 21.69 0.76 1.167 0.966 2.621
C200_1D ave. 26.71 0.29 22.53 0.76 1.190 1.004 2.621
C200_1D dev. st. 0.46 0.01 0.99 0.02 0.020 0.044 0.021
C200_2D_C1 27.05 0.24 21.23 0.76 1.205 0.946 3.167
C200_2D_C2 25.08 0.28 22.65 0.78 1.117 1.009 2.786
C200_2D_C3 27.36 0.28 23.92 0.86 1.219 1.065 3.071
C200_2D ave. 26.50 0.27 22.60 0.80 1.180 1.007 3.008
C200_2D st. dev. 1.24 0.02 1.35 0.05 0.055 0.060 0.198
C200_1D_D1 27.34 0.30 23.50 0.69 1.218 1.047 2.300
C200_1D_D2 28.56 0.35 23.58 0.72 1.272 1.050 2.057
C200_1D_D3 26.46 0.29 18.61 0.74 1.179 0.829 2.552
C200_1D ave. 27.45 0.31 21.90 0.72 1.223 0.975 2.303
C200_1D st. dev. 1.05 0.03 2.85 0.03 0.047 0.127 0.247
C300_1D_C1 26.57 0.32 24.45 0.80 1.184 1.089 2.500
C300_1D_C2 25.79 0.29 20.8 0.75 1.149 0.927 2.586
C300_1D_C3 26.40 0.28 22.61 0.77 1.176 1.007 2.750
C300_1D ave. 26.25 0.30 22.62 0.77 1.169 1.008 2.612
C300_1D st. dev. 0.41 0.02 1.83 0.03 0.018 0.081 0.127
C200_1ER C1 27.48 0.27 28.78 1.05 1.224 1.282 3.889
C200_1ER_C2 27.64 0.26 28.81 1.14 1.231 1.283 4.385
C200_1ER_C3 27.56 0.37 25.54 1.12 1.228 1.138 3.027
C200_1ER ave. 27.56 0.30 27.71 1.10 1.228 1.234 3.767
C200_1ER st. dev. 0.08 0.06 1.88 0.05 0.004 0.084 0.687
C200_1FC_C1 26.45 0.28 23.64 0.77 1.178 1.053 2.750
C200_1FC_C2 26.74 0.29 24.25 0.81 1.191 1.080 2.793
C200_1FC_C ave. 26.60 0.29 23.95 0.79 1.185 1.067 2.772
C200_1FC_C st.dev. 0.21 0.01 0.43 0.03 0.009 0.019 0.030
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Fig. 3. Axial stress—strain behavior (envelope) and definition of the ultimate conditions for: a) unconfined concrete; b) FRCM-confined concrete.

e)

Fig. 4. Failure modes a) C200_1D_C, b) C200_2D_C, ¢) C200_1D_D, d) C300_1D_C, e-f) C200_1ER_C, g-h) C200_1FC_C.

3.2. Axial stress-strain behavior and bond parameters

Fig. 5(a-g) shows the experimental axial stress—strain curves for each
category of specimens: black lines identify the envelope curves of each
tested sample; red line represents the average envelope curve; the grey
dotted line is the cyclic curve for one representative specimen within
each category. Recall that a 10 mm unconfined space was left at the top
and bottom of the specimens, in order to avoid axial loading of the FRCM
jacket. Therefore, axial stresses are computed considering only the
concrete cross-section area. Results are later discussed based on the
following bond parameters: overlapping length (200 mm and 300 mm);

continuous and discontinuous fiber layers; fabric weight (170 g/m? and
220 g/m?) and fiber impregnation (with epoxy resin and fluid cement
mortar) prior to confinement application.

3.2.1. Overlapping length
The overlapping length is an important parameter to prevent pre-

mature slippage of the fibers. Two overlapping lengths were considered
in the present study: 200 mm and 300 mm. The first is based on previous
research on bond between FRCM and concrete substrates, while the
second is suggested from a literature review. In fact, Ombres [37] and
D’Ambrisi et al. [38] investigated bond behavior in PBO FRCM -
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Fig. 5. Axial stress-strain curves of: a) REF; b) C200_1D_C; ¢) C200_2D_C; d) C200_1D_D; e) C300_1D_C; f) C200_1ER_C; g) C200_1FC_C specimens.
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Fig. 6. Mean stress-strain curves of specimens with 200 and 300 mm over-
lapping length.

concrete systems, reporting an effective bond length ranging between
150 mm and 200 mm. Raof et al. [12] found that the effective bond
length is in the range of 200-300 mm depending on the examined
number of layers used. The Italian guidelines on the design of retrofit-
ting interventions through FRCM composites [39] recommend an
overlapping length of max (1/4 specimen’s perimeter; 300 mm). Fig. 5b
and 5e show respectively the axial stress—strain curves of specimens with
an overlapping length of 200 and 300 mm while Fig. 6 compares the
mean ones. Recall that the comparison shown in Fig. 6 refers to speci-
mens characterized by the same features, which differentiate only per
the overlapping length. Overall, the mean stress-strain curves do not
show significant differences between the two categories, suggesting that
200 mm overlapping length is sufficient to prevent the jacket detach-
ment. Results are slightly more scattered among the category with 300
mm overlapping length, than with 200 mm. In both cases, the first peak
strength increases f../f.o are similar, being 19 % and 17 % respectively
for 200 mm and 300 mm overlapping length. At the ultimate condition,
for both the categories, the strength settles at the unconfined strength.

In the range of the analyzed variable, overlapping length seems to do
not affect the ultimate strain and the overall ductility of the confined
elements, too. Similar strains are observed at the first peak, with a dif-
ference of less than 0.01 %; the same applies at the ultimate condition.
Consequently, almost identical axial ductility (e../€..) values are ob-
tained for both specimens.

30 T T T
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Fig. 8. Mean stress-strain curves of specimens confined with continuous and
discontinuous layers.
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Fig. 9. Mean stress-strain curves of specimens confined with dry, fluid cement
matrix and epoxy resin coated carbon fabric.

3.2.2. Carbon fabric weight

The fabric weight (i.e., the amount of carbon fibers present in the
fabric) influences the nominal thickness and therefore the reinforcement
amount of the overall FRCM system. Higher fabric weight should result
in higher strength enhancements for the confined elements. However,

25t

Axial stress (MPa)
& b5

-
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due to fabric-matrix bond limits, it is not possible to linearly correlate
the FRCM jacket confining capacity with this parameter. The results
shown here confirm this statement, thanks to the comparison between
the specimen categories realized with two fabric weights, 170 g/m? and
220 g/m?, corresponding to 0.047 mm and 0.061 mm equivalent
thickness, respectively. All the other variables are the same among the
specimens. Their mean axial stress-strain curves are shown in Fig. 7,
while peak and ultimate stress and strain values are listed in Table 4.
Concerning the post-peak branch, they both display a stage 3b, main-
taining an almost constant load close to the unconfined strength at
increasing axial strains. Peak (f,.) and ultimate (f,,) strength are similar
in both cases, being 26.71 MPa vs 26.50 MPa, and 22.53 MPa vs 22.60
MPa, respectively for the 170 and 220 g/m? fabric. In terms of axial
strains, the specimens with the heaviest fabric showed slightly lower
axial strains at the first peak (0.27 % vs 0.29 %), and higher ones at
ultimate point (0.80 % vs 0.76 %).

3.2.3. Continuous vs discontinuous layers

Wrapping concrete elements with FRCM composites can be carried
out continuously (i.e., with one single carbon sheet) or discontinuously
(i.e., one sheet for each layer). In the first case, there is a single over-
lapping zone at the end of the jacket, while in the second case two
overlapping zones are present, one per each layer. Another difference
relates the overall FRCM thickness of the intervention, being slightly
higher in discontinuous applications due to the mortar application steps.
Furthermore, care should be paid to ensure a sufficient offset of the
overlapping zones among the different layers, to do not weak too much a
single section.

Here, the results of these two categories of specimens are shown
respectively in Fig. 5b and d, where the axial stress—strain curves are
plotted respectively for the continuous and discontinuous method of
application. Fig. 8 directly compares the mean stress—strain curves of the
tested specimens for each case: the compared specimens differ only per
the wrapping type. The overall behavior is again similar among the
specimens of the two categories: all the specimens showed a 3b stage in
the post-peak branch, maintaining a certain constant load after the first
peak. In one case, a specimen realized with the discontinuous method
displayed a steeper post-peak branch, resulting in a lower ultimate load
(18.61 MPa) than the others (whose average is 23.50 MPa). Compared to
the unconfined concrete, the first peak strength (f..) was enhanced by
22 % for the discontinuous and 19 % for the continuous method, while
the axial strain at peak strength (e..) was 0.31 % and 0.29 %, respec-
tively for the two cases. Concerning the ultimate condition, f.., was

respectively 21.90 and 22.53 MPa for discontinuous and continuous
application, while slightly lower ultimate axial strains (e.,) were
recorded for the discontinuous method (0.72 % vs 0.76 %).

3.2.4. Fiber impregnation presence: epoxy resin vs cementitious matrix

Carbon fibers in commerce can be found dry or pre-impregnated.
Generally, fiber impregnation is done through epoxy resins and can
significantly enhance fiber-matrix bond and also promotes a more
uniform stress distribution throughout the fibers present in a yarn. In the
present investigation, apart from dry and epoxy-impregnated fibers, the
effect of pre-impregnation using a fluid cement-based matrix was
analyzed.

Axial stress-strain curves for the confined specimens with epoxy-
impregnated (ER) and fluid cement matrix (FC) are shown in Fig. 5f
and Fig. 5g, while specimens confined with dry fibers are shown in
Fig. 5b. For sake of comparison, Fig. 9 shows the mean stress—strain
curve of each case. It is clear that the epoxy-impregnation contribution
to the FRCM confinement effectiveness appears very significant. The
group of epoxy-impregnated is the only one, among the tested, which
shows a clear hardening behavior after the first peak (stage 3c),
recording higher strength values at ultimate conditions (f,,) and not at
the first peak (f..). Similar results were achieved in [31] by the same
authors with confined concrete with almost the same unconfined
strength, strengthened with 4 layers of dry-CFRCM. Significant
improvement was observed also in the axial strain capacity, with ulti-
mate strain above 1 % recorded in all three tested specimens. At the first
peak (f, €c), only slight differences were observed compared to the
other considered cases, mainly in terms of strength (23 % more than the
initial unconfined strength), while mean axial strain at the first peak was
0.30 %. ER specimens showed also the highest ductility (e..,/¢c.), being
about 3.77, compared to the other analyzed cases where ductility varies
between 2.62 and 2.77.

The specimens where the fabric was impregnated in a fluid cement
matrix before their application are characterized by a less effectiveness
than the epoxy-impregnated ones. However, similar strength levels were
recorded in the first peak (26.60 MPa and 27.56 MPa, respectively for FC
and ER specimens). In the post-peak branch, even though a slight
hardening trend can be observed, the overall behavior is closer to a stage
3b trend rather than 3c. A part than the ER specimens, the FC impreg-
nation was able to maintain the highest bearing capacity (about 24 MPa,
7 % higher than the unconfined strength) among specimens exhibiting a
post-peak stage 3b.
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3.3. Hysteretic behavior of FRCM confined concrete

Previous research on steel and FRP confined concrete has shown that
the stress-strain curve of specimens tested under monotonic compres-
sion corresponds to the envelope curve of specimens tested under cyclic
compression load. Recently, Toska and Faleschini [31] demonstrated
that the same applies also for FRCM confined concrete, independently of
the fiber type, number of confining layers or specimens’ cross-section
shape. Some slight differences may apply in the post-peak branch, but
they are generally negligible. In this section plastic strains, stress dete-
rioration and stiffness deterioration for the envelope compression cycles
of FRCM-confined concrete are presented. All the above parameters are
directly related to the envelope unloading strain (e,;,). A more detailed
explanation of the meaning of the variables listed below can be found in
[31] and are graphically explained in the Annex.

3.3.1. Plastic strains

To investigate the effect of different bond conditions on plastic
strains development during full compression cycles starting from the
envelope curve, it is necessary to analyze the relation between unload-
ing strains and residual plastic strains. In the present study, reloading
started before the complete unloading of the specimens (a constant
compression load was always maintained, see Section 2.2), therefore,
plastic strains were not directly recorded. Since unloading paths are
highly nonlinear when the curve approaches zero stresses, plastic strains
were estimated from the recorded stress—strain curve by extending the
unloading branch to the zero-stress point following the Lam and Teng’s
[40] proposed method for FRP confined concrete, which was previously
used by [31] and [41] for FRCM confinement, too.

Plastic strains can be simply estimated as:

ﬁt‘

Epl = Epe —
P re
Euu,O

@

where E,; o is the slope of the unloading path to zero, and can be esti-
mated as:

0.5ef,

eun
Enp = min . 2
Sun

Eun — Spl

According to the authors, in almost all cases E,; o takes the value of
%, while it can be evaluated with the second formulation when the

unloading stress or strain is very small.

Fig. 10a shows the plastic vs unloading strain curves for all the tested
specimens. It can be observed that the different bond conditions tested
here have a negligible effect on plastic strains: all specimens display
similar trend, with almost overlapping curves. Only the specimens made
with the ER impregnation show slightly lower plastic strains compared
to the others, for unloading strains higher than 0.008. The difference,
however, can be considered irrelevant. Previously the same authors
experimentally showed that the number of FRCM layers, fiber material
and cross-section shape have little influence on the recorded plastic
strain values. Similar results were also obtained for FRP confined con-
crete subject to cyclic loading [42-45].

When dealing with steel confined concrete, Sakai and Kawashima
[43] distinguished two plastic strain regions, one for 0.001 < &, <
0.0035 and another for &,, > 0.0035, proposing a linear relationship
between ¢, and ¢ for each of them. For FRP confined elements, Lam
and Teng [40] assumed in their model the same two regions, but pro-
posed a different relationship considering also the dependence of plastic
strains on the unconfined concrete strength. For &,, < 0.001, plastic
strains (e,) are assumed instead null. However, both proposals do not
well describe the experimental data for FRCM confined concrete, as
shown in Fig. 10b. In this figure, data collected from the present study
and from [31] are plotted together, and the two above-mentioned
models are applied to this dataset. The dashed and dotted line are
used to represent respectively Sakai and Kawashima [43] and Lam and
Teng [40] models.

Looking at the experimental observations for plastic strains of FRCM
confined concrete plotted in Fig. 10b, it is possible to distinguish again
three main regions, i.e. &, <0.001,0.001 < &, < 0.0035 and
eun > 0.0035. According to these data, the following relationships are
proposed here to predict plastic strains in FRCM confined concrete:

0 em < 0.001
&y =14 0.652(e,, —0.001) 0.001 < ¢,, < 0.0035 3
&m — 0.0019 &m > 0.0035

The above relations are based first on fitting the results in the region
&m > 0.0035, and then ensuring the continuity of the function within the
range 0.001 < ¢,, < 0.0035, which is obtained connecting the two
known points for &,, = 0.001 and ¢, = 0.0035. The coefficients of
determination for Equation (3) are 0.85 within the range of
0.001 < ¢, < 0.0035, and 0.98 for ¢,, > 0.0035. The goodness of fit of
Equation (3) can be observed also graphically in Fig. 10b, where the
proposed relationships are shown with the red solid line and are
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compared to the Sakai and Kawashima [43] and Lam and Teng models
[40].

3.3.2. Stress deterioration

This section investigates the relationship between the unloading
strain and the new stress on a following reloading branch, when
reaching the envelope unloading strain. The new reloading stress (fiew)
is generally lower than the unloading one (f;,) from the envelope curve,
due to stress deterioration occurring after cyclic loading in the post-peak
branch. To describe this phenomenon, a stress deterioration ratio f is
defined following a general expression given by:

‘f;‘lé’ W
Jin

p 4

where f,, is the envelope unloading stress and fpe, is the new stress in the
reloading path corresponding to the initial unloading strain from the
envelope curve. More details and graphical explanation on the param-
eters can be found in [31] and are graphically represented in the Annex.

Fig. 11a shows stress deterioration () vs unloading strain (e,,) for all
the specimens tested in this experimental campaign. It can be observed
that the different bond conditions analyzed here have a little influence in
the stress deterioration due to cyclic loading. In fact, similar trends are
observed for all specimens. For small unloading strain values, stress
deterioration is very small, with § values very close to the unit. As
unloading strains increase,  value decreases almost linearly and stabi-
lizes at values between 0.9 and 0.85. Similar results were obtained also
in [31], for different confining layers, fiber materials and cross-section
shape, as can be seen in Fig. 7b, which plots the overall dataset from
the two works.

Previous studies on FRP confined concrete showed that the ratio of
the new stress fyey in a reloading path over the envelope unloading one
fun is independent on the unloading strain (e,,), after a certain value of
eun- The experimental results obtained by Lam et al. [42] included data
with &;, > 0.002 only, and showed an average $ value of 0.916 (with st.
dev. =0.006). Shao et al. [46] suggested a constant ratio of # = 0.9 after
the bend point in the stress-strain curve based on compressive cyclic
tests on FRP-confined cylinders. As for the plastic strains, Lam & Teng
[40] and Sakai and Kawashima [43] identify-three different intervals in
the unloading strains domain, for FRP confined elements and steel
confined ones, respectively. In the first region, for ,, < 0.001, both of
them consider stress deterioration insignificant, assuming = 1. The
intermediate interval is taken between ¢, = 0.001 and &,, = 0.002 for
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[40], and between &,, = 0.001 and &,, = 0.0035 for [43], assuming in
both cases a linear decreasing trend. The last region applies for &, >
0.002 and ¢, > 0.0035 respectively for [40] and [43], and here a
constant function with = 0.92 is proposed by both authors. However,
again, the two proposals do not describe well the data for the FRCM
confinement, where stress deterioration results slightly higher than for
FRP confinement. The following equation is then proposed on the basis
of the same assumptions carried out by the other authors [40,43],
aiming at achieving a best fitting to the experimental results collected
from FRCM confined concrete subjected to cyclic loading:

1 em < 0.001
p=< 1—-286.76(¢e, —0.001) 0.001 < ¢, < 0.0025 5)
0.87 &, > 0.0025

The standard deviation for &,, > 0.0025 is 0.03. The intermediate
linear function (for 0.001 < ¢,, < 0.0025) is determined by connecting
the two known points at €,, = 0.001 and 0.0025. The results of the Eq.
(5) are shown with the red solid line in Fig. 11b.

3.3.3. Reloading elastic modulus E;,

Cyclic loading history reduces the initial elastic modulus of concrete.
Even though some softening phenomena can be observed during
reloading, generally, this reduction is considered and modeled as a
linear curve, at least up to the initial envelope unloading strain (e,,)
[40,46]. Due to internal cracks and damage accumulation, during the
reloading paths concrete does not return to the unloading stress when it
reaches the unloading strain, but it achieves a lower stress value, fyey.
After this point (eyn, frew), the trend gets highly nonlinear and can be
approximated with a parabolic curve.

The linear part of the reloading path can be defined by the reloading
slope Ey. as follows:
E)‘g __ Jnew 7f;‘e

Eun — Ere

(6)

which is also graphically represented in the Annex.

To evaluate the stiffness deterioration due to cyclic loading, it is
necessary to calculate the ratio of the reloading slope at the i-th cycle E ;
over the reloading slope at the first cycle E,.o. Note that if the first
unloading strain is small enough, E.q is generally equal to the initial
elastic modulus of the concrete.

Fig. 12a compares stiffness deterioration (E.;/E.o) trends for the
different bond conditions considered in this study. No significant
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differences can be observed within the set of the tested samples. All
curves show a very low, almost null, deterioration for small unloading
strains (&4, < 0.002). When axial strain exceeds 0.002, concrete turns
out from the initial elastic behavior; then, internal cracking and damage
accumulation lead to a fast and almost linear stiffness deterioration.
When axial strain exceeds 0.004, the FRCM confining jacket is fully
activated and is able to slow down the initial fast stiffness loss that is
recorded near the peak strength. The linear descending trend of the
reloading stiffness continues during all the cyclic loading history, but at
a slower rate for &,, > 0.004. Very similar results were obtained also in
[31], where no significant differences in terms of stiffness deterioration
were observed comparing specimens realized with a different number of
confining layers, material and cross-section shapes. The results are
compared to the present ones in Fig. 12b.

4. Conclusions

The experimental campaign presented in this paper aimed to inves-
tigate the influence of different bond conditions on FRCM confined
concrete subject to compressive cyclic loading. The following parame-
ters are investigated: two overlapping lengths (200 and 300 mm); two
equivalent thickness of the fibers (0.047 and 0.061 mm); the treatment
applied to the carbon fibers, (dry or pre-impregnated, rather with epoxy-
resin (ER) or with fluid cement-based matrix (FC)) and reinforcement
configuration (continuous or discontinuous layers). Overall, the results
identified that the pre-impregnation of the fibers and the method for
layers application (continuous and discontinuous) have the major im-
pacts on the overall response of the specimens under cyclic axial
loading. More specifically, the experimental results showed that:

o with exception of the epoxy-resin pre-impregnated specimens, which
showed a clear hardening behavior (stage-3a), the other tested
specimens showed similar axial stress-strain curves, independently
of the bond conditions, showing a stage-3b in the post-peak behavior;
the gain in the first confined peak strength (f.) over the unconfined
strength is little influenced by the parameters investigated here, and
varies between 17 % (300 mm overlapping length) and 23 % (epoxy-
resin pre-impregnated fibers);

the first peak strain for confined elements (¢..) ranges between 0.27
% and 0.31 %, being very similar to the unconfined peak strain (&),
that has a mean value of 0.3 %.

Appendix
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o the ultimate confined peak strength (f.,), evaluated at 20 % of the
peak load drop, was equal to the unconfined strength (f,o) in all the
specimens, except for specimens with pre-impregnated fibers, where
fecu Was 7 % and 23 % higher, for FC and ER specimens, respectively;
specimens with discontinuous applied layers showed the lowest axial
ductility (eccu/€cc), being 2.3, while ER ones showed the highest axial
ductility, being 3.77. Other specimens showed similar ductility
varying between 2.6 and 3;

the analyzed bond conditions used in the tested FRCM confining
jackets have little influence on the parameters defining unloading
and reloading paths (i.e., plastic strains, stress and stiffness deteri-
oration) during cyclic loading;

existing formulations calibrated on FRP confined concrete do not
accurately predict plastic strains and stress deterioration for FRCM-
confined concrete. Based on the present experimental data and on
previous ones reported in [31], new formulations, consistent with
the experimental observations, are proposed.
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Annex: Main parameters defining the unloading and reloading paths in the cyclic behavior of FRCM-confined concrete.

When dealing with cyclic behavior of confined concrete it is important to describe the unloading and reloading stress—strain paths during the
loading history. Plastic strains (residual axial strain when concrete is unloaded to zero stress), stress and stiffness deterioration are essential pa-
rameters that define unloading and reloading paths. These parameters and others needed for their computation are graphically explained in Fig. A1.

Where:

fun is the unloading stress from the envelope curve;
&un is the unloading strain from the envelope curve;
fre is the reloading stress;

&re is the reloading strain;

&y is the plastic strain at zero stress;

Euno is the slope of the unloading path to zero;

fnew is the stress in the reloading path corresponding to the unloading axial strain from the envelope curve;

E, is the initial stiffness of the concrete;
E,. is the slope of the reloading path.
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