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Abstract

The use of externally bonded fiber-reinforced cementitious matrix (FRCM) composites repre-
sents a valid alternative to traditional techniques for the strengthening and retrofitting of ex-
isting reinforced concrete and masonry structures. FRCM composites are comprised of high
strength textiles embedded within inorganic matrices and can be directly applied to the exter-
nal surface of the existing structural element to increase its displacement and load capacity
(i.e., axial, flexural, and shear strength). Thus, FRCM have a low invasiveness and a high
strength-to-weight ratio. Recently, investigations on the bond behavior of FRCM composites
showed that the presence of friction between the textile and matrix can induce damage to the
fiber, which in turn determines possible reductions in the strengthened element capacity. This
effect appears particularly critical in the case of cyclic and dynamic loads.

In this paper, the cyclic behavior of a PBO FRCM composite is experimentally investigated
using low-cycle tensile tests on composite specimens. Namely, FRCM rectangular coupons
are subjected to clamping- and clevis-grip tensile tests. These tests provide important infor-
mation on the effect of low-frequency dynamic loading on the composite tensile properties
under different test configurations.
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1 INTRODUCTION

In the last decade, fiber-reinforced cementitious matrix (FRCM) composites have been
proposed as an alternative to fiber-reinforced polymer (FRP) composites in the strengthening
of existing concrete [1] and masonry structures [2,3]. FRCM are comprised of high strength
textiles embedded within an inorganic matrix and are applied onto the surface of existing
members to increase their bending, shear, and torsional strength [4-6] and to provide con-
finement for axially-loaded members [7]. They have a high strength-to-weight ratio, physico-
chemical compatibility with the substrate, and are easy to apply [8]. In recent years, FRCMs
were proven to be an effective strengthening technique also for members subjected to cyclic
loading [9,10]. Indeed, structures as bridges and viaducts are subjected to vehicular traffic that
induces fatigue loads that may affect both the load-carrying capacity and durability of the
structural element. Externally bonded (EB) FRCM were proposed as a possible strengthening
solution, since they help to reduce the stress level in the existing member, thus extending its
fatigue life. For instance, in EB FRCM RC beams subjected to fatigue loading, thinner and
more spaced flexural cracks develop at the serviceability limit state in comparison with the
corresponding unstrengthened RC beam [11,12].

Studies on FRCMs coupons demonstrated that they can resist to low-cycle fatigue tensile
tests. Indeed, FRCM coupons showed a limited reduction of tensile properties in the post-
fatigue quasi-static tensile test with respect to the corresponding quasi-static tensile tests.
However, the presence of friction between the textile and embedding matrix represents an is-
sue and a potential cause of fiber damage when the FRCM is subjected to cyclic loading [12].
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Figure 1: (a) Clamping- and (b) Clevis-grip tensile test set-ups and (c) corresponding stress responses.

Different test set-ups were proposed in the literature to study the FRCM composite tensile
behavior [13]. Among them, the clamping- and clevis-grip test set-ups were adopted by the
current Italian [14] and American [15] acceptance criteria for externally bonded inorganic-
matrix composites, respectively. Figure 1a and b show a sketch of these set-ups. In clamping-
grip tests (Figure 1a), the two ends of the specimen are clamped by the testing machine heads
and then pulled apart while the textile slippage is hindered by the clamping pressure. The
specimen failure generally occurs due to tensile rupture of the textile. In clevis-grip tests (Fig-
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ure 1b), metallic plates are bonded to the lateral faces of the composite coupon and then con-
nected to the testing machine with a clevis-type joint. Accordingly, the stress is transferred
from the matrix to the textile mainly through shear (bond) stress. Failure typically occurs due
to loss of bond (i.e., debonding) between fiber and matrix at the matrix-fiber interface [16].

Clamping- and clevis-grip test set-ups generally provide significantly different results due
to the different boundary conditions of the specimen. The clamping-grip tensile test is em-
ployed to obtain information on the mechanical properties of the FRCM and of its component
materials, whereas the clevis-grip tensile test allows for the investigation of the matrix-fiber
stress transfer mechanism. The idealized axial stress ¢ - axial strain € response of a FRCM
clamping-grip test is trilinear, as shown in Figure 1c. The axial stress is conventionally com-
puted as the ratio between the applied load and the textile cross-sectional area 4y The first
linear branch (Stage I in Figure 1c¢) is representative of the specimen uncracked stage and has
a slope, E1, associated with the matrix elastic modulus En (E14/An~Em, where 4, is the ma-
trix cross-sectional area). Stage I ends when the tensile strength of matrix omu (oT14/Am
~om,u) 1s reached, corresponding with a FRCM coupon strain value er;. Further increases of
the applied displacement result in the progressive occurrence of new matrix cracks (Stage II).
This cracking process occurs at an approximatively constant or slightly ascending stress level,
which determines a limited slope of the stress-strain curve, £2. When no further matrix cracks
occur, Stage II ends and the applied load is mainly carried by the reinforcing textile. During
Stage 111, the stress-strain curve slope is approximatively equal to the bare textile elastic mod-
ulus (E3=~Ey). Specimen failure occurs when the tensile strength of fibers, oy, is reached, or
even at a lower stress level due to possible uneven distribution of stresses across the textile or
textile damage induced by matrix-textile friction.

The idealized response of clevis-grip tensile tests is bilinear. Stage I of clevis-grip tensile
tests is analogous to that of clamping-grip tests and ends when the matrix tensile strength is
reached. Stage II of clevis-grip tests is characterized by the cracking of the matrix and (possi-
ble) relative displacement between textile and matrix due to the lack of clamping pressure at
the specimen ends. The slope of the initial portion of Stage II of the clevis-grip response, E»,
can be similar to that observed in Stage II of clamping-grip tests. Failure generally occurs due
to debonding at the matrix-fiber interface at a stress value lower than the textile tensile
strength. However, failure of the textile may occur provided that the metallic plate-matrix
bonded length is sufficient to allow for the development of bond stresses able to induce textile
rupture [17]. Furthermore, rupture of sleeve textile filaments within fiber yarns or matrix
splitting at the fiber-matrix interface may occur [18].

In this paper, the tensile behavior of a PBO FRCM is investigated using both clamping-
and clevis-grip tensile tests. Namely, the effect of cyclic loading on the composite stress-
strain response is analyzed. Fifteen load cycles with 1 Hz frequency were applied to the com-
posite specimens, with the load ranging between 5% and 90% of the corresponding quasi-
static characteristic tensile strength [19]. The influence of cyclic loading on the composite
tensile strength, ultimate strain, and slopes of the stress-strain curve was investigated with ref-
erence to the specific behavior provided by each set-up considered.

2 MATERIALS AND METHODS

Eight PBO FRCM specimens were considered in this study. Four were tested using a
clamping-grip set-up and the remaining four with a clevis-grip set-up. For each group, three
specimens were employed for the quasi-static characterization of the composite tensile behav-
ior, whereas one was subjected to cyclic loading. Specimens subjected to the clamping-grip
test were named according to the notation T(or TF) 400 50 n, where T (=tensile) or TF
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(=tensile cyclic) indicates the test type, 400 and 50 indicate the specimen length and width in
mm, respectively, whereas n is the specimen number. Clevis-grip specimens were named
TC(or TCF) 170 60 50 n, where TC (=tensile clevis) or TCF (=tensile clevis cyclic) indi-
cates the test type, 170 and 60 indicate the clevis grip length L, and the specimen free length
L; (see Figure 1) in mm, respectively, 50 is the specimen width in mm, and 7 is the specimen
number. Quasi-static clevis specimens TC 170 60 50 1-3 were previously presented in [20].

2.1 Materials

The PBO FRCM composite investigated was comprised of one layer of textile [21] em-
bedded within two 5 mm-thick layers of cement-based matrix [22]. The PBO textile had an
unbalanced open-mesh geometry with longitudinal (i.e., aligned with the load direction) and
transversal yarns having 70 and 18 g/m? area weight, respectively. Longitudinal yarns had a
cross-sectional area of 0.46 mm? and were spaced at 10 mm on center. The tensile strength,
ultimate strain, and elastic modulus of textile were previously measured by the authors [23]
by testing 9 rectangular bare textile samples including 5 longitudinal yarns (according to [19])
and were equal to 3960 MPa (CoV=0.07), 1.65% (CoV=0.08) and 241 GPa (CoV=0.05), re-
spectively. The compressive and flexural strength of the cement-based matrix were experi-
mentally obtained by Bertolli and D’ Antino [24] according to UNI EN 1015-11 [25] and were
equal to 51.6 MPa (CoV=0.03) and 8.10 MPa (CoV=0.16), respectively.

2.2 Specimen geometry and test set-up

The FRCM rectangular coupons considered for this study were realized according to the
indications of the European Assessment Document for inorganic-matrix composites [19].
Each specimen included 5 longitudinal yarns, which provided an overall textile cross-
sectional area 4/~2.3 mm?, and had nominal dimensions equal to 400 mm (length), 50 mm
(width), and 10 mm (thickness).

Figure 2: Photos of tensile test set-ups: a) clamping-grip and b) clevis-grip.

Clamping-grip specimens were tested following the indications of [19]. Accordingly, the
coupon ends were clamped by the testing machine gripping wedges applying enough pressure
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to prevent, as much as possible, the textile slippage within the gripped length (see Figure 1a).
In order to promote an even distribution of the clamping pressure, GFRP tabs of dimensions
80 mm (length) x 50 mm (width) x 2 mm (thickness) were epoxy-bonded to the coupon ends.
An extensometer having a gauge length Lo=200 mm was applied to the specimen central por-
tion to record the axial strain throughout the test (see Figure 2a). Clamping-grip quasi-static
tests were conducted in displacement (stroke) control by monotonically increasing the ma-
chine head displacement at the rate of 0.2 mm/min. When the specimen entered its cracked
stage (Stage III, see Figure 1c) the displacement rate was increased to 0.5 mm/min until the
specimen failure.

Specimens tested with the clevis-grip configuration were equipped with 250 mm-long
steel plates epoxy-bonded to the specimen ends and connected to the testing machine with
spherical joints (see Figure 2b). The axial strain was recorded by an extensometer having
gauge length Lo=100 mm, mounted to the central portion of the specimen with knives applied
to the steel plates (see Figures 1b and 2b). Quasi-static tests were conducted following the in-
dications of the American Acceptance criteria for inorganic matrix composites [15]. Accord-
ingly, tests were conducted in stroke control at a constant rate of 0.2 mm/min.

2.3 Parameters of the cyclic tests

One specimen for each test configuration was subjected to a cyclic load with a 1 Hz fre-
quency and with applied stresses ranging between Gmin=0.056,ck and Gmax=0.900ck, being
ouck the characteristic quasi-static tensile strength of the PBO FRCM composite. The charac-
teristic values of the tensile strength declared by the composite manufacturer were 6,,k=2440
MPa for the clamping-grip set-up and c,,=1750 MPa for the clevis-grip set-up [21]. Speci-
mens were initially subjected to the previously described quasi-static displacement-controlled
mode until the attainment of the mean cyclic stress. The test control mode was then switched
into force control and 15 load cycles were applied to the specimens according to a sinusoidal
wave input. At the end of the cyclic stage, the load was maintained at a constant value equal
to the mean cycle stress. Finally, a quasi-static test was performed in displacement control
mode until the specimen failure.

3 RESULTS AND DISCUSSION

Table 1 reports the main parameters of the stress-strain response of the specimens consid-
ered in this study, along with averages and CoV of nominally equal quasi-static specimens.

Specimen Omin [MPa] 6max [MPa] P, [kN] o,[MPa] &,[%] Es or E> [GPa]
T 400 50 1 - - 7.05 3066 1.50 2005

T 400 50 2 - - 7.43 3232 1.76 1728

T 400 50 3 - - 6.75 2933 1.39 1974
Average (CoV%) - - 7.08(4.8) 3077(4.8) 1.55(12.3) 1902(8.0)
TF 400 50 1 130 2200 7.80 3389 1.97 1962

TC 170 60 50 1 - - 4.35 1893 2.95 535

TC 170 60 50 2 - - 391 1701 2.52 415

TC 170 60 50 3 - - 4.21 1831 2.93 530
Average (CoV%) - - 4.16(5.4) 1808(5.4) 2.80(8.6) 493(13.8)
TCF 170 60 50 1 110 1580 4.95 2153 2.99 645

Table 1: stress-strain response parameters of the tested specimens.
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The parameters studied include the maximum load recorded during the test (P.), the spec-
imen tensile strength (c,=P./Ay), the corresponding strain (g,), and the moduli £3 and E» for
the clamping-grip and clevis-grip specimens, respectively (see Figure 1c). In Table 1, E3 and
E> were computed as secant moduli between the stress-strain curve points associated with the
stress values 0.6c, and 0.95,.

3.1 Quasi-static tests

Figure 3a and b show the stress-strain response of clamping- and clevis-grip specimens, re-
spectively, where the axial stress 6=P/Ayis the ratio between the applied load, P, and the fiber
cross-sectional area, Ay, whereas the axial stain, &, was measured by the extensometer.
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Figure 3: Stress-strain responses of quasi-static tests: a) clamping-grip and b) clevis-grip.

Specimens tested with the clamping-grip configuration (see Figure 3a) exhibited an ap-
proximately trilinear stress response, with an initial linear branch associated with the speci-
men uncracked stage. During the uncracked stage, the mechanical properties of the composite
were mainly associated with those of the mortar matrix. Once the matrix tensile strength was
reached, a first transversal crack opened and a marked stress drop was observed in the stress-
strain curve. Beyond this point, several other cracks appeared in the matrix. The formation of
new cracks corresponded with further stress drops in the specimen response and determined a
gradual reduction of the stress-strain curve slope. When crack saturation was attained, the
third linear branch of the o-¢ curve began, which was mainly governed by the tensile behavior
of the textile. Specimen failure occurred due to fiber rupture at an applied stress o, corre-
sponding to the axial strain &, (point [&4; 6.] in Figure 3a). The tensile strength exhibited by
the three clamping-grip specimens was slightly different due to possible unevenness in the
applied load distribution among textile filaments, as commonly observed in FRCM composite
tensile tests [26].

Figure 3b shows the stress responses of the three specimens tested with the clevis-grip con-
figuration. The tensile response of specimens TC 170 60 50 1-3 was characterized by an
initial linear branch associated with the specimen uncracked stage, which resembled that of
clamping-grip specimens. The following cracked stage was characterized by the formation of
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only two transversal cracks, which were located close to the edges of the specimen free por-
tion due to stress concentrations caused by the presence of the steel plates [17]. During this
second stage, the response became nonlinear due the slippage of textile within the embedding
matrix, whereas the applied load increased due to the matrix-fiber stress transfer mechanism
[24]. The maximum stress recorded during this stage was associated with point [&,;6,] (Figure
3b). After the attainment of the peak stress, the load response showed a decreasing branch.
For all specimens, failure was characterized by a large opening of one of the matrix cracks
and by significant textile slippage.

3.2 Cyclic tests

The stress-strain responses of specimens subjected to cyclic loading are presented in Figure
4, which includes the initial quasi-static loading stage, the 15 load-controlled cycles, and the
post-cyclic quasi-static stage until failure. Envelopes of stress responses of corresponding
quasi-static tests are also reported in Figure 4.
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Figure 4: Stress-strain responses of cyclic tests: a) clamping-grip and b) clevis-grip.

As shown in Figure 4a, the first quasi-static load response of specimen TF 400 50 1 was
consistent with that of corresponding quasi-static specimens. During this stage, several cracks
formed in the matrix (as shown by the stress drops in the 6-¢ curve) and crack saturation was
attained before the mean cyclic stress was reached. Accordingly, the specimen stress response
during load cycles was mainly governed by the textile tensile behavior. The cyclic stage of
specimen TF 400 50 1 was characterized by a gradual reduction of the cycle secant modulus
(i.e., the slope of the straight line connecting the peak and valley points of a load cycle). At
the same time, a progressive increase of the axial strain at peak of each cycle was recorded,
while the strain associated with the cycle valley point did not vary during the cyclic stage.
This indicated that the specimen was able to fully recover its axial deformation at the end of
each cycle, which could be attributed to absence of fiber slip within the clamped portions due
to the presence of the clamping pressure. The post cyclic stress response resembled that of
quasi-static specimens. The retained £3 modulus and ultimate stress oy, i.e., the ratio between
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the post-cyclic and average quasi-static values, were 103% and 110%, respectively, which
indicated a limited influence of the cyclic load on the specimen tensile stiffness and strength.

The stress response of specimen TCF 170 60 50 1, tested with the clevis-grip set-up, is
presented in Figure 4b. In this case, a gradual increase of the axial strain at peak and valley of
each cycle was observed during the cyclic stage, while the secant modulus remained approx-
imately constant. During the cyclic test, the peak stress omax Was attained at a strain signifi-
cantly lower than that associated with the same stress value of corresponding quasi-static tests
(Figure 4b). The cyclic load determined a load response completely different from that ob-
served with the quasi-static load, which can be attributed to the different load rate of the two
tests. Indeed, PBO FRCM composites were reported to be rate dependent [27] and this peculi-
ar behavior could be exploited when the composite is subjected to dynamic loads, as in the
case of seismic actions. Further investigations are needed to study this behavior also for
FRCM-strengthened members.

4 CONCLUSIONS

e Clamping- and clevis-grip test set-ups provided significantly different stress responses
for the PBO FRCM investigated in this study due to their different boundary conditions.
In the former case, a trilinear response was observed and failure occurred due to textile
rupture. In the latter case, the behavior was bilinear and failure occurred with significant
matrix-fiber slippage.

e The crack pattern exhibited by clamping- and clevis-grip tests was different. Several ma-
trix cracks opened during Stage II of clamping-grip tests, whereas only two cracks, locat-
ed close to the edges of the specimen free portion, were observed in clevis-grip tests.

e The cyclic load did not significantly affect the response of clamping-grip tests. This was
attributed to the clamping pressure, which limited the textile slippage during the cyclic
stage.

e The cyclic response of the specimen tested with the clevis-grip set-up was characterized
by increasing values of strain associated with the peak and valley of each cycle. This in-
dicated that the textile progressively slipped within the matrix during the cycles.

e The cycle peak stress omax of clevis-grip specimens was reached at a strain significantly
lower than that associated with the same stress of corresponding quasi-static specimens.
This behavior could be attributed to the rate effect observed in PBO FRCM composites.
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