Fatigue and post-fatigue behavior of PBO FRCM-concrete joints
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1. Introduction

Fiber-reinforced composite materials have been used exten-
sively in recent decades to strengthen existing reinforced concrete
(RC) structures. Fiber-reinforced polymer (FRP) composites, com-
prised of high-strength fibers impregnated by and applied by
means of a thermosetting organic resin, are largely employed to
strengthen and retrofit RC structures. Despite their numerous
advantages, such as high strength-to-weight ratio, resistance to
corrosion, and ease of installation, FRP composites present some
disadvantages related to the use of organic matrices, such as
change in the properties when the temperature is close to or above
the matrix glass transition temperature, poor resistance to UV
exposure, and no permeability compatibility with respect to the
concrete support. Newly-developed fiber-reinforced cementitious
matrix composites (FRCM) represent a promising alternative to
FRP composites. They are comprised of high strength fibers embed-
ded within a cementitious matrix that is responsible for the
stress-transfer between the fibers and between the fibers and
the support. The use of an inorganic matrix overcomes some of
the issues related to the use of a thermosetting organic matrix.
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The type of matrix utilized in FRCM composites generally has:(1)
high resistance to fire and high temperatures; (2) resistance to UV
radiation; (3) ease of handling during the application because the
inorganic binder is water-based; (4) permeability compatibility
with the concrete substrate; and (5) unvarying workability time
(between 4 °C and 40 °C). FRCM composites are still fairly new, and
few experimental and analytical papers are available in the
literature. FRCM composites have been proven to be effective for
flexural strengthening [1-5], shear strengthening [6-8], and for
confinement of RC members subjected to axial load or axial load
and bending moment [9-12].

Although some authors have attempted to investigate the bond
behavior of FRCM-concrete joints subjected to a quasi-static mono-
tonic loading condition [13-18], a study of the fatigue behavior of
FRCM composites is not available in the literature. Fatigue life
assessment is of particular importance for strengthening and retro-
fitting applications of RC structures subject to cyclic or fatigue load,
such as highway or railroad bridges. Studies conducted on RC ele-
ments strengthened by externally bonded FRP composites showed
an increase of the fatigue life due to the redistribution of the stres-
ses from the internal steel reinforcement to the FRP composite
[19]. It is generally recognized that fatigue loading may cause
interfacial crack growth, referred to as sub-critical crack growth,
at load levels lower than the corresponding quasi-static
load-carrying capacity [20]. To overcome this issue, Diab et al.
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[21] proposed to limit the maximum applied load in the case of FRP
applications to 30% of the corresponding static load-carrying
capacity. To prevent fatigue failure, ACI 440.2R-08 [22] recom-
mends limiting the stress level in the FRP to 0.20f;, 0.30fy, and
0.55ff, for glass, aramid, and carbon FRP, respectively, where fj, is
the design monotonic failure stress. The Japan Society of Civil
Engineers (JSCE) [23] recommends reducing the interface fracture
energy by a factor of 0.7 in the case of fatigue loading, which
results in a reduction of the design applied stress level by a factor
of 0.84 with respect to the monotonic load-carrying capacity [24].

For metals, it is well known that the fatigue limit, i.e. the num-
ber of cycles corresponding to failure Ny, is an increasing function of
the loading frequency. Indeed, increased frequency has been
observed to result in a lower crack growth rate, which therefore
leads to a longer fatigue life [25]. Several authors have recognized
the influence of the load frequency on concrete specimens sub-
jected to compressive fatigue loading and proposed different ana-
lytical models to take this influence into account. In general, the
analytical models available in the literature indicate that the fati-
gue life of concrete specimens increases with increasing frequency
for a given applied stress range [26-28]. This behavior is explained
in part by the presence of creep effects that become predominant
particularly in the case of high stress level associated with low fre-
quency [29]. Saucedo et al. [27] employed a Weibull Cumulative
Distribution Function to relate the fatigue life of concrete cubic
specimens subjected to cyclic compressive loading to the loading
frequency, stress ratio, and number of cycles. Medeiros et al. [28]
applied the same approach to study the effect of the loading fre-
quency on plain and fiber-reinforced concrete cubes, observing that
lowering loading frequency reduces the fatigue life especially in
plain concrete. Although the behavior of plain and reinforced
concrete beams subjected to fatigue loading has been studied by
different authors [30-34], often the effect of the loading frequency
was not considered. It should be noted that the effect of frequency
was studied mostly in concrete specimens subjected to compres-
sion, and very limited studies regarding tensile fatigue are avail-
able in the literature.

This paper presents the results of an experimental campaign
conducted on FRCM-concrete joints subjected to fatigue load with
different frequencies and load ranges using a single-lap direct-
shear test set-up. The FRCM composite is comprised of poly-
paraphenylene benzobisoxazole (PBO) fibers embedded within a
cementitious polymer modified matrix. Since it has been observed
that civil engineering structures are usually loaded at frequencies
between 1 and 5 Hz [35], the experimental tests were conducted
using three different frequencies, namely 1 Hz, 3 Hz, and 5 Hz.
Because studies conducted on RC beams strengthened with exter-
nally bonded FRP composites and subjected to cyclic load showed
an influence of the load range on the fatigue response [30,31], this
paper investigates the behavior of FRCM-concrete joints subjected
to three different load ranges, namely 20-50%, 35-65%, and 20-
65%. The percentages of the fatigue load range employed were
computed with respect to the peak (ultimate) load obtained from
quasi-static tests conducted on specimens with the same geometry
and material characteristics and using the same test set-up [36].
The effect of the frequency on the fatigue behavior is investigated
through a fracture mechanics approach.

2. Test set-up and materials employed

Fifteen single-lap direct-shear tests were conducted on PBO
FRCM-concrete joints under cyclic loading using the classical push-
pull configuration [37]. The test set-up employed was previ-ously
used by the authors to conduct quasi-static monotonic direct-
shear tests on FRCM-concrete joints that employed the same

materials [15-17,36]. The single-lap configuration was employed
for its simplicity and because it allows for direct measurement of
the force in the composite. In addition, comparison between single-
and double-lap shear tests carried out by the authors showed that
the eccentricity of the applied load with respect to the support
restraint in the single-lap configuration did not affect the results for
specimens with a long bonded length [38]. The con-crete blocks
used were 125 mm deep, 125 mm wide, and 375 mm long and
were restrained by a steel frame bolted to the base of a servo-
hydraulic universal testing machine (Fig. 1). The FRCM com-posite,
comprised of one layer of a bidirectional PBO fiber net (the width b*
and thickness t* of a single fiber bundle were equal to 5 mm and
0.092 mm, respectively) embedded within two 4 mm thick layers of
cementitious matrix, was applied to one face of the concrete block.
The bonded region started at a distance of 38 mm from the edge of
the block at the loaded end. The face of the concrete block was
sandblasted before the composite applica-tion to improve bond
between the FRCM and the support. The bonded length and bonded
width were 330 mm and 60 mm, respectively. The fibers were left
bare outside the bonded area, and two through-bolted aluminum
plates were bonded with epoxy resin to the end of the bare fiber net
to improve gripping during testing. It should be noted that the
fibers extended beyond the bonded area at the free end (Fig. 1a).
The longitudinal fiber bun-dles, which are not woven with the
transversal fibers, were ori-ented toward the internal layer of
matrix that was directly applied to the concrete block.

All materials employed were tested in order to determine their
mechanical properties. The same concrete blocks previously
employed by the authors for the quasi-static tests [15,36] were
sandblasted and used for the fatigue specimens. The concrete aver-
age compressive strength and average tensile strength were 42.5
MPa (CoV = 0.013) and 3.4 MPa (CoV = 0.113), respectively [17]. The
fiber average tensile strength, average elastic modulus, and average
ultimate strain, obtained by the authors, were 3010 MPa (CoV =
0.068), 206 GPa (CoV = 0.065), and 0.0145 (CoV = 0.104),
respectively [16]. The specimens were cast at differ-ent times in
small groups that also included specimens tested under quasi-
static monotonic loading conditions [15,36]. The matrix,
specifically designed to achieve chemical bond with the PBO fibers,
was comprised of “high-fineness cement, an adhesion promoter,
inorganic nanoparticles, microaggregates, and a polycar-boxylate
water-reducing admixture” [39]. The matrix mechanical properties
were determined by testing at least 2 cylinders from each batch
used to cast the FRCM composite. The matrix average compressive
strength and average tensile strength obtained were 28.4 MPa (CoV
=0.092) and 3.5 MPa (CoV = 0.231), respectively [15].

One LVDT was mounted to the concrete block on each side of the
FRCM composite close to the loaded end. The LVDTs reacted off of a
thin aluminum QQ-shaped plate bonded to the bare fibers
immediately outside the bonded length (Fig. 1b). The average dis-
placement measured by the two LVDTs is named global slip g in this
paper and was used to control the quasi-static monotonic loading
after the designated number of cycles as well as the quasi-static
monotonic tests that were used as reference.

3. Quasi-static monotonic tests

The results of 26 single-lap quasi-static monotonic tests previ-
ously conducted by the authors using the same composite [36] are
briefly summarized in this section (see Table 1). Quasi-static
monotonic specimens with bonded length equal to 330 mm and
different bonded widths, namely 43 mm (5 longitudinal fiber
bun-dles), 60 mm (7 longitudinal fiber bundles), and 80 mm (9



Table 1

Results of the quasi-static monotonic tests.
Specimen P* a* Specimen P "

[kN] [MPa] [kN] [MPa]

DS_330_43_2" 525 2280 DS_330_60_D_4 5.24 1630
DS_330_43_3 5.27 2290 DS_330_60_D_5 6.69 2080
DS_330_43_6 5.09 2210 DS_330_60_S_2 7.31 2270
DS_330.43_S2T 5.12 2230 DS_330_60_S_3  6.55 2030
DS_330_43_5_3" 3.03 1320 DS_330_80_1 8.47 2050
DS_330_60_1" 7.05 2190 DS_330_80_3 8.28 2000
DS_330_60_2" 6.56 2040 DS_330_80_D_1 8.90 2150
DS_330_60_3" 6.06 1880 DS_330_80_D_2 8.68 2100
DS_330_60_4" 6.50 2020 DS_330_80_D_4 8.42 2030
DS_330_60_5" 6.28 1950 DS_330_80_D_5 8.58 2070
DS_330_60_D_1 8.29 2580 DS_330_60_T_1 6.62 2060
DS_330_60_D_2 7.12 2210 DS_330_60_T_2 6.27 1950
DS_330_60_D_3 6.56 2040 DS_330_60_T_3 6.59 2050

Note on the nomenclature: DS_330_Y_(S, D, and/or T)_Z™ where 330 indicates the
bonded length in mm, Y = bonded width in mm, S = presence of strain gauges
mounted on the fiber net, D = specimen tested until a constant load at the end of the
test was measured, T = transversal bundles removed before applying the matrix, Z =
specimen number, superscript T = transversal fiber bundles oriented toward the
concrete block [36].

longitudinal fiber bundles) are considered in Table 1. Specimens
with bonded width equal to 34 mm [15] were also tested but are
not considered in this paper because their peak loads were partic-
ularly scattered, and the specimens presented a non-uniform dis-
tribution of the load among the different bundles [36]. In fact, the
authors observed that non-uniform load distribution among the
fiber bundles may occur as the impregnation of the fibers by the
matrix is not easily controllable. As the non-uniform load dis-
tribution might lead to misinterpretation of the load response, only
those specimens with a bonded width greater than 34 mm and
tested under quasi-static monotonic conditions that reported a rel-
atively even distribution of the applied load among the longitudi-
nal fiber bundles [36] were considered as reference. Table 1
summarizes the results of the 26 tests selected. A note at the end of
Table 1 explains the test specimen designation adopted in this
paper.

The quasi-static monotonic tests were conducted in displace-
ment control. The global slip g was used to control the tests and
was increased at a constant rate equal to 0.00084 mm/s.

The failure of PBO FRCM-concrete joints under quasi-static
monotonic load was characterized by debonding between the fiber

(b)

Fig. 1. (a) Photo of specimen DS_330_60_D_2. (b) Detail of the Q-shaped aluminum plate in specimen DS_330_60_4. (c) Test set-up. (Dimensions in mm.)
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and the embedding matrix [13-17,36]. The applied load P - global
slip g curve for specimen DS_330_60_D_3, which is representative
of the load response of the FRCM-concrete joints tested under
quasi-static monotonic loading, is reported in Fig. 2a for reference,
whereas an idealized applied load P - global slip g response, put
forward by the authors, is reported in Fig. 2b [15,36]. It should be
noted that the load response reported in Fig. 2b refers to a bonded
length greater than the effective bond length, i.e. the min-imum
length needed to fully establish the stress-transfer mecha-nism
between the matrix and the fibers [15]. The load response is
characterized by an initial linear branch followed by a non-linear
branch up to the onset of debonding, which corresponds to the
debonding load Py, (Fig. 2). As the global slip g increases when P >
Pgep, the stress-transfer mechanism is fully established, and the
stress-transfer zone [40] translates along the bonded length toward
the free end. The applied load P increases due to the presence of
friction (interlocking) between single fiber fila-ments and between
fibers and matrix [36] in the debonded region. When the residual
bonded length is equal to the effective bond length the applied load
attains the peak (ultimate) value P*. After P* the residual bonded
length is shorter than the effective bond length, and the stress-
transfer mechanism is no longer fully estab-lished. Hence, the
applied load decreases with increasing g until it reaches the
constant value P, which corresponds to the contribu-tion of friction
alone.

The peak load values of the quasi-static monotonic tests were
used to compute the peak stress ¢*:

* P*
0 = b M
where n is the number of longitudinal bundles within the bonded
width. The values of the peak load and corresponding peak stress
are reported in Table 1 for each specimen considered. The average
value of the peak stress ¢* obtained from the quasi-static
mono-tonic tests is equal to 2070 MPa (CoV = 0.109).

The average peak load P* = 6*nb’t*, computed from the average
peak stress ¢*=2070 MPa, of the quasi-static monotonic tests
(Table 1) with b; = 60 mm is equal to 6.65 kN.

Provided that the effective bond length and the contribution of
friction between matrix and fibers and between fiber filaments are
known, it is possible to compute the value of the debonding load
Pyep [36]:

PdebzP*f‘Ef~2~n~b*(éfleff) (2)
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Fig. 2. (a) Applied load P - global slip g curve of specimen DS_330_60_D_3. (b) Idealized applied load P - global slip g response.

where ¢ and l,; are the bonded length and the average effective
bond length, respectively. 7 is the average shear stress associated
with friction:

f = 3)
where Ps is the average load value associated with friction. Py was
computed by averaging the values of the constant load measured
at the end of the quasi-static tests of specimens marked with a D at
the end of the specimen name (Table 1) and the resulting value of 7,
was equal to 0.06 MPa. It should be noted that 7y was com-puted
considering also specimens previously tested by the authors and not
reported in Table 1 [36]. Strain profiles obtained from spec-imens
equipped with strain gauges (Table 1) provided l;= 260 mm

[36]. Eq. (2) and the values of 7; and I, allowed for computing the

value of the average debonding load P, = 6.36 KN of specimens
with ¢ =330 mm and with b; = 60 mm reported in Table 1.

4. Fatigue tests

Table 2 reports the results of 15 single-lap direct-shear fatigue
tests conducted using different frequencies and load ranges. The
fatigue loading protocol was designed to investigate the effects
of different frequencies and different load ranges on: (a) the global
slip g; (b) the dissipated energy during cycles; (c) the stiffness
degradation of the interface; and (d) the post-fatigue quasi-static

monotonic behavior. Specimens were initially subjected to a quasi-
static monotonic load. In this initial loading stage (preload), the
global slip was increased at a constant rate equal to 0.00084 mm/s.
Once the nominal mean value P, = (Pymax+ Pumin)/2 of the
prescribed load range was reached, a sinusoidal cyclic load was
applied between nominal load levels P, max and Pp, min, which define
the nominal load amplitude AP, = Pymax — Ppmin- Three nominal
load ranges and three cycle frequencies were adopted. After the
initial loading stage (preload), nine specimens (indicated in Table 2
with a P before the specimen number) were subjected to cyclic
loading up to a prescribed number of cycles, after which the cyclic
loading was stopped at a load value equal to P,. The specimens
were subsequently tested under quasi-static monotonic loading
condition. The global slip g was increased at a constant rate equal to
0.00084 mm/s up to a value of g of approx-imately 5 mm. Specimen
DSF_1_20-65_P_1"was originally intended to be used to investigate
the post-fatigue quasi-static monotonic response but failed
prematurely before the prescribed number of cycles was
completed. The remaining six specimens (out of 15), indicated in
Table 2 with an F before the specimen number, were used to
investigate the fatigue life of FRCM-concrete joints. Hence, after the
initial loading stage (preload), those specimens were tested under
cyclic condition up to failure with different frequencies and
different nominal load ranges.

Five specimens each were tested under 1 Hz, 3 Hz, and 5 Hz
sinusoidal loading. The frequency adopted is indicated in the spec-
imen name as the number after the acronym DSF (Table 2). The

Table 2

Results of the fatigue tests.
Specimen Total number of cycles (N or Ny) Phin [KN] (CoV) Prmax [KN] (CoV) P [kN] (CoV) o* [MPa]
DSF_1_20-50_P_1 23551 1.34 (0.001) 3.34(0.001) 2.34 (0.000) 1810 X
DSF_1_20-50_P_2 26332 1.32 (0.002) 3.31 (0.006) 2.32 (0.001) 2140 Vv
DSF_1_20-65_P_1* 9152 1.34 (0.001) 4.33(0.013) 2.84 (0.002) - -
DSF_1_20-65_P_2 25171 1.45 (0.002) 4.32 (0.008) 2.89 (0.001) 1940 Vv
DSF_1_35-65_P_1 38048 2.47 (0.001) 4,13 (0.001) 3.21 (0.001) 1720 Vv
DSF_3_20-50_P_1 124321 1.39 (0.002) 3.33 (0.010) 2.35 (0.004) 1600 Vv
DSF_3_20-50_P_2 117822 1.39 (0.014) 3.29 (0.026) 2.34 (0.002) 2110 X
DSF_3_20-65_F_1 55844 1.48 (0.020) 421 (0.074) 2.85 (0.005) - -
DSF_3_20-65_F_2 67544 1.47 (0.008) 4.30 (0.032) 2.89 (0.003) - -
DSF_3_35-65_P_1 120207 2.27 (0.002) 4.27 (0.002) 3.27 (0.001) 1540 x
DSF_5_20-50_P_1 204484 1.41 (0.006) 3.33 (0.009) 2.37 (0.006) 1350 v
DSF_5_20-50_F_1 803859 1.36 (0.017) 3.33 (0.039) 2.35 (0.007) - -
DSF_5_20-65_F_1 61547 1.53 (0.033) 4.16 (0.114) 2.84 (0.020) - -
DSF_5_35-65_F_1 134623 2.32 (0.005) 4.26 (0.011) 3.29 (0.004) - -
DSF_5_35-65_F_2 400444 2.31 (0.007) 4.24 (0.014) 3.28 (0.003) - -

Note on the nomenclature: DSF_X_M-H_F or P_Z*” where X = frequency adopted in Hz, M = percentage of the peak load corresponding to P, min, H = percentage of the peak
load corresponding to Pnmax F=specimen subjected to fatigue loading until failure, P = specimen subjected to post-fatigue quasi-static loading, Z = specimen number,

superscript * = specimen failed prematurely.



nominal load ranges considered in this study refer to the average
peak load P = 6.65 kN of the quasi-static tests with bonded length
equal to 330 mm and bonded width equal to 60 mm as discussed
above. The three nominal load ranges adopted were 20-50% (6
specimens), 20-65% (5 specimens), and 35-65% (4 specimens).
Due to the sensitivity of the testing machine, the actual maximum
and minimum applied loads varied during the cycles and therefore
were slightly different from the nominal load values prescribed.
The actual average maximum (P.x) and average minimum (Pp;,)
applied load values of the fatigue cycles were computed averaging
the maximum and minimum applied load values, respectively,
obtained for selected ten-cycle blocks, as will be explained below.
The values of Prax, Pmin, and mean value P obtained are reported in
Table 2 for each specimen together with their corresponding coef-
ficient of variation (CoV).

The nominal load ranges 20-50%, 20-65%, and 35-65% com-
puted in terms of P* correspond to nominal load ranges 21-52%,
21-68%, and 37-68% in terms of the average debonding load

Py, = 6.36 kN, respectively.

5. Fatigue failure mode

All specimens subjected to cyclic loading until failure (speci-
mens labeled with F in Table 2) failed due to the rupture of some
fibers filaments within the bonded length. Since the load cycles
were performed by controlling the force, when the specimens were
no longer able to sustain the applied load range the fibers pulled
out of the matrix in an attempt to reach the prescribed maximum
applied load. As an example, the load response of specimen
DSF_3_20-65_F_2 is reported in Fig. 3. It should be noted that at the
end of the test the applied load P is almost constant and similar to
the value corresponding to friction, P;, observed in quasi-static tests
of specimens with the same characteristics. This indicates the
presence of friction (interlocking) between fibers and matrix and
between fiber filaments, which in turn confirms that the matrix-
fiber interface was damaged during the cyclic loading.

The application of the cyclic loading could have caused damage
to the matrix-fiber interface. The fibers were probably cyclically
damaged by friction between the fibers and matrix for the portion
of the bonded length where debonding occurred. Rupture of
embedded fiber filaments during the cyclic loading was difficult to
observe, hence it is also possible that damage to the filaments
occurred in the very last part of the test when the testing machine
was trying to reach the prescribed applied load. However, failure of
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fiber filaments that were located within the bonded area was
clearly visible at the end of the test (Fig. 4a). The presence of loose
filaments within the bare fiber region (Fig. 4b), which was observed
during the cycles, may indicate the rupture of fiber fila-ments
within the bonded area during the cyclic loading.

It should be noted that the test set-up adopted might have
influenced the fatigue response. In fact, as the fibers were left bare
outside the bonded region, it is possible that during the descending
branch of the fatigue cycles the slip gained could not be fully recov-
ered, and the fibers were unloaded only in the portion outside the
bonded area. In other words, the interfacial slip between the fibers
and the two embedding layers of matrix gained during the ascend-
ing branch of the cycles could not be completely recovered when
the load decreased because the bare fibers have negligible com-
pression stiffness.

It is important to observe that after fatigue failure occurred
almost all fiber filaments that extended beyond the bonded area at
the free end (Fig. 1a) slipped inside the matrix (Fig. 4c), which
suggests that the matrix-fiber interface was damaged along the
entire bonded length.

Rupture of single fiber filaments outside the bonded area was
observed for a limited number of specimens tested by the authors
under quasi-static monotonic condition. Those failures, previously
indicated as stretching of the bare fibers by the authors [17], were
attributed to a non-uniform distribution of the applied force that
resulted in a high stress level in one or more bundles that
eventually led to the failure of the entire strip of fibers. Fig. 4d
shows an exam-ple of the fiber stretching failure observed in the
quasi-static mono-tonic tests. It should be pointed out that the fiber
filament failure observed in the fatigue tests is a different
phenomenon from that observed in the quasi-static tests. In the
former, the fiber filaments failed within the bonded area due to
increasing fatigue damage, whereas in the latter the fiber filaments
failed outside the bonded area due to non-uniform load distribution
among the different bun-dles. The different location of the fiber
rupture can be inferred from the different position of the Q-shaped
bent plate at the end of the fatigue (Fig. 4a) and monotonic quasi-
static tests (Fig. 4d).

In the case of FRCM-strengthened RC beams subjected to cyclic
loading this phenomenon might be slightly different as the fibers
are embedded within the matrix for the entire beam length.
However, at those cross sections where through-thickness cracks in
the matrix are present, a similar phenomenon to what was
observed in the direct-shear tests herein presented could occur. A
sketch of the debonding of the fibers from the embedding matrix
after a through-thickness crack has formed is shown in Fig. 5. As a
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Fig. 3. (a) Selected ten-cycle blocks of specimen DSF_3_20-65_F_2 (the abscissas of the cycle block corresponding to N = 67,534 are placed on the top of the graph). (b) Failure

of specimen DSF_3_20-65_F_2.



Fig. 4. (a) Fatigue failure of specimen DSF_5_35-65_F_1. (b) Detail of the bare fibers of specimen DSF_3_20-65_F_2. (c) Slippage of the fibers inside the matrix at the free end of

specimen DSF_5_35-65_F_1. (d) Fiber stretching failure of specimen DS_330_43_4[17].

flexural crack opens in the beam, a through-thickness crack forms
in the matrix, and debonding at the matrix-fiber interface occurs
because of compatibility. The presence of friction between the
fibers and matrix and between fiber filaments may play an impor-
tant role for long bonded lengths, as in case of full-scale beams.
Fatigue tests on full-scale RC beams strengthened with FRCM com-
posites and subject to cyclic loading are needed to confirm the
results obtained from the single-lap direct-shear tests described
in this paper.

The fatigue tests and the quasi-static monotonic tests were car-
ried out in force and displacement control, respectively. In the
quasi-static monotonic tests the evolution of the global slip and
therefore the interfacial crack growth could be controlled. In the
fatigue tests the applied force was controlled, thus when the spec-
imen was no longer able to carry the prescribed load failure
occurred suddenly. For this reason, differences in the failure modes
of fatigue and quasi-static monotonic tests may also be due to the
different test control employed. Further investigation is needed to
analyze the stress-transfer mechanism during fatigue tests and to
study the fatigue failure mode.

The premature failure of specimen DSF_1_20-65_P_1* which
was subjected to fatigue loading and intended to be used to inves-
tigate the post-fatigue quasi-static behavior, was characterized by
debonding of the fibers from the matrix similarly to the failure
observed in specimens tested until fatigue failure.
DSF_1_20-65_P_1*, however, failed after a number of cycles sub-
stantially lower than other specimens with the same characteris-
tics (see Table 2).

Concrete

Flexural |
crack ‘

Fibers

FRCM . Debonding cracks

Fig. 5. Debonding at the matrix-fiber interface after a through-thickness crack in
the matrix occurred.

6. Fatigue behavior
6.1. Global slip

The effect of the different frequencies and different load ranges
adopted on the measured global slip g is investigated in Fig. 6. In
this paper the global slip g is assumed to be related to the debond-
ing crack a and crack growth, which were not directly measured.
This assumption is confirmed by the behavior of specimens tested
until failure, as explained below, and will be further discussed in
this paper. The global slip plotted in Fig. 6 corresponds to the max-
imum applied load of each fatigue cycle. Specimen
DSF_1_20-65_P_1%, which failed prematurely, is not reported in Fig.
6 and the remaining figures of the paper. Fig. 6a-c shows the g-N
curves obtained for specimens with the same frequency (1 Hz, 3 Hz,
and 5 Hz, respectively) and different load ranges. Comparing the
behavior of specimens with different load ranges and frequency
equal to 1 Hz (Fig. 6a), it can be observed that as
the mean value P increases the global slip corresponding to Pyax
increases for a given number of cycles N. Values of Pare reported in
Table 2. This effect of the mean value P orrthe global slip for a given
N is not confirmed by the g-N responses of specimens tested at 3 Hz
(Fig. 6b) for which the global slip increased with AP rather than
with P for-a given N. The same trend is observed for specimens
tested at 5 Hz (Fig. 6¢). It should be noted that specimens tested at 1
Hz attained significantly different values of the global slip at the end
of the preload phase, which might mislead the interpretation of the
trend of Fig. 6a.

Fig. 6d-f shows the g-N curves obtained for specimens with the
same nominal load ranges (20-50%, 20-65%, and 35-65%, respec-
tively) and different frequencies. For nominal load range 20-50%g
increased with frequency for a given number of cycles N. The
behavior of specimens tested under 20-65% nominal load range
resembles the behavior observed in case of specimens tested under
20-50% nominal load range.

The behavior observed for specimens tested with nominal load
ranges 20-50% and 20-65% was also observed for specimens tested
with nominal load range 35-65% (Fig. 6f). In the first part of the test
the global slip g of specimen DSF_3_35-65_P_1 was higher than that
of specimens with higher frequency. The global slip of specimen
DSF_3_35-65_P_1 decreased for N = 1,000-5,000 (Fig. 6f), whereas it
increased for N = 1-1,000 and N > 5,000. This can be attributed to
the initial adjustment of the specimen that affected its behavior as
discussed below.

In general, an initial adjustment of the specimens during the first
cycles was observed. All fatigue tests featured a somewhat
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Fig. 6. Global slip-number of cycles N curves for fatigue specimens with frequency 1 Hz (a), 3 Hz (b), and 5 Hz (c). Global slip-number of cycles N curves for fatigue
specimens with nominal load range 20-50% (d), 20-65% (e), and 35-65% (f). (g) Global slip-normalized number of cycles N/Ns for specimens tested until fatigue failure. (h)
Displacement of the LVDTs vs. number of cycles N for specimen DSF_3_20-65_F_2.



irregular response from N = 1 up to N = 500. The following factors
could explain this observation: (a) the stochastically distributed
local variations of the matrix-fiber bond characteristics [38] may
have led to a different behavior of the composite strip especially at
the beginning of the test; and (b) high frequency in conjunction
with high applied load level affected the initial adjustment of the
specimens leading to a high level of damage of the matrix-fiber
interface. The latter was confirmed by the results obtained from the
specimens tested with high frequencies, which presented a glo-bal
slip higher than that of specimens with lower frequencies even for
the very first cycles (N = 10-100).

The global slip g is plotted versus the normalized number of
cycles N/Nyin Fig. 6g. Nyis the number of cycles corresponding to
fatigue failure. The plot of Fig. 6g includes all specimens that were
intentionally tested to failure under cyclic loading. It can be
observed that significant slip is gained during the very first cycles
(approximately 2% of Ny). After that the rate of increase of the slip
decreases considerably until approximately 90% of Ny when it sud-
denly increases. This three-stage behavior resembles that observed
in FRP-strengthened RC beams in terms of damage, steel strain,
deflection, and crack propagation [31]. This observation suggests a
relationship between the global slip and the length a of the inter-
facial crack.

As noted in quasi-static monotonic tests previously conducted
by the authors [36], the applied load is not always evenly dis-
tributed among the longitudinal fiber bundles of the fiber net. Since
the non-uniform distribution of the load among the different
longitudinal bundles may lead to misleading results, the difference
between the recorded displacements of LVDTa (left side of the
bonded area) and LVDTDb (right side of the bonded area, Fig. 1c) was
computed for several ten-cycle blocks of each test. Fig. 6h shows
the displacement measured by each LVDT during the fatigue cycles
of specimen DSF_3_20-65_F 2. It can be observed that the
difference between the displacements measured by the two LVDTs
increased to approximately 1.5 mm (N = 60,000) and then
decreased approaching the fatigue failure. This trend, which was
observed in all specimens tested to fatigue failure, indicates that
the non-uniform load distribution among the longitudinal bundles,
caused by the stochastically distributed characteristic of the inter-
face, may have contributed to the damage of the fibers caused by
the fatigue cycles. According to the criteria previously adopted by
the authors [36], only specimens DSF_3_20-65_F 2 and
DSF_5_20-50_F_1 presented a relatively high non-uniform distri-
bution (the former for the ten-cycle block corresponding to N =
60,000, the latter for the ten-cycle blocks corresponding to N =
700,000 and N = 800,000). Since the non-uniform load distribu-tion
was limited to very few ten-cycle blocks close to Ny their results
were considered reliable. All specimens designed to study the post-
fatigue quasi-static behavior reported an even distribu-tion of the
load among the longitudinal bundles during the fatigue loading, as
per the criteria previously adopted by the authors [36]. However,
for specimens DSF_1_20-50_P_1 and DSF_3_20-50_P_2 the
readings of the two LVDTs were in opposite direction, which
indicates a non-uniform load distribution.

6.2. Energy dissipation

A parameter of great interest for fatigue life assessment is the
energy dissipated during the hysteresis cycles, which is repre-
sented by the area included within the cycles in the P-g diagram.
For each specimen a block of ten fatigue cycles was considered
for different values of N, and the area A; within each ten-cycle block
(N=jand N=j+10) was determined. As an example, the ten-cycle
blocks of specimen DSF_3_20-65_F_2 are reported in Fig. 3a. The
cycles up to N = 500 were disregarded due to the irregular behavior
of the specimens as discussed earlier. For each specimen ten-cycle

blocks were extracted at N = 500, 1,000, 2,000, 5,000, 10,000,
20,000, 50,000, and 100,000. Additional ten-cycle blocks were
extracted every 100,000 cycles after N = 100,000 up to the maxi-
mum number of cycles applied to each specimen. Additional ten-
cycle blocks were selected to study the behavior of the speci-mens
immediately before fatigue failure or interruption of the fati-gue
loading. The cycles immediately before the fatigue failure, which
were very irregular due to increasing damage (see Fig. 3b), were not
considered. The same ten-cycle blocks extracted were also used to
compute the average values of the applied load Pyax, Pmin, and the
average mean value P (Table 2) and to determine the change in the
slope of the fatigue cycles, which is presented in the next section.
The area of each ten-cycle block considered was divided by the area
corresponding to the ten-cycle block with N = 500-510, indicated
as Asgo, in order to study the change in the energy dissipation with
respect to the beginning of the test. The area Asop was chosen
because the initial cycles were irregular. The values of the
normalized areas Aj/Asqp are reported in Fig. 7 for different values of
N. Fig. 7a-c allows for studying the effect of the different load
ranges for a given frequency on the energy dis-sipated during each
ten-cycle block. For specimens tested at 1 Hz, the increase in the
energy dissipated with respect to the first 500 cycles was quite
limited (Fig. 7a), except for specimen DSF_1_20-65_P_2, which
presented an energy dissipation increase up to 70% with respect to
the first 500 cycles. It should be noted that values of A; lower than
Asoo are probably due to the values of Py,x and Py, Which varied
during the test with respect to P, max and Py, min, and to the method
used to compute the ten-cycle block areas.

The results obtained for specimens tested at 3 Hz and 5 Hz (Fig.
7b and c, respectively) show the influence of the frequency on the
initial behavior of the specimens. For specimens tested under 3 Hz
the ratio Aj/Asqo rapidly increased up to N = 20,000 and then
increased with a reduced rate except for specimen
DSF_3_20-50_P_2 for which the ratio Aj/Asqo remained within 12%
during the entire test. Specimens tested under 5 Hz reported a
different behavior of the ratio Aj/Asqo for the different applied load
ranges. Specimen DSF_5_35-65_F_2, which failed at N = 400,404,
shows an abrupt increase of the dissipated energy after 375,000
cycles. Specimens DSF_5_20-50_P_1 and DSF_5_20-50_F_1
presented a limited increase of the dissipated energy in the first
50,000 cycles, which is consistent with the results obtained with
the same nominal applied load range and fre-quency equal to 1 Hz
for the first 20,000 cycles (Fig. 7a and b). Finally, specimen
DSF_5_20-65_F_1 showed a rapid increase in the ratio Aj/Asqo in the
first 10,000 cycles.

Comparing the specimens tested with the same nominal load
ranges and different frequencies (Fig. 7d-f), it can be observed that
in general the ratio Aj/Asqo increased rapidly in the first part of the
test, depending also on the frequency and the load range adopted,
except for specimens DSF_3_20-50_P_2, as observed above,
DSF_5_20-50_F_1, and DSF_5_35-65_F_2.

Although Fig. 7 does not present a clear effect of the load range
and frequency on the ratio A;j/Asqo, some of the plots suggest that an
increase of the frequency or Pp,x implies an increase of the ratio A;/
Asgo for a given number of cycles. It should be noted that the
variation of Py,x and Py, during the cycles might have influenced
the value of the areas A;.

6.3. Interfacial stiffness

The change in slope of the load response cycles can be related to
the degradation of the stiffness of the matrix-fiber interface [37].
The ten-cycle blocks extracted to measure the energy dissipated
during the cyclic loading were used to compute the slope k of
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the P-g response for different values of N. k was obtained as the slope
of the line connecting the maximum and the minimum load of each
ten-cycle block considered. Since the change of k during the fatigue
cycles may be affected by the initial condition of the spec-imens and
particularly by the initial stiffness of the matrix-fiber interface, the
slope determined from the ten-cycle blocks was divided by the slope
ko, which is the slope of the first fatigue cycle (N=1).

Fig. 8 reports the k/ko-N curves obtained for fatigue
specimens with the same frequency (Fig. 8a-c) and the same
nominal load range (Fig. 8d-f). The ratio k/ko, determined for
specimens tested at 1, 3, and 5 Hz decreased rapidly in the first
part of the test (first stage), whereas it leveled off afterwards
(second stage). Fig. 8b and c shows that after the second stage,
the ratio k/ko decreases again (third stage) although with a
lower rate with respect to the first stage. The stiffness
degradation appears to be more severe for specimens with
larger load amplitude. Comparing the results of specimens with
the same nominal load

range and different frequencies (Fig. 8d-f) it can be observed that
for specimens tested under lower load levels, namely those tested
under a nominal applied load range of 20-50%, k/ko decreased
rapidly up to values of N within 2000 and 5000, whereas it
decreased at a lower rate afterwards (Fig. 8d). For specimens tested
under a higher load range, namely those tested under nominal load
range of 35-65% and 20-65%, k/ky decreased rapidly during the first
5000 cycles and kept decreasing at a lower rate with increas-ing N
(Fig. 8e and f). A clear influence of the frequency adopted was not

observed.

7. S-N curves and fracture mechanics fatigue model

The cumulative fatigue damage approach, which employs the
S-N curves, also known as the Wohler curves, is used to predict
the fatigue life of structural elements. S-N curves can be con-
structed by plotting the amplitude of the applied stress range Ao
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[25] or the applied maximum stress o,ax, Which is usually normal-
ized with respect to the element strength [41], as a function of the
number of cycles N to failure:

Ac = (1 -Ry)o,N? (4)

amax/o-u =1- ﬁ(l - RW) lOgN (5)

where Ry = 0 min/0max i the loading ratio, o, is the applied mini-
mum stress, g, is the strength of the material when subjected to
quasi-static monotonic loading, and ¢ and g are coefficients that are
determined from the experimental data. Egs. (4) and (5) were used
to fit the results obtained from the FRCM-concrete joints tested until
fatigue failure (specimens with F before the specimen number in
Table 2). 6max and o, were computed through Eq. (1) considering

Prax and Pp,in, respectively. o, was taken equal to

Ggeb = Paep/(nbt"). The values of ¢ determined for each Ry are very
similar and equal to 0.037, 0.033, and 0.047 for Ry equal to 0.35,
0.41, and 0.54, respectively, whereas f# was determined to be equal
to 0.120. The values provided are specific for the tests and materials
reported in this paper. Egs. (4) and (5) are plotted in Fig. 9a and b,
respectively, for the three values of Ry,. It should be noted that the
point N=1 in Fig. 9b represents the quasi-static monotonic case.
Although the results obtained with Egs. (4) and (5) are promising,
further tests are needed to confirm the validity of this approach. The
limited number of tests does not allow for the investigation of, for
example, whether a multilinear trend of the S-N curve is pos-sible
or if a fatigue endurance limit exists.

The fatigue life can be also studied within the framework of
fracture mechanics. In linear elastic fracture mechanics, the Paris
law is a power law that relates the crack growth rate da/dN to
the stress intensity factor range AK = Kpnax — Kmin [42,43]. The
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Paris law provides a good approximation of the intermediate range
of the fatigue crack growth, whereas it fails to describe the initial
and final range of the fatigue crack growth. The Paris law has been
employed by some authors in an attempt to describe the fatigue
behavior of concrete and other brittle materials [43] and of con-
crete elements strengthened with FRP composites. Based on exper-
imental observations of FRP-concrete joints Diab et al. [21]
proposed a fracture mechanics model based on the Paris law that
relates the interfacial crack growth rate, da/dN, to the energy ratio

GltEee /G, where GF™ is the energy release associated with the
maximum load of the cycle, and Gr is the fracture energy associ-
ated with the debonding phenomenon under quasi-static mono-
tonic loading. Carloni and Subramaniam [20] observed that the
energy release rates employed by Diab et al. [21] are directly
related to the corresponding applied load values and proposed a
fracture mechanics model that takes into account the influence of
the load amplitude and the applied load mean value. In this sec-
tion, the approach employed by Carloni and Subramaniam [20] is
extended by the authors to the case of FRCM-concrete joints. The
crack propagation rate is related to the load amplitude and mean
value in Eq. (6):

da Vap b\’
—=m- é — b (6)
dN u- (Gp + Gp)

The coefficients m and w are determined from experimental
results; ¢ and o are coefficients related to the effect of the fre-
quency on the crack growth; y is a structural coefficient that takes
into account the difference between the results obtained with
direct-shear tests and real applications. Finally, u is a coefficient
that takes into account the presence of multiple matrix-fiber inter-
faces in the case of more than one layer of fibers (¢ = 1.0 in the case
of one fiber layer), assuming that the different fiber layers debond
simultaneously. For the case of FRCM-concrete joints, two fracture
energies G} and G; must be considered as it was recognized by the
authors [36] that the fracture process involves two interfaces,
namely the interface between the fibers and the internal layer of
matrix and the interface between the fibers and the external layer
of matrix. Results previously obtained by the authors showed that
the internal matrix layer is responsible for most of the stress trans-
fer. This is attributed to the different restraint conditions of the
internal and external matrix layers: while the internal matrix layer
is connected directly to the concrete, the external matrix layer is
connected with the internal matrix layer only through the open-
ings of the fiber net. The difference between the internal and exter-
nal layer behavior was interpreted by the authors as a different
cohesive law for the interfaces, which in turn entailed two different
fracture energies [36].

As a first attempt to describe the intermediate range of the fati-
gue crack growth of FRCM-concrete joints, the global slip g can be
associated to the debonding crack growth a, and Eq. (6) can be
modified as:

dg 3 VAP -P o
aN T M|\ T S e 71 (7)
My - (Gp +Gp)

where the coefficients my, &, ws, o1, Y1, and p; have the same
meaning of m, &, w, «, 7, and p of Eq. (6), respectively. The assump-
tion made in Eq. (7) requires further investigation as the global slip g
includes a contribution associated with the elastic deformation of
the debonded portion of the fibers.

The plots of the fatigue specimens (Fig. 6a-f) were used to com-
pute the values of dg/dN. For each specimen dg/dN was computed in
a discrete manner considering the ratio Ag/AN corresponding to
pairs of subsequent ten-cycle blocks. Since Eq. (7) only describes
the intermediate range of the fatigue crack growth, the ten-cycle
blocks corresponding to the initial and final range were not consid-
ered. The intermediate ranges of the fatigue crack growth were
defined for each load range with respect to the corresponding fati-
gue life observed in specimens tested until fatigue failure (Fig. 6g).
The ten-cycle blocks considered during the analysis of the global
slip behavior and included within 1.25-75%, 5-75%, and 8-83% of
the fatigue life for specimens with load ranges 20-50%, 20-65%,
and 35-65%, respectively, were considered to compute the values
of Ag/AN corresponding to the intermediate crack growth range.
For specimens that were interrupted or failed before the end of the
intermediate crack growth stage, all ten-cycle blocks available from
the onset of the intermediate crack growth stage were employed. A
fatigue life corresponding to Ny = 800,000, Ny = 60,000, and Ny =
400,000 cycles was considered for specimens with load ranges 20-
50%, 20-65%, and 35-65%, respectively.  Specimens
DSF_1_20-50_P_1 and DSF_3_20-50_P_2 were not con-sidered
because the displacements measured by the two LVDTs were in
opposite directions due to non-uniform load distribution.
Furthermore, specimens DSF_3_35-65_P_1 and DSF_5_20-65_F_1
were disregarded because in the former the global slip decreased
for certain values of N, which may have affected the slope dg/dN,
whereas in the latter the intermediate range of the fatigue crack
growth was not clearly recognizable. It should be noted that the
values of Nywere determined from tests conducted at 3 and 5 Hz
and the effect of the frequency on the fatigue life was neglected.

The average value of Ag/AN was used as representative of dg/dN
for each specimen. y; and p; were taken equal to 1 because the
results employed refer to single-lap direct-shear tests with one
layer of fibers. The average values of G} and G; previously obtained
by the authors from quasi-static tests [36] are 915 J/m?and



Table 3
Values of the coefficients obtained from the regression analysis of experimental
results.

f[Hz] log(m;) & Wy o

1 —-6.89 0.60 491 1.03
3 —7.09 0.96 5.22 0.97
5 -7.11 1.00 5.06 1.00

143 J/m?, respectively. For each frequency adopted the values of
the coefficients m; and w; were determined through a regression
analysis of the fatigue test results setting ¢; and o; equal to 1.0 and
are reported in Table 3. The values of the coefficients related to the
frequency are computed in the next section.

8. Influence of load frequency on the fatigue behavior

If pure fatigue is considered, the fatigue crack growth is inde-
pendent of the frequency. In practice, time-dependent crack
growth occurs and affects the parameters of the Paris law [42]. Fig.
10a shows the relationship between dg/dN and the frequency
adopted. For each specimen, as mentioned above, the ratio dg/dN
was calculated as the average of the values of Ag/AN. Fig. 10a indi-
cates that dg/dN decreases with increasing frequency. Fig. 10b and c
show the relationship between dg/dN and the fre-quency adopted
maintaining the distinction between different load amplitudes and
different load mean values, respectively. The influ-ence of the
frequency for the load ranges adopted confirms what has been
reported in the literature, even when the effect of ampli-tude and
mean value of the load range are considered separately except for
specimens with P = 50% for which it appears that the frequency did
not affect dg/dN.
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Assuming that ¢; and o are equal to 1.0 when the frequency is
equal to 5 Hz, as it was previously assumed by other authors in
case of FRP-concrete joints [21], it is possible to determine the val-
ues of &; and o4 for each frequency adopted. The values of &; and o4
obtained for frequencies equal to 1 Hz and 3 Hz are reported in
Table 3. Fig. 10d shows the logarithmic relationship between

dg/dN and V AP~13/(G;+G§) for each frequency adopted using
the parameters of Table 3 and setting ¢; and o4 equal to 1.0. It
can be noted that the value of dg/dN decreases with frequency,
as reported in the literature [26-28], for a given value of

AP -P/(G. + G%). Eq. (7) can be used to describe the béhavior of
dg/dN for any frequency f if the relationships o = oy (f) and
&1 = &1(f) are established from the values of Table 3 and the values
of w; and m; corresponding to f=5 Hz are employed. It should be
noted that the values of o, are very similar to one another, whereas
the estimated values of ¢; appear to increase with the frequency,
suggesting that the frequency primarily affects the value of dg/dN

rather than its rate with respect to the ratio /AP - P/(G. + G2).

9. Post-fatigue quasi-static tests

Eight of the 15 specimens presented in this paper were sub-
jected to cyclic loading up to a prescribed number of cycles and
then were tested under quasi-static monotonic loading condition
to study the influence of the cyclic loading on the load response.
The number of cycles applied before the quasi-static test was
related to the frequency adopted and was approximately
N=25,000, N=125,000, and N=200,000 for the 1Hz, 3 Hz, and
5Hz specimens, respectively. The load response of specimen
DSF_3_20-50_P_1, which is representative of the post-fatigue load
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Fig. 10. Relationship between dg/dN and frequency adopted for all load ranges (a), for different load amplitudes (b), and different mean load values (c). (d) Relationship

between dg/dN and VAP -P/(Gk + GZ).
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Fig. 11. Load response of specimen DSF_3_20-50_P_1.

responses obtained, is reported in Fig. 11. Fig. 11 also reports the
preload phase and the ten-cycle blocks used to study the fatigue
behavior. The peak load P* was used to compute the peak stress
o (Eq. (1)), which is reported in Table 2 for each specimen tested
under monotonic quasi-static condition after the cyclic loading
was terminated. The shape of the post-fatigue load response
resembles the shape of the load response of the quasi-static mono-
tonic load response shown in Fig. 2a.

Since a non-uniform load distribution along the bonded width
was reported for FRCM composites tested under quasi-static load
[17,36], only the specimens that during the post-fatigue quasi-
static loading reported a relatively even load distribution among
the fiber bundles [36] were considered reliable for the com-parison.
The load distribution among the bundles was investigated by
computing the difference between the displacements recorded by
the two LVDTs as mentioned above [36]. Specimens that reported
an even load distribution are indicated in the last column of Table 2

Y9 oI e SRR Attt s e el Wi peecF i
the number of cycles applied, which is reported next to each
marker. The average value of the peak stress g* = 2070 MPa for the

quasi-static monotonic tests presented in Table 1 and the
corresponding standard deviation 6** = 225 MPa are marked in Fig.
12 to investigate the effect of the fatigue cycles on the post-fatigue
peak load. It was observed that the post-fatigue behavior of FRP-
concrete joints is not influenced by a cyclic loading if the residual
bonded length is longer than the effective bond length [37]. For
FRCM-concrete joints, on the other hand, the peak stress is due not
only to the bond between the matrix and fibers but also to the
friction between the matrix and fibers and between fiber filaments
[15]. However, the contribution of friction, which
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Fig. 12. Peak stress ¢* of post-fatigue quasi-static tests vs. number of fatigue cycles
N applied.

can be computed if 17 and Iy are known [36], is limited when
com-pared to “¢* for the specimens considered. In fact, the
contribution of friction to the peak load P* for specimens with
bonded length equal to 330 mm is approximately 90 MPa and is
lower than the value of the standard deviation G** =225 MPa.
Assuming that the contribution of friction is not affected by the
fatigue loading, the peak stress obtained from post-fatigue
quasi-static tests can be used instead of the debonding stress
0g4ep to investigate the effect of the fatigue cycles on the load-
carrying capacity of the FRCM-concrete joints tested.
Three specimens reported a value of the peak stress not included
within the standard deviation of “¢* (6** = 225 MPa), which
suggests that the bonded length not damaged by the cyclic
loading was shorter than the effective bond length. These
specimens show a decrease of the post-fatigue peak stress with an
increasing num-ber of cycles (Fig. 12). Two specimens, namely
DSF_1_20-50_P_2 and DSF_1_20-65_P_2, reported a value of the
peak stress included
within the standard deviation of 6* (¢** = 225 MPa), which might
indicate that the residual bonded length after the cycles was longer
than the effective bond length. Both these specimens were tested at
1 Hz, and the fatigue tests were stopped after approximately 25,500
cycles. Comparing the results of specimens with frequency equal to
1 Hz that were subjected to a similar number of cycles before the
quasi-static test, namely DSF_1_20-50_P_2, DSF_1_20-65_P_2,
and DSF_1_35-65_P_1, it appears that the larger mean value P is
associated with the greater damage of the interfacial bond.
Additional tests are needed to further investigate the effect of
cycling loading with different amplitudes and mean values on
the post-fatigue load response.

10. Conclusions

This paper presents and discusses the results obtained from an
experimental campaign conducted on PBO FRCM-concrete joints
tested under cyclic and post-fatigue quasi-static loading. The effect
of different frequencies and load ranges was investigated with
respect to the fatigue and post-fatigue behavior. Based on the
results obtained, the following conclusions can be drawn:

o Fatigue failure of PBO FRCM-concrete joints is caused by rup-
ture of the fibers within the bonded area. This type of failure
was different from the rupture of fibers observed in a limited
number of specimens previously tested under quasi-static
monotonic loading by the authors. In fact, the former appears
to be caused by the cyclic loading while sub-critical crack prop-
agation occurs, whereas the latter is mainly caused by the
non-uniform load distribution among the longitudinal bundles.
In general, it was observed that the combination of high ampli-
tude and high mean value of the load range implies greater
damage measured in terms of global slip, energy dissipation,
and interfacial stiffness degradation. The load frequency also
appears to affect the fatigue response. In general, a decrease
of the damage rate with increasing frequency measured in
terms of dg/dN was observed.

e The use of a fracture mechanics approach that takes into
account the influence of the frequency on the rate dg/dN
allowed for describing the intermediate range of the fatigue
crack growth in PBO FRCM-concrete joints. The results obtained
confirmed that the frequency affects the fatigue life as reported
in the literature.

The effect of cycles on the quasi-static post-fatigue behavior of
the PBO FRCM-concrete joints was investigated. The results sug-
gest that an increase of the mean applied load value entails an
increase of the interfacial damage. Further, the interface is
rapidly damaged even for a relatively small number of cycles.



o Since tests conducted on FRCM composites may present a large
variability due to the stochastically distributed property of the
matrix-fiber interface, further tests are needed to confirm the
observations reported in this paper.
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