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A B S T R A C T   

The combined effect of cyclic loading and steel rebar corrosion can determine the premature deterioration of 
reinforced concrete (RC) structures subjected to dynamic and environmental actions. The use of fabric-reinforced 
cementitious matrix composites (FRCM) is a promising solution to extend the fatigue life of RC structures. 
Externally bonded FRCMs are applied to the tension side of structural members to reduce the rebar stress level, 
thus delaying fatigue crack nucleation and/or propagation. A key aspect for the design of FRCM strengthening of 
these structures is the matrix-fiber bond behavior under fatigue loading. In this paper, a critical review of 
currently available studies on the fatigue behavior of FRCM-strengthened RC beams is presented. Then, the 
results of 25 bond tests on PBO FRCM-concrete specimens are provided and discussed. These tests include both 
single-lap direct shear and modified beam tests performed in quasi-static and cyclic mode. The results obtained 
show that the cyclic load may induce progressive debonding at the matrix-fiber interface with rupture of fiber 
filaments. Modified beam tests are more affected by these phenomena than direct shear tests. The rupture of fiber 
filaments is confirmed by the results of post-fatigue tests that show capacities lower than those of corresponding 
quasi-static tests.   

1. Introduction 

The remarkable increase of traffic volume and vehicles weight in 
recent years has been enhancing the fatigue loading of reinforced con
crete (RC) viaducts and bridges [1,2]. Among possible issues, cyclic 
loading may induce the formation and propagation of fatigue cracks in 
steel rebar, which may eventually result in fatigue failure. Besides, the 
corrosion of steel rebar can determine a further increase in the fatigue 
vulnerability [3]. 

Current design guidelines require stresses in RC members during the 
structure service life to be lower than the endurance limit of the specific 
material, i.e., the threshold stress level below which fatigue failure is 
prevented (safe life approach fatigue design [4]). Accordingly, ACI 
215R-92 [5] defines the tensile fatigue strength of plain concrete and 
steel rebar as 55 % and 45 %-60 % of the corresponding quasi-static 
tensile and yield strength, respectively. Similarly, Eurocode 2 [6] al
lows the use only of steel rebars that did not show any fatigue damage 
when subjected to at least 2 million cycles at a stress range larger than 
150 MPa and a maximum stress within 60 % of the bar yielding strength. 

Nowadays, many existing bridges and viaduct close to their service 

life require strengthening or retrofitting to increase their fatigue life due 
to increase of applied loads, poor construction quality and/or mainte
nance level, and deterioration induced by environmental actions. As an 
alternative to traditional strengthening/retrofitting solutions [7], fiber- 
reinforced polymers (FRP) externally bonded (EB) to the tension side of 
RC structural elements were proven to be effective in improving the 
member fatigue life without significant increment of the dead weight 
and with no traffic disruption [8,9]. EB FRP applications proved to be 
effective for the fatigue strengthening of metallic and reinforced con
crete structures [10,11]. However, cyclic actions may induce FRP- 
substrate interface debonding, leading to a premature and brittle fail
ure of the strengthened member [8]. 

As an alternative to the use of FRP composites, EB inorganic-matrix 
composites comprising high-strength fiber textiles embedded within an 
inorganic matrix have been proposed for the strengthening of RC and 
masonry members. These composites are usually referred to as textile 
reinforced mortar (TRM), fabric-reinforced cementitious matrix (FRCM, 
nomenclature adopted in this paper), or steel reinforced grout (SRG, 
when steel fiber is employed for the textile reinforcement) [12]. The use 
of an inorganic matrix rather than the organic resin adopted in FRP 
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composites allows for having a better compatibility with concrete and 
masonry substrates, higher durability with respect to different envi
ronmental exposure, and higher resistance to relatively high tempera
ture [13]. However, due to the peculiarity of each FRCM, further studies 
are needed to clearly identify the long-term behavior of these compos
ites. Results previously obtained by the authors indicate a limited 
detrimental effect of humidity, saline and alkaline environments, wet- 
dry cycles, freeze–thaw cycles, and high temperatures (i.e., 100◦ C) on 
the tensile mechanical and bond properties of FRCM [14,15]. 

Experimental, analytical, and numerical studies showed that EB 
FRCM composites are effective in increasing the flexural, shear, and 
axial capacity of RC beams and columns [16,17], as well as the in- and 
out-of-plane capacity of structural and non-structural masonry elements 
[18,19]. However, the contribution of FRCM to the member capacity is 
often limited by the occurrence of debonding failures. Accordingly, in 
the last decade numerous efforts were made to deeply understand the 
FRCM-substrate quasi-static bond behavior employing direct shear (DS) 
and modified beam (MB) bond test set-ups [20–22]. Nevertheless, very 
limited information is available on the effect of cyclic loading on the 
FRCM tensile and bond behavior [23,24]. In DS tests, the matrix-fiber 
interface is mainly subjected to shear stress, which allows for 
assuming a pure fracture mechanics Mode-II loading condition at this 
interface. In indirect shear test set-ups, such as notched beam (NB) and 
MB set-ups, the matrix-fiber interface is subjected to both shear and 
normal stresses, which affect the bond behavior [20,25]. Due to their 
specific features, the DS set-up is used to study the matrix-fiber bond 
behavior (mainly) under a Mode-II loading condition, whereas the MB 
set-up provides information on the interface behavior of composites 
subjected to a mixed Mode-I/II loading condition [26,27]. The presence 
of stresses normal to the matrix-fiber interface was proved to increase 
the quasi-static capacity associated with MB tests with respect to that of 
corresponding DS tests. However, these stresses can induce failure of 
fiber filaments, thus decreasing the residual capacity of the interface 
[20]. 

In this paper, an in-depth review of the currently available studies on 
the fatigue behavior of FRCM strengthened RC beams is first presented 
to clarify the role of the composite in the beam load-carrying capacity, 
its exploitation rate under service and ultimate loads, and how the steel 
reinforcement ratio, load range, and load frequency affect the 
strengthened beam fatigue behavior. Then, the results of an experi
mental campaign including both DS (9 specimens) and MB (16 speci
mens) fatigue bond tests on polyparaphenylene benzobisoxazole (PBO) 
FRCM-concrete specimens are presented and discussed. Results of MB 
tests, in which the specimen deflection induces stresses normal to the 
composite plane, are compared with those of corresponding DS tests 
where a pure Mode-II loading condition is assumed. The results obtained 
shed light on the effect of beam deflection on the composite behavior 
under fatigue loading. 

2. Fatigue strengthening of RC beams with FRCM composites: 
State of the art 

The load–deflection response of FRCM-strengthened or retrofitted 
RC beams subjected to a cyclic bending action can be divided in three 
main phases [28–31]. The first phase is characterized by a rapid 
decrease of the beam flexural stiffness caused by the opening of flexural 
cracks in concrete and FRCM matrix. A second phase follows, which 
characterizes most of the specimen fatigue life. In this phase, flexural 
cracks propagate toward the compressive zone of the beam and stresses 
acting on tension rebars and FRCM composite progressively increases 
with the reduction of the neutral axis depth. This in turn determines the 
initiation of a fatigue crack in the steel rebars that propagates steadily 
throughout the second phase determining a gradual increase of the beam 
deflection and local debonding of the FRCM composite [30]. Eventually, 
in the third phase the rate of rebar fatigue crack propagation rapidly 
increases until the resisting cross-section is no longer able to withstand 

the stress induced by the cyclic load. A sudden failure of the bar occurs, 
which results in large deflection of the beam, FRCM debonding, and 
eventual element collapse. 

The presence of the FRCM strengthening affects the beam fatigue 
behavior. In [28], it was pointed out that the degradation rate observed 
in the beam second phase (i.e., the steady phase) was lower in 
strengthened than in corresponding control (non-strengthened) RC 
beams, due to the crack bridging effect provided by the FRCM textile. Su 
et al. [31] observed that the presence of the FRCM composite deter
mined the formation of thinner and more spaced flexural cracks in 
comparison with those of control beams. The presence of multiple fine 
cracks can improve the RC beam fatigue performance [32] and reduce 
the rebar exposure to the external environment, thus limiting its 
corrosion [29,31,33]. In [34], it was shown that the effectiveness of the 
FRCM in increasing the fatigue life of RC beams was affected by the 
composite reinforcement ratio, which expresses the potential FRCM 
strength contribution with respect to the tension steel strength contri
bution [30,33]. Accordingly, moderately strengthened beams showed 
higher fatigue life enhancements with respect to poorly strengthened 
beams. However, this effect was not observed in highly strengthened 
beams, which did not show significant increase of fatigue life with 
respect to moderately strengthened ones. This result could be attributed 
to the occurrence of different failure modes in beams strengthened with 
3 and 5 textile layers, as observed also in multilayer FRCM-concrete 
joint direct shear tests [35]. The study also showed that, indepen
dently from the type of fiber employed, an almost linear relationship 
between the maximum applied fatigue load and the specimen fatigue life 
could be identified. However, when the fatigue load induced a stress in 
tension rebars lower than their endurance limit, all specimens reached 
the target number of cycles without failure. 

To investigate the contribution provided by the FRCM composite in 
the strengthened beam fatigue life and to determine the composite 
exploitation during the cyclic load, the experimental results presented in 
six relevant studies available in the literature were considered 
[28,30,31,33,36,37]. Other similar studies were not considered due to 
the unavailability of fundamental data. The studies considered included 
beams with corroded steel reinforcement, which in some cases entailed 
for the occurrence of rebar yielding [31]. Although FRCM composites 
effectively increase the beam bending strength, their contribution under 
service load may be low due to their limited cross-sectional area and to 
the fact that a relevant part of the service load (mainly dead loads) is 
already acting on the RC beam when the strengthening is applied. 

The geometry of specimens considered is reported in Table 1 with 
reference to the parameters depicted in Fig. 1. The reinforcement ratio ρt 
defined in Eq. (3) is reported in Table 1 for each beam. The main test 
parameters, such as the fatigue maximum (Pmax) and minimum (Pmin) 
loads, the frequency f, the FRCM textile cross-sectional area Af, the 
cracked elastic modulus Ef (as defined by ACI 549.6R-20 [12]), and the 
fatigue life NF are reported in Table 2 for each specimen. Finally, in 
Table 2 εf,max is the FRCM strain at the fatigue cycle peak while the rebar 
stress reduction rate ξ and the exploitation ratio η are defined in Eq. (2) 
and Eq. (4), respectively. 

FRCM strengthening can be adopted to reduce the stress acting in the 
steel reinforcement or to increase the load that can be applied to the 
member under service conditions. In both cases, the FRCM contribution 
to the member capacity is affected by the composite axial stiffness and 
by the capacity associated with the composite-concrete stress-transfer 
mechanism [28], which mainly depends on the matrix-fiber impregna
tion capability and on the matrix compatibility with the substrate 
[29,40]. Assuming perfect bond at the steel concrete and composite- 
concrete interfaces, the contribution of FRCM to the beam flexural ca
pacity can be evaluated by enforcing the cross-section equilibrium at the 
beam midspan (see Fig. 1): 
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where k1 and k2 are coefficients that define the concrete compressive 
force value and position, respectively [41], fc is the concrete compres
sive strength, εf is the FRCM strain, Es is the elastic modulus of tension 
steel, assumed equal to 200 GPa, fyc and fyt are the compression and 
tension steel bar yielding stresses, respectively, Ef is the FRCM cracked 
elastic modulus according to AC434 and ACI 549.6R-20 [12,42] (see 
Table 2), respectively, x is the neutral axis depth, and M is the acting 
bending moment. It is worth noting that the Italian guideline for FRCM 
design [43] considers the bare textile elastic modulus rather than the 

cracked elastic modulus Ef. In Eq. (1), which is based on the assumption 
that plane sections remain plane, a parabola-rectangle, elastic-perfectly- 
plastic, and linear-elastic response were assumed for concrete in 
compression, longitudinal steel, and FRCM composite, respectively 
[41]. It should be noted that in real applications the FRCM strengthening 
is usually applied when the dead load is already acting on the structure, 
which entails for the presence of stresses within the cross-section when 
the FRCM is applied. This aspect was disregarded in this study, since the 
only pre-existing load acting on the considered beams was the self- 
weight. 

The FRCM contribution to the member capacity can be assessed by 
solving Eq. (1) considering the acting bending moment due to service 
loads M = Mserv. Assuming the same acting load before and after 
strengthening, the rebar stress reduction rate ξ is: 

ξ =
σserv

t,0 − σserv
t,f

σserv
t,0

(2)  

where σserv
t,0 and σserv

t,f are the stresses in the steel tension reinforcement 
obtained from the solution of Eq. (1) with M = Mserv and Af = 0 (i.e., no 
FRCM strengthening) and Af ∕= 0, respectively. Considering specimens in 
Table 2 and Mserv defined as the bending moment that induced a tensile 
stress in the steel reinforcement equal to σserv

t,0 = 200 MPa, ξ varied be
tween 3.8 % and 13.7 % (see Table 2). 

Fig. 2a shows the stress reduction rate ξ as a function of EfAf for 
representative specimens in Table 2. In this paper, EfAf was considered 
to account for the different mechanical properties and cross-sectional 
areas of FRCM studied. Fig. 2a shows that ξ increased with increasing 
EfAf with different trends depending on the steel reinforcement ratio ρt 
(Table 1): 

ρt =
At

bd
(3) 

Accordingly, specimens in Fig. 2a could be grouped in two sets, one 
associated with 0.43 %≤ρt≤ 0.52 % and the other with ρt = 1.19 %. 
Considering each set individually (see Fig. 2a), the effectiveness of the 
FRCM in reducing the steel tensile stress appeared as a linear function of 
EfAf. For large values of ρt, the stress reduction rate provided by the 
FRCM remains (relatively) low even for large values of EfAf, since the 
cross-sectional area of tensile steel reinforcement is much higher than 
that of the FRCM. When ρt is low, the FRCM may provide stress reduc
tion rates up to approximately 14 % (see Fig. 2a). However, it should be 
noted that in real applications these stress reductions may be lower than 
those computed in Fig. 2a due to the aforementioned possible presence 
of stresses in steel rebars, associated with the part of service load that is 
already acting on the structure when the FRCM is applied. 

Eq. (1) was also solved enforcing M = Mmax, being Mmax the bending 
moment associated with the maximum fatigue load Pmax applied 
experimentally, to evaluate the FRCM strain εf = εf,max at the fatigue 
cycle peak. The values of εf,max computed for specimens in Table 2 
showed that, independently from the FRCM type employed and rein
forcement ratio, the majority of the specimens with tensile rebars in the 
elastic range exhibited a strain approximately equal to 0.2 %, whereas 
only specimens with yielded tensile steel provided high values of εf,max. 

Table 1 
Main geometrical characteristics of strengthened beams considered.  

Reference Set-up RC beam  FRCM 
lb 

(mm) 
lk 

(mm) 
L 
(mm) 

b 
(mm) 

h 
(mm) 

d 
(mm) 

Ac 

(mm2) 
At 

(mm2) 
ρt 

(%) 
lf 
(mm) 

b1 

(mm) 

Aljazaeri and Myers 2017 [37] 2032 254 2133 203 305 268 157 236  0.43 1880 203 
Elghazy et al. 2018 [28] 2560 800 2800 150 250 225 101 402  1.19 2400 150 
Pino et al. 2017 [30] 1524 0 1829 152 305 268 142 213  0.52 1524 152 
Akbari Hadad et al. 2018 [36] 1524 0 1829 152 305 268 142 213  0.52 1524 152 
Akbari Hadad and Nanni 2020 [33] 1524 0 1829 152 305 268 142 213  0.52 1524 152 
Su et al. 2020 [31] 1200 400 1500 170 300 262 100 226  0.51 1100 170  

Fig. 1. Test set-up and cross-section forces under pure bending condition.  
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In Table 2, the FRCM exploitation ratio is defined as: 

η =
εf ,max

εf ,u
(4)  

being εf,u the FRCM strain at quasi-static beam failure. εf,u was computed 
with Eq. (1) assuming M = Mu, where Mu is the bending moment asso
ciated with the experimental failure of nominally-equal FRCM- 
strengthened beams tested in quasi-static loading condition 
[28,30,31,33,36,37]. Fig. 2b shows the relationship between the FRCM 
exploitation ratio η and the fatigue life NF of specimens analyzed. 
Specimens characterized by η>20 % [31], for which Pmax was associated 
to yielding of tension rebars, exhibited the shortest fatigue life due to the 
high level of stress in the FRCM. For lower η values, an increase of NF 
with decreasing η was observed for specimens within the same experi
mental campaign except for specimens in [37] that reached the runout 
limit set to 2 million cycles for any value of η considered. For some 
specimens (indicated with η= “n.d.” in Table 2), the reference specimen 
quasi-static failure occurred due to concrete crushing, and the 

corresponding values of η were considered unreliable. 
The analysis provided in this section highlights the potential 

contribution of FRCM externally bonded strips to the fatigue behavior of 
RC beams. The composite contribution is limited if the load acting on the 
beam when the composite is applied is similar to the service load acting 
on the strengthened beam. However, based on results in Fig. 2, even 
beams with low composite exploitation ratios showed failure before 
attaining 2 million cycles. This confirms the need for further research on 
the fatigue behavior of FRCM-strengthened RC members. 

3. Experimental program 

In the experimental campaign, 16 modified beam (MB) tests and 9 
single-lap direct shear (DS) tests were performed to analyze the effect of 
cyclic load on the bond behavior of a PBO FRCM composite. The MB test 
allowed for studying the combined effect of cyclic normal and shear 
stresses (i.e., mixed Mode-II and negative Mode-I loading condition) on 
the composite bond behavior. Among the specimens considered, 6 MB 

Table 2 
Main mechanical properties, parameters, and results of the experimental tests considered.  

Reference Specimen FRCM Ef 

[GPa] 
Af 

[mm2] 
Pmin/Pu 

[%] 
Pmax/Pu 

[%] 
f 
[Hz] 

NF 

[104] 
εf,max 

[-] 
η 
[%] 

ξ 
[%] 

Aljazaeri and Myers 2017 [37] B1-0 control − − 16 32 5 200 − − −

B3-1 PBO 127 11.28 16 32 5 200 0.0015 n.d. 3.8 
B4-1 PBO 127 11.28 16 32 5 200 0.0015 n.d. 3.8 
B5-1 PBO 127 11.28 16 32 5 200 0.0015 n.d. 3.8 
B6-4 PBO 127 45.12 20 40 5 200 0.0024 16.5 13.7 
B7-4 PBO 127 45.12 20 40 5 200 0.0024 9.5 13.7 
B8-4 PBO 127 45.12 20 40 5 200 0.0024 9.7 13.7 

Elghazy et al. 2018 [28] FCU control − − 21 60 2 39.6 − − −

FCS-2P-I PBO 121 15.00 21 60 2 54.5 0.0016 16.4 2.7 
FCS-4P-I PBO 121 30.00 21 60 2 98.4 0.0018 13.3 5.3 
FCS-4P-II PBO 121 30.00 21 60 2 149.3 0.0018 13.3 5.3 
FCS-3C-II C 75 70.65 21 60 2 83.4 0.0022 12.4 7.6 

Pino et al. 2017 [30] F-CON-0-75a control − − 13 48 2 91.9 − − −

F-FRCM-3P-90 PBO 128 20.98 11 49 2 49.2 0.0024 8.5 7.6 
F-FRCM-3P-85 PBO 128 20.98 11 46 2 56.2 0.0022 8.0 7.6 
F-FRCM-3P-80a PBO 128 20.98 11 44 2 200 0.0021 7.6 7.6 
F-FRCM-3P-80b PBO 128 20.98 11 44 2 189 0.0020 7.1 7.6 
F-FRCM-3P-75a PBO 128 20.98 11 41 2 200 0.0020 7.6 7.6 
F-FRCM-3P-75b PBO 128 20.98 11 41 2 200 0.0021 7.1 7.6 
F-FRCM-1P-75 PBO 128 7.00 12 50 2 96.2 0.0020 n.d. n.d. 
F-FRCM-5P-75 PBO 128 34.96 15 46 2 200 0.0020 − −

Akbari Hadad et al. 2018 [36] F-CON-75 control − − 14 51 2 82.4 − − −

F-C200-75 C 65 13.38 13 49 2 133.4 0.0022 n.d. n.d. 
F-C200-70 C 65 13.38 13 45 2 123.1 0.0020 n.d. n.d. 
F-C200-65 C 65 13.38 13 42 2 200 0.0019 n.d. n.d. 
F-C200-60 C 65 13.38 13 39 2 200 0.0017 n.d. n.d. 
F-C600-75 C 64 47.73 11 41 2 152.6 0.0022 7.4 8.6 
F-C600-70 C 64 47.73 11 38 2 195.9 0.0021 6.9 8.6 
F-C600-65 C 64 47.73 11 35 2 200 0.0019 6.3 8.6 

Akbari Hadad and Nanni 2020 [33] F-CON-75 control − − − 51 2 82.4 − − −

F-ARG-85 G 20.3 95.46 − 65 2 31.6 0.0024 18.8 5.6 
F-ARG-75b G 20.3 95.46 − 59 2 63.5 0.0021 16.9 5.6 
F-ARG-70 G 20.3 95.46 − 54 2 88.2 0.0019 15.4 5.6 
F-ARG-65 G 20.3 95.46 − 50 2 200 0.0018 14.3 5.6 
F-ARG-60 G 20.3 95.46 − 46 2 200 0.0017 13.3 5.6 

Su et al. 2020 [31] F0-I0-0.65 control − − 13 63 5 17.5 − − −

F0-I20-0.65 control − − 13 63 5 20.6 − − −

F2-I0-0.55 C 80‡ 28.58 11 53 5 130 0.0023 10.7 6.3 
F2-I0-0.65 C 80‡ 28.58 13 63 5 43.7 0.0027 12.8 6.3 
F2-I0-0.75 C 80‡ 28.58 15 73 5 28.5 0.0048 22.6 6.3 
F2-I20-0.55 C 80‡ 28.58 11 53 5 111.3 0.0023 10.7 6.3 
F2-I20-0.65 C 80‡ 28.58 13 63 5 52.8 0.0027 12.8 6.3 
F2-I20-0.75 C 80‡ 28.58 15 73 5 19.4 0.0052 24.7 6.3 
F2-I60-0.65 C 80‡ 28.58 13 63 5 44.7 0.0027 12.8 6.3 
F2-I60-0.75 C 80‡ 28.58 15 73 5 15.1 0.0048 22.6 6.3 
F2-I100-0.65 C 80‡ 28.58 13 63 5 36 0.0027 12.8 6.3 
F2-I100-0.75 C 80‡ 28.58 15 73 5 15.2 0.0048 22.6 6.3 
F2-I100-0.85 C 80‡ 28.58 17 83 5 6.2 0.0104 49.7 6.3 

Note: C = carbon, PBO = polyparaphenylene benzobisoxazole, G = alkali resistant glass, control = unstrengthened beam; ‡Not declared in the original publication and 
assumed equal to that obtained for carbon and PBO FRCM in [38] and [39], respectively. 
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and 8 DS were subjected to quasi-static monotonic test. The remaining 
specimens were subjected to fatigue test with a fatigue load range 
calibrated on the results of corresponding quasi-static monotonic tests. 
For 2 MB specimens, the cyclic loading was interrupted and followed by 
quasi-static monotonic test up to failure to assess the degradation 
induced by the fatigue loading on the specimen capacity. 

Specimens were named according to the notation MB(or DS)_X_Y_B 
(or G)_F(or PF)_n, where MB (=modified beam) or DS (=direct shear) 
indicates the test set-up, X is the bonded length (in mm), Y is the bonded 
width (in mm), B (=bare-fiber) or G (=bond-gap) indicates the strip 
layout in MB tests (see [20]), F or PF (if present) indicates a fatigue or 
post-fatigue test, respectively, and n is the specimen number. 

It is worth noting that results of the quasi-static monotonic tests 
considered in this paper were previously presented in [20] and are re
ported here for completeness, while the preliminary results of specimens 

MB_300_60_B_F_1-4 were discussed in [34,44]. The results of these tests 
are considered in this work for comparison with corresponding results 
with a different layout (i.e., bond-gap) and test set-up (i.e., direct shear). 
Furthermore, the fatigue behavior of all specimens considered is 
analyzed in terms of global slip growth, cycle secant slope reduction, 
and increment of the area within the fatigue cycle (see Sections 3.3 and 
4). 

3.1. Specimen geometry and materials 

Fig. 3 shows the geometry of DS and MB specimens considered in this 
study. Both test set-ups employed plain concrete prisms with nominal 
dimensions equal to 150 × 150 (cross-section) × 500 (length) mm. The 
concrete 28-day average compressive strength, tested according to EN 
12390–3:2019 [45], was 37.9 MPa (CoV = 6.02 %) [44]. The FRCM 

Fig. 2. State of the art analysis: a) steel stress reduction rate as a function of EfAf and b) FRCM exploitation ratio as a function of the fatigue life.  

Fig. 3. Geometry of a) DS and b) MB specimens (dimensions in mm).  
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composite investigated in this paper was comprised of an open-mesh 
unbalanced PBO textile [46] embedded within a cement-based mortar 
[47]. The PBO textile had longitudinal yarns (i.e., aligned with the load 
direction) spaced at 10 mm on center and transversal yarns (i.e., 
orthogonal to the load direction) spaced at approximatively 17.5 mm on 
center. The composite width b1 varied between 50 and 60 mm, 
depending on the number of yarns included in the textile layer (5 yarns 
for specimens DS_300_50_1-5 and 6 yarns for all other specimens). The 
FRCM bonded length was 300 mm for each prism, which resulted in a 
600 mm overall bonded length for MB specimens. The cross-sectional 
area of each longitudinal bundle was 0.46 mm2, resulting in an overall 
textile cross-sectional area Af = 2.76 mm2 when 6 yarns were considered 
(60 mm wide strip) or Af = 2.30 mm2 in the case of 5 yarns (50 mm wide 
strip). 

The PBO textile mechanical properties were obtained with tensile 
tests of bare textile strips with different widths, according to EAD 
340275–00-0104 [48]. The tensile strength and elastic modulus ob
tained were 3960 MPa (CoV = 6.96 %) and 241 GPa (CoV = 4.90 %), 
respectively [49]. The matrix compressive and flexural strength, tested 
according to UNI EN 1015–11 [50], were 51.60 MPa (CoV = 2.79 %) and 
8.10 MPa (CoV = 16.30 %) [49], respectively, whereas the matrix ten
sile strength was estimated as 3.75 MPa using FRCM clevis-grip tensile 
tests [51]. 

In DS test, a composite strip was applied onto the concrete prism 
leaving a portion of textile bare at the loaded and free end (Fig. 3a). The 
concrete prism was restrained while the bare textile end, which was 
equipped with epoxy-bonded glass FRP tabs, was pulled. 

In MB test, two prisms were connected by a cylindrical hinge located 
at the top (compression) side and an FRCM strip was bonded to the 
bottom (tension) side. A 4-point bending configuration was used, with 
two cylindrical supports spaced at 900 mm on center and load appli
cation points spaced at 80 mm (Fig. 3b). Two FRCM strengthening 
layouts were adopted, named bare-fiber (B) and bond-gap (G) (see [20]). 
In the former layout, a 60 mm long portion of textile was left bare (i.e., 
not embedded within matrix, see Fig. 3b) at the MB midspan, which 
allowed for a direct measurement of the relative slippage between fibers 
and matrix at the composite strip loaded ends (Fig. 3b). In the latter 
layout, the textile was embedded along the entire strip, whereas a 60 
mm long FRCM portion at the MB midspan (named bond-gap) was not 
bonded to the substrate. The bond-gap layout was realized by applying a 
plastic tape to the concrete substrate along the 60 mm midspan portion 
before casting the FRCM strip. 

In DS test, two linear variable displacement transformers (LVDTs) 
(V1 and V2 in Fig. 3a) were attached to the concrete block, on the two 
sides of the FRCM strip, and reacted off of an L-shaped aluminum plate 
bonded to the bare textile portion just outside the strip at the loaded end. 
The average of measurements of these LVDTs is named global slip g. In 
bare-fiber MB test, the global slip g was defined as the average of dis
placements measured by two LVDTs attached to the concrete on each 
side of the strip (named LVDT B1, B2, B3, and B4 in Fig. 3b) and reacting 
off of aluminum L-shaped plates bonded to the bare fibers immediately 
outside the matrix at the loaded ends. In bond-gap MB test, two LVDTs 
(LVDT G1 and G2 in Fig. 3b) were attached on the side of the FRCM strip 
to the same concrete prism at the MB midspan and reacted off of L- 
shaped aluminum plates bonded to the opposite prims. The average of 
measurements of these LVDTs is the relative displacement between 
blocks ge (Fig. 3b). Other four LVDTs (LVDT G3, G4, G5, and G6, in 
Fig. 3b) were employed to measure the relative displacement between 
the textile and concrete at the strip free ends. Finally, in all MB tests, the 
vertical deflection at midspan was measured with LVDT V1 and V2 
(Fig. 3b). Photos of specimens DS_300_60_F_1 and MB_300_60_B_F_3 
before the beginning of the test are shown in Fig. 4 and Fig. 5, 
respectively. 

3.2. Quasi-static monotonic tests 

Quasi-static monotonic tests were performed by monotonically 
increasing the displacement (stroke) of the machine head at a constant 
rate of 0.0034 mm/s. The composite axial stress at the loaded end σ = P/ 
Af of DS tests was computed as the ratio between the load applied by the 
testing machine P and the textile cross-sectional area Af. The fiber stress 
σ0 acting at the loaded end of MB tests was computed according to Eq. 
(5) by enforcing the equilibrium to the free-body diagram in Fig. 3b: 

σ0 =
T
Af

=
Pw + 2WlW

2hcosα ⋅
1
Af

(5)  

where α is the specimen rotation angle, w is the distance between one of 
the two loading points and the closest support, W = 258 N is the self- 
weight of the prism (assumed concentrated in its centroid), lW is the 
horizontal distance between the prism centroid and the closest support, 
and h is the vertical distance between the axis of the cylindrical hinge 
and the textile plane (see Table 3). 

Table 3 provides the main geometrical parameters, which are rep
resented in Fig. 3a and b, of the quasi-static monotonic tests. Further
more, the peak stress σ* (or σ0* for MB tests), the corresponding global 
slip g* (or midspan displacement ge* for bond-gap MB tests), the residual 
stress associated with the presence of friction at the matrix-fiber inter
face σf (or σ0,f for MB tests), and the corresponding global slip gf (or ge,f 
for bond-gap MB tests) [20] are also represented in Fig. 6a and reported 
in Table 3 for each specimen. 

All specimens failed due to debonding of the fiber from the embed
ding matrix. Fig. 6b, c, and d show the responses of quasi-static DS, 
bond-gap MB, and bare-fiber MB tests. MB tests provided a higher peak 

Fig. 4. Photo of specimen DS_300_60_F_1.  
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stress than DS tests (on average 24.8 % and 5.9 % higher for bond-gap 
and bare-fiber MB with respect to DS specimens, respectively), which 
was attributed to the presence of a normal stress component along the 

matrix-fiber interface in MB. This component, named σI in [20], was 
assumed localized at the composite loaded end and tended to push the 
fibers against the matrix internal layer (i.e., the layer in contact with the 

Fig. 5. Photo of specimen MB_300_60_G_F_3.  

Table 3 
Quasi-static monotonic experimental test results taken from [20].  

Specimen w 
[mm] 

h 
[mm] 

lW 

[mm] 
L†

[mm] 
b1 

[mm] 
σ*, σ0* 
[MPa] 

g* 
[mm] 

ge* [mm] σf, σ0,f 

[MPa] 
gf 

[mm] 
ge,f 
[mm] 

DS_300_60_1     60 2090 0.95  123 5.98  
DS_300_60_2     60 1673 2.86  319 6.51  
DS_300_60_3     60 1813 2.15  112 6.20  
DS_300_50_1 − − − 300 50 1938 1.39 − 239 6.92 −

DS_300_50_2     50 2230 0.87  219 7.81  
DS_300_50_3     50 2224 1.22  231 7.03  
DS_300_50_4     50 2190 1.64  331 6.94  
DS_300_50_5     50 2148 1.15  269 6.92  
Average (•) − − − − − 2038 1.53 − 230 6.79 −

CoV 0.102 0.441 0.350 0.083 
MB_300_60_B_1 410 150 200 300 60 2220 1.47  199 5.59  
MB_300_60_B_2 2124 2.47 − 481 5.51 −

MB_300_60_B_3 2135 1.61  430 5.85  
Average (•) − − − − − 2159 1.83 − 370 5.65 −

CoV 0.024 0.243 0.406 0.026 
MB_300_60_G_1  

410  
150 200 300 60 2499  1.89 671  4.59 

MB_300_60_G_2 2514 − 2.14 283 − 4.72 
MB_300_60_G_3 2617  1.58 434  6.35 
Average (•) − − − − − 2543 − 1.87 463 − 5.22 
CoV 0.025 0.149 0.422 0.188  

† Bonded length of a single block; σ*, σ0*=peak stress; g*=global slip at peak stress; ge*=midspan displacement at peak stress; σf, σ0,f = residual stress; gf = global slip 
at the first attainment of the residual (friction) stress; ge,f = midspan displacement at the first attainment of the residual (friction) stress. 

Fig. 6. Stress (or load) responses of DS and MB tests: a) idealized response; b) direct-shear tests; c) bare-fiber modified beam tests; d) bond-gap modified beam tests.  
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substrate) increasing the specimen load-carrying capacity. For this 
reason, the average residual (friction) stress of MB tests with bond-gap 
and bare-fiber layouts was 101.3 % and 60.9 % higher than that of DS 
tests, respectively. However, in some cases σI also induced damage to the 
fibers that eventually led to rupture of fiber filaments. This effect was 
more pronounced in bare-fiber than in bond-gap specimens, which was 
attributed to the sharp deviation of the textile axial direction in bare- 
fiber specimens due to the presence of the matrix discontinuity [20]. 

3.3. Fatigue tests 

One DS and eight MB (four with bond-gap and four with bare-fiber 
layout) specimens were subjected to fatigue test. Photos of specimens 
DS_300_60_F_1 and MB_300_60_B_F_3 before the beginning of the test are 
shown in Fig. 4 and Fig. 5, respectively. Specimens were subjected to an 
initial quasi-static monotonic test in displacement (stroke) control at a 
constant rate of 0.0034 mm/s until the attainment of the mean cyclic 
load. Then, a force-controlled sinusoidal cyclic load with frequency 3 Hz 
[34,44] was applied to the specimen until failure was attained. The 
nominal minimum and maximum applied load in the fatigue cycles were 
equal to 25 % and 50 % of the average peak load of corresponding quasi- 
static monotonic tests, respectively, which were associated to a mini
mum and maximum stress σmin = 510 MPa and σmax = 1020 MPa for DS 
test, σ0,min = 550 MPa and σ0,max = 1050 MPa for bare-fiber MB test, and 
σ0,min = 635 MPa and σ0,max = 1270 MPa for bond-gap MB test. The 
actual average values of the applied fatigue stress measured during the 
test are provided in Table 4 for each specimen. These values were 
slightly different from the nominal values due to difficulties of the ma
chine load-control mode in matching the command with the specimen 
response, which varied during the test. In Table 4, for MB and DS tests, 
respectively: Tmin and Tmax and Pmin and Pmax are the minimum and 
maximum applied fatigue loads (see Fig. 3a and b); T and P are the mean 
fatigue loads; ΔT = Tmax-Tmin and ΔP = Pmax-Pmin are the fatigue load 
ranges; RW = σ0,min/σ0,max and σmin/σmax are the stress ratios; and NF is 
the number of cycles to failure. 

The axial stress σ – global slip g response of specimen DS_300_60_F_1 
is presented in Fig. 7a. The first branch is associated with the quasi-static 
monotonic test up to the mean fatigue load, whereas blocks comprising 
10 load cycles were selected during the fatigue test and are shown in 
Fig. 7a. The specimen response during the 10 cycles preceding failure is 
shown in a call-out in the same figure. The fatigue σ – g response of 
specimen DS_300_60_F_1, which resembled those observed in [24] on 
the same PBO FRCM composite tested with different fatigue load ranges, 
was characterized by three stages (see Fig. 7a): (i) an initial stabilization 
stage, (ii) an intermediate steady stage, and (iii) a non-steady final stage. 
The initial stage was limited to the initial (approximately) 500 cycles 
following the quasi-static monotonic branch. In this stage, the ratio 
between the current global slip g and the global slip at the end of the 

quasi-static monotonic branch, g0, rapidly increased until attaining an 
approximately constant rate associated with the specimen steady stage 
(Fig. 7b). During this stage, which lasted for 85 % of NF (i.e., up to 
approximately 18.2 × 105 cycles), the global slip steadily increased due 
to the progressive debonding and fiber damage. For the same reasons, 
the matrix-fiber interface stiffness decreased during this stage, as shown 
by the behavior of the cycle slope k (Fig. 7c), defined as the average 
slope of secant lines passing through the peaks and valleys of the cycles 
in a 10-cycle block (see Fig. 7a). This decrease of k was associated with 
an increase of the area enclosed by each cycle Acyc (Fig. 7d), measured as 
the average area of the cycles in a 10-cycle block. With increasing the 
number of cycles, the specimen entered the non-steady stage (iii) where 
g rapidly increased until progressive failure of fiber filaments and 
eventual complete rupture of the textile occurred (see Fig. 7e). This 
failure was not localized in a unique cross-section. In fact, fiber filaments 
ruptured both inside and outside the bonded length. Since the fatigue 
test was load-controlled, no residual constant applied stress could be 
observed at the end of the test. In fact, due to progressive fiber filaments 
rupture, the specimens were no longer able to sustain the stress within 
the fatigue range applied, which determined the complete failure of the 
fibers. 

4. MB Test fatigue and post-fatigue results 

In this section, results of fatigue and post-fatigue MB tests are dis
cussed. Fig. 8 illustrates the stress-global slip curve for both the bare- 
fiber and the bond-gap specimen fatigue tests. The σ0-g responses of 
bare-fiber specimens (MB_300_60_B_F_1-4) are reported in Fig. 8a-d as 
they were previously presented in [34,44]. In specimens with bond-gap 
layout (MB_300_60_G_F_1-4), the presence of matrix along the bond-gap 
length (60 mm across midspan, see Fig. 3b) did not allow for a direct 
measurement of the global slip. Therefore, the average midspan 
displacement ge measured by LVDTs G1 and G2 (see Fig. 3b) was 
considered for these specimens. Accordingly, Fig. 8e-h report the σ0-ge 
responses of specimens MB_300_60_G_F_1-4. 

4.1. Bare-fiber specimens 

The cyclic behavior of bare-fiber specimens was characterized by 
three stages (see Fig. 9a). During the initial stage, the FRCM strips on the 
two blocks behaved symmetrically and the global slips measured at the 
two loaded ends were almost identical for the same applied load. With 
increasing the number of cycles N, matrix-fiber debonding occurred on 
one side of the specimen, named fully debonded side (FDS), and the 
second stage began. At the FDS, g kept increasing with increasing N 
whereas it remained constant or slightly decreased at the opposite side, 
named partially debonded side (PDS). Eventually, during the last stage g 
progressively increased at a higher rate than in the previous stage and 

Table 4 
Fatigue test parameters and results.  

Test Specimen Tmin or Pmin 

[kN] 
Tmax or Pmax 

[kN] 
T or P 
[kN] 

ΔT or ΔP 
[kN] 

σ0,min or σmin 

[MPa] 
σ0,max or σmax 

[MPa] 
RW 

[-] 
NF 

[105] 

MB MB_300_60_B_F_1○  1.54  2.80  2.17  1.26 558 1015  0.55  2.03 
MB_300_60_B_F_2○  1.52  2.72  2.12  1.20 550 986  0.56  4.73 
MB_300_60_B_F_3○  1.50  2.96  2.23  1.47 542 1073  0.51  12.17 
MB_300_60_B_F_4○  1.48  2.94  2.21  1.46 537 1065  0.50  3.15 
Average  1.51  2.86  2.18  1.35 547 1035  0.53  5.52 
CoV  0.017  0.040  0.022  0.100 0.016 0.040  0.054  0.830 
MB_300_60_G_F_1  1.86  3.35  2.60  1.49 673 1212  0.56  0.42 
MB_300_60_G_F_2  1.85  3.40  2.62  1.55 669 1231  0.54  0.28 
MB_300_60_G_F_3  1.73  3.68  2.70  1.95 625 1332  0.47  0.32 
MB_300_60_G_F_4  1.74  3.71  2.72  1.97 629 1343  0.47  0.10 
Average  1.79  3.53  2.66  1.74 649 1279  0.51  0.28 
CoV  0.039  0.053  0.022  0.147 0.039 0.052  0.092  0.477 

DS DS_300_60_F_1  1.23  2.89  2.06  1.66 446 1046  0.43  21.15  
○ Presented in [34,44]. 
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the specimen failed due to rupture of the textile strip at the specimen 
midspan. This indicated that the increase of g was not associated only to 
the propagation of debonding at the matrix-fiber interface but also to the 
subsequent rupture of fiber filaments [24,52]. The number of cycles at 
failure varied significantly (see Table 4). Specimen MB_300_60_B_F_1 
failed after the lowest number of cycles, i.e., NF = 0.20 × 106. Specimens 
MB_300_60_B_F_2, 3, and 4 failed at NF = 0.47 × 106, 1.22 × 106, and 
0.32 × 106, which are still limited compared to the 2.11 × 106 cycles 
attained in specimen DS_300_60_F_1. 

To study the behavior of the global slip at the FDS, g was divided by 
the global slip at the beginning of the fatigue phase, g0, since specimens 
provided different values of g at the end of the initial quasi-static 
monotonic branch. Analogously, the slope k was divided by the corre
sponding slope k0 measured as the average of the slope of the first ten 
fatigue cycles. g/g0, k/k0, and Acyc with respect to the number of cycles N 
are shown in Fig. 9a, b, and c for specimens MB_300_60_B_F_1-4. From 
Fig. 9a, it can be noticed that specimens that showed a rapid growth of g/ 
g0 from the beginning of the fatigue phase provided low NF. In specimen 
MB_300_60_B_F_1, a matrix crack occurred at the FDS loaded end and 
suddenly propagated along the textile plane, inducing a rapid increase of 
g/g0 from 2 to 6. This crack, which was not present in other specimens, 
was attributed to poor adhesion between the two layers of matrix 
embedding the textile. The crack also affected k/k0, and Acyc. The slope 
suddenly decreased (Fig. 9b) and the area suddenly increased (Fig. 9c) as 
a results of the decrease in the bonded length available after the opening 
of the crack. k/k0 decreased with increasing N for all specimens except 
for MB_300_60_B_F_2, where k/k0 increased during the test. However, in 
all specimens Acyc increased during the fatigue cycles, which indicated 
progressive damage at the matrix-fiber interface and of fiber filaments. 
The fatigue steady stage of specimens MB_300_60_B_F_1, 2, 3, and 4 
ended at approximately 0.20, 0.47, 1.22, and 0.32 × 106 cycles. After 
this, g/g0 rapidly increased and the specimen failed. The result scatter 
observed, which was attributed to the randomly distributed properties 
of the matrix-fiber interface, to the non-symmetrical behavior of the 
FRCM strips on the two prisms, and to possible misalignment between 

the two blocks, did not allow for identifying a clear effect of the fatigue 
cycles on the FRCM bond behavior. However, these results clearly 
showed the vulnerability of the fiber textile to cyclic loading, which 
induced progressive damage of fiber filaments leading to eventual 
rupture. 

4.2. Bond-gap specimens 

Fig. 9d shows the ge/ge,0 – N response for the tested specimens. All 
specimens showed a significant increase of the midspan displacement ge 
at the beginning of the fatigue loading. As the number of cycles 
increased, specimens entered in a steady stage where ge/ge,0 increased 
almost linearly with the number of cycles. The steady stage lasted for 36, 
16, 25, and 6 × 103 cycles for specimens MB_300_60_G_F_1, 2, 3 and 4. 
Similarly to bare-fiber specimens, the midspan displacement increase 
observed in the steady stage of bond-gap specimens could be attributed 
to a combined action of matrix-fiber debonding and progressive damage 
and rupture of fiber filaments. However, the limited extent of this stage 
in bond-gap specimens with respect to that in bare-fiber specimens 
suggested that fiber damage was higher for the former strip layout. This 
was also confirmed by a more rapid reduction in the 10-cycle blocks 
slope shown in Fig. 9e, whereas a similar behavior of the area Acyc was 
observed for bare-fiber and bond-gap specimens (Fig. 9f). Eventually, 
with increasing the number of cycles specimens entered in a non-steady 
stage that lasted for approximately 25 % of their fatigue life. In this 
stage, a rapid increase in midspan displacement was observed until 
failure occurred due to rupture of the textile along the bond-gap length. 
LVDTs G3-G4 and G5-G6 (Fig. 3b) never recorded free-end slips of the 
textile, which indicated that debonding did not propagate until the strip 
free end and that the fatigue degradation and failure was mainly gov
erned by fiber damaging and rupture. 

Bond-gap specimens failed at a number of cycles NF in the range 10 
× 103 ––42 × 103 (see Table 4). The fatigue life of bond-gap specimens 
resulted on average 94.5 % lower than that of nominally equal speci
mens with bare-fiber layout (Table 4). This indicated that, although the 

Fig. 7. Fatigue response of specimen DS_300_60_F_1: a) Axial stress σ − global slip g response and variation of b) normalized global slip, c) cycle secant slope, and d) 
cycle area with the number of cycles. e) Photo of the specimen loaded end at failure. 
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presence of matrix at midspan increased the specimen quasi-static load- 
carrying capacity with respect to that of bare-fiber specimens (see 
Table 3), it increased the fiber damage during the fatigue loading 
leading to a substantially lower fatigue life with respect to that of bare- 
fiber specimens. 

4.3. Post-fatigue behavior 

Specimens tested under fatigue loading showed a progressive 
reduction of the cycle slope and an increase in cycle area. To clarify if the 
progressive matrix-fiber debonding or damage and rupture of fiber fil
aments was mainly responsible for the progressive degradation of the 
specimen mechanical properties during the fatigue steady stage, the 
fatigue test of MB with bond-gap layout MB_300_60_G_PF_1 and_2 were 

interrupted to perform a post-fatigue quasi-static monotonic test and 
assess the specimen post-fatigue capacity. The test consisted of three 
phases: (i) a displacement-controlled quasi-static monotonic test until 
the mean fatigue load was attained, (ii) a 10-thousand cycle fatigue 
loading stage (i.e., 33 % of the average fatigue life of bond-gap speci
mens, see Table 4), and (iii) a post-fatigue displacement-controlled 
quasi-static monotonic test until failure of the specimen. 

Fig. 10 shows the fiber stress σ0 – midspan displacement ge curves of 
post-fatigue specimens. All specimens failed in the post-fatigue phase 
due to debonding at the matrix-fiber interface. The σ0 – ge responses 
showed an initial non-linear quasi-static monotonic branch, followed by 
10-cycle blocks extracted every 2000 cycles during the fatigue-load 
phase. For both specimens MB_300_60_G_PF_1 and 2 (see Fig. 10a and 
b), an increase of the midspan displacement was recorded during the 

Fig. 8. Stress – global slip curve of specimen MB_300_60_B_F_ a) 1, b) 2, c) 3, and d) 4. Stress – midspan displacement curve of specimen MB_300_60_G_F_ e) 1, f) 2, g) 
3, and h) 4. 
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cyclic phase, which was associated with a progressive reduction of the 
cycle slope k and an increase of the area Acyc (see Fig. 10c and d). In the 
post-fatigue phase, which started at the mean fatigue load, the response 
was initially linear with a slope similar to that of the last cycles. With 
increasing the machine stroke, the response became non-linear until the 
attainment of the peak stress σ0*PF, which was associated with the 
midspan displacement ge*PF. Eventually, the σ0 – ge curve plateaued at a 
constant residual friction stress σ0,f,PF. 

Table 5 provides the main results obtained from specimens 
MB_300_60_G_PF, where NPF is the number of load cycles of phase (ii). 
Specimens MB_300_60_G_PF_1 and 2 (see Fig. 10a and b) showed a post- 

fatigue peak stress σ0*PF 44 % and 41 % lower than the corresponding 
average quasi-static peak stress σ*

0 = 2543 MPa (see Table 4), respec
tively. This significant reduction in the post-fatigue peak stress could be 
attributed to rupture of some fiber filaments occurred during the cyclic 
phase. Similarly, the post-fatigue residual friction stress σ0,f,PF resulted 
57 % and 44 % lower than the corresponding average quasi-static re
sidual friction stress σ0,f = 463 MPa (see Table 4) for specimens 
MB_300_60_G_PF_1 and 2, respectively. This result could again be 
attributed to rupture of fiber filaments, which in turn determined a 
reduction of contact surface between fiber filaments and between matrix 
and fibers where the residual friction stress developed. 

Fig. 9. Results of fatigue tests on MB specimens: variation of a) normalized global slip, b) normalized cycle secant slope, and c) cycle area with the number of cycles 
at the fully debonded side (FDS) of bare-fiber specimens. Variation of d) normalized midspan displacement, e) normalized cycle secant slope, and f) cycle area with 
the number of cycles for bond-gap specimens. 
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The results obtained showed that direct shear and bending tests with 
different composite layouts provide fundamental information on the 
composite bond behavior. The use of modified beams allowed for 
observing the detrimental effect of the cyclic load on the specimen ca
pacity, which was less pronounced in corresponding fatigue direct shear 
tests. This confirms the importance of the study of matrix-fiber bond 
behavior and suggests the need of investigating the fatigue response of 

full-scale FRCM strengthened member to obtain results that closely 
reproduce the real application. 

5. Conclusions 

In this study, the use of FRCM composites to improve the fatigue 
behavior of RC members was investigated. First, a discussion on the 
responses of FRCM-strengthened beams subjected to fatigue loading was 
provided. Then, the results of an experimental campaign to study the 
fatigue and post-fatigue response of direct shear and modified beam test 
specimens comprising PBO FRCM composites and concrete prisms were 
provided and discussed. Based on the literature review and results 
herein presented, the following conclusions can be drawn:  

• The reduction of tensile stress acting on the steel rebars of an existing 
RC beam attributed to the presence of the FRCM strengthening 
varied between 3.8 and 13.7 % for the specimens considered and 
appeared a linear function of the product between the composite 
cracked elastic modulus and cross-sectional area. However, it should 
be noted that in real applications these stress reductions may be 
lower because the FRCM strengthening is usually applied when part 
of the service load is already acting on the structure. 

• Independently from the FRCM type employed and composite rein
forcement ratio of specimens collated from the literature, the ma
jority of the specimens with tensile rebars in the elastic range 
exhibited a composite exploitation ratio at cycle peak between 6.3 % 
and 18.8 %. Generally, a decrease of the FRCM exploitation was 
associated with an increase of specimen fatigue life. Exploitation 
ratios higher than 20 % at cycle peak were associated with yielded 
tension steel rebars.  

• The modified beam test specimens subjected to fatigue loading failed 
due to rupture of the fiber filaments with a number of cycles at 
failure between 0.20 × 106 cycles and 1.22 × 106 cycles for bare- 
fiber layout specimens and between 0.10 × 105 cycles and 0.42 ×
105 cycles for specimens with bond-gap layout. The failure mode did 
not allow for verifying whether the progressive matrix-fiber 
debonding or damage of the fiber was mainly responsible for the 
progressive degradation of the specimen stiffness.  

• Fatigue test on bond-gap layout specimens showed a fatigue life 94.5 
% lower than that of bare-fiber specimens. This difference was 
attributed to a more pronounced damage and rupture of fiber fila
ments caused by the embedding matrix (not bonded to the substrate) 
along the bond-gap length.  

• Post-fatigue quasi-static tests of bond-gap layout specimens showed a 
lower bond and residual capacities than that of corresponding quasi- 
static tests. This can be attributed to rupture of fiber filaments during 
the cyclic stage. 

The results obtained are valid only for the PBO FRCM composite 
studied. The failure mode observed, i.e., debonding at the matrix-fiber 
interface, showed the importance of the matrix-fiber bond properties 
and indicated that proper experimental testing is needed to investigate 
the behavior of FRCM comprising different matrix and fibers. Besides, 
the high scatter in the results of cyclic bond tests highlights the need for 
further research to fully assess the fatigue behavior of FRCM composites. 
The literature review, as well as results of FRCM-concrete specimen 
tests, showed the potential contribution of the EB composite to the 
strengthened member fatigue life. However, the stress applied to the 

Fig. 10. Load responses of specimen a) MB_300_60_G_PF_1 and b) 
MB_300_60_G_PF_2. Variation of cycle slope and cycle area for specimen c) 
MB_300_60_G_PF_1 and d) MB_300_60_G_PF_2. 

Table 5 
Results of post-fatigue MB specimens with bond-gap layout.  

Specimen σ0,min [MPa] σ0,max [MPa] RW 

[-] 
NPF 

[103 ] 
σ0*PF [MPa] ge*PF [mm] σ0,f,PF [MPa] 

MB_300_60_G_PF_1 611 1326  0.46 10 1425  2.98 205 
MB_300_60_G_PF_2 616 1325  0.46 10 1499  2.50 258  
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composite and the presence of stresses normal to the interface where 
debonding occurs play a fundamental role and should be carefully 
controlled when designing the strengthening under cyclic load. 
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