
1 
 

FLEXURAL FATIGUE OF PRE-CRACKED PLASTIC FIBRE REINFORCED 1 
CONCRETE: EXPERIMENTAL STUDY AND NUMERICAL MODELING 2 

 3 
Debora Martinello Carlessoa* (debcarlesso@gmail.com), Sergio Cavalarob 4 
(S.Cavalaro@lboro.ac.uk), Albert de la Fuentea (albert.de.la.fuente@upc.edu)  5 
 6 
a: Polytechnic University of Catalonia - BarcelonaTECH, Barcelona, Spain 7 
b: Loughborough University, Loughborough, United Kingdom 8 
*: Corresponding author 9 

 10 
ABSTRACT 11 

The objective of this paper is to analyse the mechanical behaviour of polypropylene fibre reinforced 12 
concrete subjected to load cycles and propose a model to predict the crack-opening increase and 13 
mechanical performance evolution over the cycles. Fatigue tests were performed in pre-cracked 14 
specimens with two fibre types and contents to assess the evolution of the crack-opening for 15 
prescribed numbers of load cycles. The residual flexural tensile strength was assessed before and 16 
after these tests to estimate the impact of the cycles in the remaining resistant capacity of the 17 
specimens. Results suggest that the mechanism of crack propagation is independent of the fibre 18 
type and content. The accumulated damage due to the cycles produces an offset in the quasi-static 19 
residual tensile strength curve. These findings underpin the proposal of a model to predict the 20 
evolution of the crack-opening and the remaining resistant capacity. An optimisation procedure is 21 
proposed to derive the model parameters using a limited number of initial load cycles. 22 
 23 
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1. INTRODUCTION 28 

Fibre-reinforced concrete (FRC) elements without traditional reinforcement are extensively 29 
used in applications exposed to cyclic loadings, such as tunnel linings [1–5], pavements [6], bridge 30 
deck overlays [7,8], wind energy towers [9,10] and offshore structures [11,12]. The cyclic load 31 
produces tensile stresses that can lead to crack initiation and propagation [13,14], compromising 32 
the mechanical performance and durability, and eventually bringing about noncompliance with 33 
service or limit state requirements [15] [16,17]. FRC structures can work in the cracked condition 34 
during their service life either because they were designed to do so or because accidental, transient 35 
or thermal-hygrometric actions induce cracks. The loss of performance and potential collapse 36 
caused by fatigue are significantly accelerated if cracks are already present in the structure.  37 

The understanding of the damage propagation is the basis for the proposal of numerical 38 
models to estimate the loss of performance over the load cycles, which enable the prediction of the 39 
fatigue life in concrete structures [18,19] [20,21] and should be particularly important in pre-40 
cracked elements reinforced only with fibres. The literature includes few studies on the behaviour 41 
of pre-cracked FRC under cyclic direct tension [22–25] [26] or flexural [20,27–30] [31] [32–35] 42 
[36,37] load.  43 

Germano et al. [27] studied the fatigue behaviour of steel fibre reinforced concrete (SFRC) 44 
and found that the crack-opening range and crack-opening increment per cycle govern the fatigue 45 
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life. González et al. [20] analysed the residual tensile strength of SFRC after cyclic loading and 1 
observed a progressive reduction in stiffness, caused by cracking in the fibre-matrix interface that 2 
leads to a reduction of fibre-concrete bond and residual strength. The numerical models derived 3 
from these studies are generally based on regressions of the experimental results and could hardly 4 
be generalised to other conditions. Owing to the lack of experimental results and accepted models, 5 
codes and guidelines for the design of FRC structures are either vague or unclear on how to account 6 
for the fatigue in the design. This poses a potential hazard for users of FRC structures subjected to 7 
a significant number of load cycles. 8 

Assumptions and conclusions from studies about SFRC cannot be directly generalised to 9 
plastic fibre reinforced concrete (PFRC) due to the significant differences between the properties 10 
of these fibres. As summarised in Table 1, the literature provides limited information about the 11 
fatigue of PFRC. Although pre-cracked specimens were assessed in compression fatigue tests, only 12 
non-cracked specimens were tested in flexural fatigue tests and only 2 studies evaluate the post-13 
fatigue residual strength. Moreover, the empirical fatigue model found in the literature addresses 14 
the PFRC behaviour under cyclic compressive load, not flexural load.  15 

 16 
Table 1 – Research about the fatigue of PFRC 17 

Reference 
Compressive load 

cycles 
Flexural load 

cycles 
Pre-cracked 
specimens 

Post-fatigue 
residual behaviour 

Fatigue model 

[19] x x x 
[26] x x  
[31]  x  

[32–35]  x  
[36,37]  x x  

This study  x x x x 

 18 
Considering the surge in PFRC application with structural responsibility and the likelihood 19 

of finding elements with cracks in service, additional studies are needed to grasp the implications 20 
of the flexural fatigue of pre-cracked PFRC in terms of crack-opening evolution and residual 21 
flexural strength. Likewise, models are needed to predict the material performance in terms of the 22 
evolution of crack-opening and residual resistant capacity after the cycles. This study addresses 23 
both needs. An extensive experimental study encompassing quasi-static and dynamic tests of PFRC 24 
assessed the influence of the flexural load cycles on the mechanical performance of specimens. 25 
Results support the proposal of a semi-empirical model to predict the crack-opening evolution and 26 
the remaining flexural strength. This research provides knowledge, singular experimental results 27 
and a conceptual model for the behaviour of PPFRC under flexural load cycles that can inform 28 
future FRC design codes. 29 

 30 
 31 
2. EXPERIMENTAL PROGRAM 32 

The variables analysed in the experimental program were the fibre type, fibre content, and 33 
maximum number of load cycles (Nmax) applied during the fatigue test. Fresh- and hardened-state 34 
properties were assessed. The flexural fatigue response was evaluated in terms of the evolution of 35 
crack mouth opening displacement (CMOD) over the load cycles. Then, specimens were tested 36 
under quasi-static flexural configuration to evaluate the influence of the cyclic loading on the 37 
residual flexural strength. Thereafter, the cracked surface of PFRC samples and the fibre failure 38 
mode were examined with an optical microscope. 39 

 40 
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2.1. Mix design, casting and curing 1 

Table 2 shows the PFRC compositions used in the experimental program, which should 2 
satisfy the structural requirements for typical applications in heavy-duty pavements, industrial 3 
floors, tunnel segmental lining and precast elements in general. All mixes contained Portland 4 
cement CEM I-52.5 R, limestone aggregates, sodium polycarboxylate ether-based superplasticiser 5 
and water/cement ratio of 0.40. Two fibre contents were used to represent different levels of 6 
residual flexural strength. The first (5 kg/m3 or 0.4% by volume) is expected to achieve an 7 
infracritical behaviour in bending according to the fib Model Code 2010 [46], with limited stress 8 
recovery between fr1 and fr3 (residual strengths correspondent to values of CMOD of 0.5 and 2.5 9 
mm, respectevely). The second (10 kg/m3 or 0.8% by volume) is expected to achieve a nearly 10 
critical behaviour in bending according to the fib Model Code 2010 [46], with significant stress 11 
recovery between fr1 and fr3. 12 

 13 
Table 2 – Mix proportion, fresh-state and control test results and their respective coefficient of variability 14 

Composition PF1-1.1C PF1-1.6E PF2-1.5E 

Materials 

Cement (kg/m3) 421 420 420
Water (kg/m3) 168 168 168

Sand (0–4 mm) (kg/m3) 862 860 860
Coarse aggregate (4–10 mm) (kg/m3) 441 440 440
Coarse aggregate (10–20 mm) (kg/m3) 491 490 490

Superplasticizer (kg/m3) 4.2 4.2 4.2
Polypropylene fibres (kg/m3) 5 10 10

Fresh state results 
Slump (cm) 9.5 (37.2%) 12.0 (23.6%) 3.0 (27.2%)

Density (kg/m3) 2402 (0.4%) 2405 (0.0%) 2401 (0.3%)
Air content (%) 2.2 (3.1%) 2.1 (17.3%) 3.0 (2.7%)

Control test results 
Compressive strength (MPa) 64.5 (9.9%) 63.8 (2.8%) 53.6 (6.7%)

Elastic modulus (MPa) 37.1 (4.4%) 37.0 (0.6%) 38.1 (4.2%)

 15 
The fibre PF1 was 48-mm long and was made of virgin polypropylene with specific gravity 16 

of 0.89–0.91 g/cm³. Fibre PF2 was 60-mm long and was made of polypropylene copolymer with 17 
specific gravity of 0.91 g/cm³. Both had continuous embossing anchorage and were considered 18 
adequate for FRC with structural responsibility. Although polypropylene is a thermo-responsive 19 
polymer, literature reports melting and crystallisation temperatures of 116 °C and 162 °C, 20 
respectively [41,42]. For that reason, no change in the mechanical response nor phase transition 21 
are expected at room temperature. 22 

 23 
To reduce the number of trials considering the long duration of each fatigue test, the 24 

influence of the fibre content was assessed only for PF1 by comparing PF1-1.1C and PF1-1.6E 25 
with 5 kg/m³ and 10 kg/m³, respectively. Likewise, the influence of the fibre type was only assessed 26 
for the highest fibre content by comparing PF1-1.6E with 10 kg/m³ of PF1 and the analogous PF2-27 
1.5E with 10 kg/m³ of PF2. The reduction of the fibre content from 10 kg/m³ to 5 kg/m³ entailed 28 
an increase in the content of other materials, although their relative proportion was kept the same. 29 
The criteria adopted here was to maintain such relative proportion in all mixes, thus ensuring as 30 
much as possible identical matrices. This implies differences in the fresh-state rheology of mixes 31 
induced by the fibre type and content. 32 

 33 
The mixing process took place in a vertical-axis mixer with a nominal capacity of 50 l. After 34 

homogenising all dry components (cement, sand and aggregates), water and superplasticizer were 35 
added to the mixer and, finally, fibres were added. Upon achieving a homogeneous mix, the fresh-36 
state properties were assessed and the following specimens were cast per composition: Ø150x300 37 
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mm² cylinders for compressive strength and elastic modulus, and 150×150×600 mm3 prismatic 1 
beams for residual flexural strength and fatigue tests. After casting, the moulds were covered with 2 
a thin plastic sheet and left to cure at room temperature for 24 hours. Then, they were demoulded 3 
and stored in a climatic chamber at 20 °C and 95%-100% relative humidity until the date of the 4 
test.  5 

 6 
2.2. Experimental procedures 7 

2.2.1. Control tests 8 

Slump, density and air content were characterised according to EN 12350-2:2009, EN 9 
12350-6:2009 and EN 12350-7:2010, respectively. For each composition, compressive strength 10 
was measured in four cylinders in accordance to EN 12390-3:2009 and the elastic modulus was 11 
measured in three cylinders in accordance to the EN 12390-13:2014 using a universal compression 12 
testing machine IBERTEST MEH-3000 with a nominal maximum load capacity of 3,000 kN. The 13 
quasi-static flexural strength was measured following the EN 14651:2007 in three notched beams 14 
with a three-point bending test (3PBT) setup in an INSTRON hydraulic servo-controlled testing 15 
machine. A clip gauge placed at the notch of depth of 25 mm controlled the CMOD during the 16 
3PBT. All quasi-static tests were performed at 28 days. 17 
 18 
2.2.2. Dynamic tests 19 

Fatigue tested beams followed the same configuration of the control tests bems. Figure 1 20 
shows the schematic loading history of specimens subjected to the fatigue test and the equivalent 21 
quasi-static response. First, specimens were pre-cracked in 3PBT setup according to the procedure 22 
in EN 14651:2007. A constant CMOD rate of 0.05 mm/min was applied up to a total CMOD of 23 
0.5 mm (considered the service limit value in fib Model Code 2010 [46]). The force corresponding 24 
to this displacement was set as the maximum load in the fatigue test (Pupp). The minimum load 25 
(Plow) during the cycles was defined by considering an amplitude ratio of 0.3 (R = Plow/Pupp = 0.3). 26 
Immediately after pre-cracking and without removing the specimen from the testing machine, a 27 
sinusoidal cyclic load with a frequency of 6 Hz ranging from Pupp to Plow was applied, and the 28 
evolution of CMOD was recorded at every 500 cycles. Nmax was either  1,000,000 [28,47–51] or 29 
2,000,000 [34,36,52,53], which are a common reference for the assessment of the endurance limit 30 
in the literature. Upon reaching Nmax, the cyclic loading was interrupted, and the beams were 31 
immediately reloaded at a constant CMOD rate of 0.2 mm/min up to failure. Notice that the clip 32 
gage was kept in place throughout the whole process so that the 0 mm refers to the condition found 33 
before pre-cracking. After failure, specimens were removed from the frame and separated in 2 34 
halves for the assessment of the failure cross-section and manual counting of fibres. 35 

 36 
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 1 
Figure 1 – Fatigue loading history 2 

 3 
In total, seven specimens were tested for PF2-1.5E, and five specimens were tested for PF1-4 

1.1C and PF1-1.6E, each. This number was based on the experimental programmes from other 5 
studies in the literature [29,36,37,54] about the residual resistant strength after application load 6 
cycles. Owing to the limited availability of testing machines and the long duration of each test, the 7 
fatigue could not be assessed at the same age in all specimens. The specimens were tested in a 8 
period extending from 30 to 90 days since casting, alternating between mixes to minimise the 9 
influence of the age in the results. A variation of 5.5% in quasi-static flexural strength was expected 10 
between 30 and 90 days based on the formulations from the Eurocode 2-1 (EN 1992-1-1). 11 

 12 
 13 

3. RESULTS AND DISCUSSION 14 

3.1. Fresh state properties and mechanical characterisation 15 

Table 2 shows the average and the coefficient of variation (CV presented between 16 
parenthesis) for the slump, density, air content, compressive strength and elastic modulus of all 17 
mixes. The increase from 5 kg/m³ of PF1 in PF1-1.1C to 10 kg/m³ in PF1-1.6E did not have a 18 
statistically significant influence on the fresh-state properties, compressive strength and elastic 19 
modulus of the PFRC. By contrast, the change in the type of fibre from PF1 in PF1-1.6E to PF2 in 20 
PF2-1.5E led to a 4-fold reduction in the slump and 50% increase in the air content, which might 21 
explain the 17% reduction observed in the compressive strength. 22 

 23 
Table 3 presents the average residual flexural strengths (fR1m, fR2m, fR3m, fR4m corresponding 24 

to CMOD values of 0.5, 1.5, 2.5 and 3.5 mm, respectively), limit of proportionality (fLOPm 25 
corresponding to the maximum strength within the range of 0.05 mm), maximum post-cracking 26 
stress (fPC,max) and the respective CMOD (CMODfPC,max) measured in the 3PBT. The table also 27 
includes the characteristic values of fLOP (fLOPk) and the flexural residual strengths fR1 (fR1k) and fR3 28 
(fR3k) related respectively with the service and ultimate limit states [46]. Figure 2 gathers the 3PBT 29 
average (continuous line) and envelope (hatched area) curves for PF1-1.1C and PF1-1.6E (a) and 30 
PF2-1.5E (b). All residual stresses presented in this paper were calculated considering an 31 
equivalent linear elastic non-cracked cross-section. 32 
 33 
Table 3 – Average and characteristic 3PBT results and coefficient of variation in percentage and between parenthesis 34 

Comp. 
fLOPm 

(MPa) 
fPC,max  
(MPa) 

CMODfPC,max 

(mm) 
fR1m 

(MPa) 
fR2m 

(MPa) 
fR3m 

(MPa) 
fR4m 

(MPa) 
fLOPk 

(MPa) 
fR1k 

(MPa) 
fR3k 

(MPa) 
fR3k/fR1k 

fR1k/ 
fLOPk 

PF1-
1.1C 

5.21 
(7.2) 

2.22 
(41.8)

3.059 (10.8) 
1.45 

(36.2)
1.92 

(42.0)
2.17 

(43.4)
2.17 

(41.2)
4.76 0.59 0.62 1.1c* 0.1 
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* Classification of the post-cracking strength based on Model Code 2010 [46] 1 
 2 

(a) (b) 
Figure 2 – Average and envelope of 3PBT results: (a) PF1-1.1C and PF1-1.6E, and (b) PF2.1.5E 3 

 4 
The fLOPm is not significantly affected by the fibre content and type. Immediately after 5 

cracking, PFRCs exhibited a sudden stress drop indicating loss of stiffness. The minimum residual 6 
stress observed just after cracking was approximately 66% (PF1-1.1C), 51% (PF1-1.6E), and 57% 7 
(PF2-1.5E) of fPC,max. The ductile behaviour and stress recovery are attributed to the contribution 8 
of the fibres [31,55]. PF1-1.1C showed a nearly stable post-cracking response while PF1-1.6E and 9 
PF2-1.5E showed an increase in stress when reaching higher CMOD values. Notice that the last 10 
part of the name of each mix represents their classification according to the Model Code 2010 [46], 11 
which depends on the ration fR3k/fR1k.  12 
 13 
3.2. Fatigue test: CMOD variation over cycles 14 

Table 4 summarises for each specimen the maximum number of cycles (Nmax), Pupp, CMOD 15 
for Pupp at the first, 1,000,000 and 2,000,000 cycles (CMOD1, CMOD1M or CMOD2M, 16 
respectively). The table also shows the difference between CMOD1M and CMOD1 (ΔCMOD). To 17 
better illustrate the behaviour of the mixes, Figure 3a to c show the evolution of the CMOD 18 
measured at different cycles for Pupp, and Figure 3d shows the schematic representation of the 19 
different stages possible during the fatigue test. 20 

 21 
Table 4 – Results of fatigue tests and post-fatigue quasi-static flexural strength 22 

PF1-
1.6E 

5.39 
(12.2) 

5.59 
(10.5)

2.919 (4.9) 
3.49 
(9.7)

4.93 
(11.9)

5.50 
(10.7)

5.42 
(9.0)

4.25 2.93 4.54 1.6e* 0.7 

PF2-
1.5E 

5.14 
(6.7) 

3.47 
(15.7)

3.994 (0.0) 
2.05 

(14.8)
2.73 

(16.5)
3.18 

(16.7)
3.40 

(16.3)
4.61 1.55 2.31 1.5e* 0.3 
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PF1-1.1C_1M-1 1 4.41 0.477 1.688 – 1.211 0.153 – 2.72 3.22 1.23 0.62 0.44 (83) 

PF1-1.1C_1M-2 1 5.37 0.466 1.385 – 0.919 0.127 – 3.37 2.63 1.52 0.61 0.46 (87) 

PF1-1.1C_1M-3 1 5.82 0.574 2.036 – 1.462 0.194 – 3.18 3.41 1.43 0.70 0.60 (113)

PF1-1.1C_2M-4 2 4.43 0.477 1.749 1.899 1.272 0.166 0.193 2.69 3.41 1.21 0.63 0.44 (83) 

PF1-1.1C_2M-5 2 5.15 0.467 1.715 1.894 1.248 0.186 0.214 2.89 3.16 1.30 0.69 0.55 (104)

P
F 1- PF1-1.6E_1M-1 1 8.41 0.490 2.542 – 2.052 0.313 – 5.08 3.55 0.91 0.64 0.83 (156)
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 1 
 2 

                  3 
  

(a) (b) 

 

(c) (d) 
Figure 3 – CMOD evolution with cycles: (a) PF1-1.1C, (b) PF1-1.6E, (c) PF2-1.5E and (d) schematic 4 

representation of possible stages during the fatigue test based on [25][56] 5 
 6 
 7 

The evolution of the CMOD during the fatigue test of all specimens in the experimental 8 
programme undergoes 2 stages. In Stage I, the CMOD increases rapidly but with a decreasing rate 9 
up to approximately 350,000 cycles. Then, specimens enter Stage II, showing a linear relationship 10 
between the number of the cycle and the CMOD increment. None of the specimens reached Stage 11 
III, where the CMOD would grow with an increasing rate, potentially leading to the failure of the 12 
specimen [25][56], as shown in Figure 3d. Despite the high load value applied during the fatigue 13 

PF1-1.6E_1M-2 1 8.18 0.467 1.747 – 1.280 0.219 – 5.26 3.3 0.94 0.60 0.88 (165)

PF1-1.6E_2M-3 2 9.60 0.491 2.403 2.718 1.912 0.275 0.335 5.56 3.82 0.99 0.66 0.95 (179)

PF1-1.6E_2M-4 2 8.36 0.469 1.550 1.684 1.081 0.176 0.204 5.30 3.15 0.95 0.61 0.91 (170)

PF1-1.6E_2M-5 2 4.80 0.463 1.953 2.120 1.490 0.221 0.255 3.01 3.49 0.54 0.61 0.62 (116)

PF
2-

1.
5E

 

PF2-1.5E_1M-1 1 5 0.473 1.764 - 1.291 0.149 – 4.37 4.52 1.26 0.44 0.48 (91) 

PF2-1.5E_1M-2 1 5 0.475 2.947 - 2.472 0.339 – 3.57 5.33 1.03 0.54 0.44 (83) 

PF2-1.5E_1M-3 1 5 0.449 2.966 - 2.516 0.313 – 3.3 5.15 0.95 0.58 0.51 (96) 

PF2-1.5E_1M-4 1 4.71 0.471 2.969 - 2.498 0.186 – 3.08 4.97 0.89 0.59 0.42 (79) 

PF2-1.5E_2M-5 2 7.14 0.51 1.552 1.723 1.042 0.088 0.103 5.41 4.21 1.56 0.51 0.77 (145)

PF2-1.5E_2M-6 2 3.70 0.398 1.777 1.959 1.379 0.146 0.155 2.94 5.01 0.85 0.48 0.46 (86) 

PF2-1.5E_2M-7 2 5.63 0.471 1.991 2.236 1.519 0.168 0.191 3.77 5.97 1.09 0.57 0.55 (104)
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test (equal to the resistant capacity of the pre-cracked specimen for 0.5 mm CMOD), the absence 1 
of Stage III may be attributed to the hardening experienced by the PPFRC in the post-cracking 2 
stage, which creates an additional barrier to the CMOD increment. Notice that the final CMOD 3 
after the fatigue test is smaller than the CMOD corresponding to the maximum residual flexural 4 
stress in the control quasi-static tests.  5 

 6 
The pre-cracking process executed just before the fatigue test compromises the capacity of 7 

the matrix to transmit tensile forces in part of the cross-section. The difference in elastic modulus 8 
of fibre and matrix implies that an increment in the crack-opening is needed to activate the fibres 9 
that take over the transmission of tensile forces in such regions [19]. This – combined with  the 10 
high Pupp in comparison with the resistant capacity of the cross-section at the beginning of the 11 
fatigue test – favours crack propagation through the matrix and produces the rapid initial increment 12 
of CMOD in Stage I. Additional increases in CMOD further activate the fibres and elevate the 13 
cross-sectional resistant capacity that becomes progressively bigger than Pupp, thus leading to the 14 
reduction in the CMOD increment over the cycles at the end of Stage I. Additional microcracks 15 
may develop in the fibre-matrix interface and merge into macrocracks [14] resulting in increase in 16 
damage by fibre debonding and pull-out over the cycles. This gradual damage is responsible for 17 
the linear CMOD increase observed in Stage II. As mentioned before, 2,000,000 cycles were not 18 
enough to produce significant fibre pull-out in the cross-section and accumulate damage to trigger 19 
stage III in the mixes characterised in this experimental program.  20 

 21 
The Welch's t-test was performed to determine whether the average CMOD or ΔCMOD of 22 

mixes with different fibre contents (PF1-1.1C and PF1-1.6E) were statistically different. The 23 
analysis was conducted for each cycle recorded during the test. Results considering a level of 24 
significance (α) of 0.05 showed that the averages were not statistically different despite doubling 25 
the fibre content (p-value ≥ 0.183 for all cycles). The differences in CMOD response for both 26 
compositions were probably eclipsed by the scatter due to fibre distribution and orientation, the 27 
production process of samples and associated to the precision of test equipment and set-up [57]. 28 
The same was found in the analysis of the influence of the fibre type through the comparison of 29 
PF1-1.6E and PF2-1.5E. By using the same proportion of components and fixing Pupp in relation 30 
to the pre-cracking load, the behaviour in terms of the evolution of the CMOD during the fatigue 31 
cycles was not affected by the fibre type and content evaluated in this experimental program. 32 

 33 
3.2.1. Damage evolution 34 

After the damage localisation, the continuous damage accumulation controls the stress-35 
strain behaviour in the damaged zone [58]. Since specimens are pre-cracked at the beginning of 36 
the fatigue test, damage localisation had already taken place so that only damage accumulation 37 
occurs. The internal propagation of the damage in the concrete leads to a decrease of the secant 38 
modulus, which may reach 60% of its initial value as the material approaches failure [59,60]. This 39 
condition may serve as a criterion for predicting the proximity to fatigue failure in concrete.  40 

 41 
The dissipated energy in the damaged zone corresponds to the area enclosed by each 42 

unloading-reloading cycle, also known as hysteresis loop [61,62]. Figure 4a illustrates the 43 
hysteresis loops and Figure 4b shows the evolution of the stiffness of the unloading branch and the 44 
hysteresis loop area for cycles 1, 500, 10,000, 50,000, 100,000, 500,000, 1,000,000 and 2,000,000 45 
of specimen PF1-1.6E_2M-3. Other specimens behaved similarly. 46 
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 1 

(a) (b) 
Figure 4 – (a) Hysteresis loops over the cycles and (b) stiffness and hysteresis loop area of specimen PF1-1.6E_2M-3 2 

 3 
Except for the first 1,000 cycles, the load-CMOD curve exhibits hysteresis loops with nearly 4 

the same area, suggesting a constant energy dissipation due to progressive cracking. The stiffness 5 
decreases, which reveals an increase in crack-opening for each load cycle and denotes stiffness 6 
degradation [63,64]. The stiffness is used to assess the damage ratio (D) in Eq. (1), where k500 is 7 
the reference stiffness and kn is the stiffness at a given cycle n. k500 was chosen as a reference to 8 
reduce inaccuracies caused by the initial flaws on the fibre-matrix interface on the assessment of 9 
the stiffness in the first cycles. 10 

 11 
𝐷 ൌ 1 െ ሺ𝑘௡ 𝑘ହ଴଴ሻ⁄          (1) 12 
 13 
Figure 5 shows the total D after 1,000,000 (D1M) and 2,000,000 (D2M) cycles. Figure 5 14 

shows the evolution of D for PF1-1.1C and PF1-1.6E (a) and PF2-1.5E (b). The damage ratio 15 
increases rapidly, achieving 65% of D1M in the first 100,000 cycles. After that, the degradation of 16 
the specimens becomes more gradual, increasing only by 15% from D1M to D2M.  17 

 18 

(a) (b) 
Figure 5 – Damage ratio versus cycles for PF1-1.1C and PF1-1.6E 19 

 20 
The damage ratio of PF1-1.1C and PF1-1.6E were compared to verify if the fibre content 21 

influences the stiffness degradation of the specimens. The Welch's t-test (α equal to 0.05) reveals 22 
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that the increase in fibre content produces statistically significant differences in the evolution of 1 
the average D over the cycles (p-value ≤ 0.037). Even though Pupp was defined in relation to the 2 
resistant capacity of each specimen, the bigger load-bearing capacity of PF1-1.6E leads to a 3 
proportionally bigger loss of stiffness during the cycles.  4 

 5 
3.3. Remaining residual flexural strength after the fatigue test 6 

Table 4 presents the maximum residual flexural strength after the fatigue cycles (fres,cycl), 7 
the CMOD at fres,cycl (CMODFres,cycl), the corresponding maximum measured in the control quasi-8 
static test (fPC,max and CMODfPC,max) and the specific load level (S’Fres,cycl) calculated as the ratio 9 
between Pupp and the maximum load reached after the fatigue test. CMODfres,cycl is consistently 10 
bigger than the measured in the quasi-static control tests (CMODfPC,max), suggesting that the load 11 
cycles displaced the post-fatigue peak stress towards bigger CMOD values. PF1-1.1C exhibited 12 
23% to 52% (34% on average) bigger post-fatigue maximum flexural residual strength than the 13 
equivalent control quasi-static tests. By contrast, PF1-1.6E showed 6.9% smaller values in 14 
comparison to the equivalent control quasi-static tests. PF2-1.5E presented fres,cycl 6% bigger than 15 
fPC,max.  16 

 17 
Figure 6 shows the residual flexural strength curves for the specimens subjected to the 18 

fatigue test and the results for the control quasi-static tests of PF1-1.1C (a), PF1-1.6E (b) and PF2-19 
1.5E (c). The shape of the post-fatigue strength curve resembles and follows the trend found in the 20 
quasi-static control tests. Despite the difference expressed in the previous paragraph, notice that 21 
most of the stress-CMOD curves for specimens subjected to the fatigue test fall within the range 22 
of curves measured in the quasi-static control tests. This suggests that the CMOD increment 23 
observed after the load cycles led to a damage level similar to that found in the quasi-static control 24 
tests for the same CMOD increment.  25 

 26 
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(a) (b) 

 

(c)  
Figure 6 – Post-fatigue and control quasi-static strength-CMOD curves of (a) PF1-1.1C, (b) PF1-1.6E and (c) PF2-1 
1.5E 2 

 3 
No significant difference in the post-fatigue maximum strength and the corresponding 4 

CMOD was observed between specimens subjected to a Nmax of 1,000,000 or 2,000,000 cycles. 5 
The relatively small level of stiffness degradation between these cycles (only a 15% decrease in 6 
damage ratio) is eclipsed by the scatter observed in the tests. Studies in the literature report an 7 
increase in the maximum strength of specimens after load cycles in comparison with specimens 8 
subjected only to quasi-static tests [36,37,54]. This increase is associated with the application of 9 
cyclic load below the endurance limit [28,29,54,65] and depends on the stress ratio during the test 10 
(lower stress ratios promote higher post-fatigue strength) [54,66]. Such increase is attributed to the 11 
consolidation of microvoids at the beginning of the fatigue test [67], the relatively long duration of 12 
the tests [59] and the stochastic nature of concrete [46,68]. The similar residual flexural strengths 13 
found in specimens characterised before and after the fatigue test do not support the findings by 14 
other studies in the literature.  15 

 16 
To go deeper in this analysis, Figure 7a shows the relationship between fR1 and the 17 

corresponding maximum strength measured in the post-cracking stage (fres,cycl for specimens 18 
subjected to the fatigue test or fPC,max for specimens not subjected to the fatigue test). Notice that 19 
fR1 was obtained before the fatigue test in all specimens, while the others were obtained either 20 
before or after the fatigue test depending on the procedure adopted for each specimen. Should the 21 
load cycles affect the resistant capacity of the specimen, the series subjected to the fatigue test 22 
would follow a different trendline from those not subjected to the fatigue test in Figure 9a. By 23 
contrast, no significant influence of the load cycle on the maximum post-fatigue resistant capacity 24 
would be expected if all specimens follow the same trendline. The analysis of Figure 7a confirms 25 
this last conjecture, as no clear difference was found regardless of the application or not of the load 26 
cycles.  27 
 28 
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(a) (b) 
Figure 7 – Relationship (a) between fres,cycl or fPC,max and fR1 for specimens subjected to the control or fatigue tests 1 

and (b) between fres,cycl and fibre/cm2 for specimens subjected to the fatigue test 2 
 3 

Specimens PF1-1.6E_2M-5 and PF2-1.5E_2M-5 are considered outliers in their respective 4 
series. The difference in behaviour is explained by the number of fibres crossing the fracture cross-5 
section. PF1-1.6E_2M-5 has 26% fewer fibres than the specimen with the second-lowest number 6 
of fibres in the same series and 30% less than the average of the other specimens in the series. The 7 
number of fibres in  PF1-1.6E_2M-5 is closer to the average found in PF1-1.1E than in PF1-1.5E, 8 
thus explaining why its residual strength after the fatigue test approximates more the former than 9 
the latter. The opposite happens with PF2-1.5E_2M-5, which has 39% more fibres in the fracture 10 
surface than the specimen with the second-highest number of fibres in the same series and 61% 11 
more than the average of the other specimens in the series. In this case, the number of fibres is 12 
closer to that of PF1-1.6E than to that of PF1-1.6E, thus explaining why the residual strength of 13 
PF2-1.5E_2M-5 approximates the former. Figure 7b shows the relationship between the number 14 
of fibres in the cross-section and fres,cycl. The same figure shows the linear regression for results 15 
obtained in mixes with PF1 and PF2. As expected, in both cases, there is a linear trend between 16 
fres,cycl  and the number of fibres in the cross-section.  17 

 18 
3.4. Visual analysis of fibres on fractured surfaces 19 

The inspection of the fracture surfaces revealed fibre with two failure modes. Some fibres 20 
were pulled out of the matrix and presented surface abrasion (Figure 8a). The fibre tips were not 21 
sharpened, and loose particles of the cementitious matrix were attached to it (Figure 8 b), revealing 22 
the growth of microcracks and matrix damage [69]. Other fibres displayed damage characteristic 23 
of significant deformation, with fibrillation and cut tips (Figure 8c and d) [69,70]. Both failure 24 
modes were found in all specimens without significant differences regardless of the fibre content, 25 
fibre type, maximum number of load cycles or application of load cycles. The lack of evident 26 
differences is consistent with the findings in terms of residual strength, which also showed no 27 
evident influence of the load cycles on the residual tensile strength.  28 

 29 
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(a) PF1 (b) PF2 (c) PF1 (d) PF2 

Figure 8 – Polypropylene fibres after residual strength test 1 
 2 

4. CONCEPTUAL MODEL FOR CMOD EVOLUTION 3 

Figure 11a shows the typical curve that relates the logarithm of the total number of load 4 
cycles and the logarithm of CMOD variation between cycles (𝑑𝐶𝑀𝑂𝐷/𝑑𝑁), which is a proxy for 5 
the incremental damage induced by the load cycles. This last parameter was calculated for intervals 6 
of 1000 cycles to simplify the assessment and reduce the influence of the scatter in the 7 
measurements of CMOD. All specimens tested here presented a similar general trend regardless of 8 
the fibre type or content. Points tend to align following a straight line until bigger number of cycles 9 
are reached, when smaller increments in CMOD are observed (Stage II), and the scatter between 10 
cycles leads to more variability in the parameter 𝐿𝑜𝑔ሺ𝑑𝐶𝑀𝑂𝐷/𝑑𝑁ሻ. Despite that, the envelope of 11 
the points in this region still follows the linear trend observed initially, as depicted in Figure 11a. 12 
 13 
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     1 
Figure 9 – (a) Typical relationship between number of Log(dCMOD/dN) and Log(N), and experimental versus 2 

predicted CMOD for mixes (b) PF1-1.1C, (c) PF1-1.6E and (d) PF2-1.5E 3 
 4 
The linear relationship in Figure 11a is represented in Eq. 2, which would allow the 5 

prediction of the CMOD of the specimen subjected to the fatigue test. In this equation, 𝑣 is related 6 
to the existing damage induced in the pre-cracking stage and 𝑢 represents the increase in damage 7 
observed over the cycles. 𝑣 and 𝑢 are constants that may be determined experimentally by 8 
performing a limited number of cycles. Constants were determined for which cyclic load of each 9 
specimen. The CMOD after N cycles (represented by 𝑤ሺ𝑁ሻ) is calculated by integrating both sides 10 
of Eq. 2 in relation to dN, as shown in Eq. 3, as n being the  minimum number of cycles. 11 

 12 
logሺ𝑑𝐶𝑀𝑂𝐷/𝑑𝑁ሻ ൌ 𝑢 ∙ logሺ𝑁ሻ ൅ 𝑣       (2) 13 
 14 
𝑤ሺ𝑁ሻ ൌ ׬ 𝑑𝐶𝑀𝑂𝐷

௡
଴ ൌ ׬  10௩ ∙ 𝑁௨ ∙ 𝑑𝑛

௡
଴       (3) 15 

 16 
The integration gives Eq. 4 for assessing the total crack opening after the fatigue test. The 17 

parameter 𝑤଴ marks the initial damage taken as a reference in the test. Since the origin of CMOD 18 
was taken before pre-cracking in this experimental programme, 𝑤଴ is 0. The parameters k1 and k2 19 
are shown in Eq. 5 and 6, respectively. 20 

 21 
𝑤ሺ𝑁ሻ ൌ  𝑘ଵ ∙ 𝑛௞మ ൅ 𝑤଴ ൌ 𝑘ଵ ∙ 𝑛௞మ       (4) 22 
 23 
𝑘ଶ ൌ 𝑢 ൅ 1          (5) 24 
 25 
𝑘ଵ ൌ 10௩/𝑘ଶ          (6) 26 
 27 
An optimisation procedure is proposed to determine when enough cycles have been applied 28 

to predict 𝑣 and 𝑢 so that the test can be interrupted and the values used to extrapolate the behaviour 29 
for a bigger number of cycles using Eq. 4. For a given intermediate cycle n bigger than 500 during 30 
the test of a particular specimen, it is possible to estimate 𝑢௡ and 𝑣௡ through the regression of the 31 
data up to n cycles using the relationship between 𝐿𝑜𝑔ሺ𝑑𝐶𝑀𝑂𝐷/𝑑𝑁ሻ and 𝐿𝑜𝑔ሺ𝑁ሻ. These 32 
parameters may be used in Eq. 5 and E.q 6 to estimate 𝑘ଵ,௡ and 𝑘ଶ,௡, respectively. Both are used in 33 
Eq. 7 to estimate the average prediction error of the points obtained up to n cycles. Once the error 34 
reaches an acceptable value (0.1 mm in this study) or a clear minimum value, no more cycles are 35 
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needed, and the test could be interrupted. Notice that calculations were done considering 500- and 1 
1000-cycle intervals. Since they yielded similar results, only the latter is depicted here. 2 

 3 

𝐸𝑟𝑟𝑜𝑟ሺ𝑛ሻ ൌ  
∑ ห஼ெை஽೘೐ೌೞೠೝ೐೏ି௞భ,೙∙ேೖమ,೙ห೙

ಿసఱబబ

௡
      (7) 4 

 5 
Figures 11b, 11c and 11d shows the measured CMOD and the CMOD estimated with Eq. 4 6 

using the optimisation procedure described above for a limited number of cycles in specimens from 7 
compositions PF1-1.1C, PF1-1.6E and PF2-1.5E, respectively. All points are situated around the 8 
equivalence line with an R2 bigger than 0.9622, which confirms that the model deducted here (Eq. 9 
4) can adequately reproduce the overall fatigue behaviour even when a limited number of initial 10 
cycles are considered in the prediction. 11 

 12 
To illustrate the potential of this approach to predict the flexural fatigue behaviour and 13 

shorten the fatigue test duration, Table 5 shows the minimum number of cycles (n) required to 14 
satisfy the maximum error condition in the optimisation procedure for the early interruption of the 15 
test and its proportion regarding the maximum number of cycles applied for each specimen in this 16 
experimental program (Nmax). The table shows the error of prediction expected supposing the early 17 
interruption of the test after n cycles and the use of parameter 𝑢௡ and 𝑣௡ to predict the CMOD 18 
expected at Nmax. The average error for the whole curve considering the same 𝑢௡ and 𝑣௡ in Eq. 4 19 
and the R2 are also presented in Table 5.  20 

 21 
Table 5 – Minimum number of cycles needed to predict un and vn using optimisation procedure, error of CMOD 22 

prediction for the CMOD at Nmax using Eq. 4, R2 and average error of MOD prediction for whole test 23 

Specimen Nmax 

Initial cycles used to 
estimate un and vn 

Error of 
CMOD 

prediction 
for NMax 

(%) 

Average error 
of CMOD 

prediction for 
whole test (%) 

R2 
n % of Nmax 

PF1-1.1C_2M-5 2000000 55000 2.8 8.4 7.9 0.9994 

PF1-1.1C_2M-4 2000000 253500 12.7 11.0 9.5 0.9983 

PF1-1.1C_2M-3 2000000 6000 0.3 4.6 3.6 0.9984 

PF1-1.1C_1M-2 1000000 13500 1.4 19.4 12.5 0.9886 

PF1-1.1C_1M-1 1000000 20000 2.0 13.9 11.9 0.9976 

PF1-1.6E_2M-5 2000000 60500 3.0 15.1 8.3 0.9750 

PF1-1.6E_2M-4 2000000 44000 2.2 8.5 5.0 0.9924 

PF1-1.6E_1M-3 1000000 200500 20.1 12.8 7.6 0.9843 

PF1-1.6E_1M-2 1000000 19500 2.0 15.5 11.6 0.9864 

PF1-1.6E_1M-1 1000000 22000 2.2 10.3 5.8 0.9622 

PF2-1.5E_2M-7 2000000 155500 7.8 6.1 3.5 0.9925 

PF2-1.5E_2M-6 2000000 356000 17.8 8.4 4.6 0.9803 

PF2-1.5E_2M-5 2000000 445500 22.3 9.6 14.3 0.9929 

PF2-1.5E_1M-4 1000000 12500 1.3 14.8 12.8 0.9974 

PF2-1.5E_1M-3 1000000 24500 2.5 8.3 8.3 0.9909 

PF2-1.5E_1M-2 1000000 9000 0.9 7.8 8.2 0.9946 

PF2-1.5E_1M-1 1000000 285000 28.5 8.5 4.6 0.9702 
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 1 
On average, the test can be interrupted after approximately 115000 cycles, which equates 2 

to 7.6% of Nmax. This represents an average reduction of 13.2 times (ranging from 3.5 to 330 times) 3 
on the total duration of the fatigue test. Such reduction and the application of the model from Eq. 4 
4 would entail an average error of prediction of CMOD for Nmax of 10.8%. The average error of 5 
prediction for the whole curve would be 8.2%, which could be considered acceptable given the 6 
high scatter of the test and the significant reduction in the duration of the fatigue test. 7 

 8 
 9 
5. CONCLUDING REMARKS 10 

This study evaluated the mechanical behaviour and the flexural fatigue performance of 11 
polypropylene fibre reinforced concrete and proposed a model to predict the crack-opening 12 
increase over the cycles. Fatigue tests were performed in pre-cracked specimens with two fibre 13 
types and contents to assess the evolution of the crack-opening for prescribed numbers of load 14 
cycles. The investigation conducted supports the following conclusions. 15 

 16 
 The mechanism of CMOD evolution over the load cycles was similar in all compositions 17 

characterised here, regardless of the fibre type or content. The application of a bespoke 18 
fatigue loading regime based on the load achieved in the pre-cracking stage of each 19 
specimen is one of the factors responsible for this outcome. 20 
 21 

 All specimens show a high initial CMOD increase rate over the load cycles, which gradually 22 
reduces, reaching an almost constant increase rate. Such behaviour is related to the crack 23 
opening required to activate the plastic fibres in the fracture surface. As more fibres become 24 
active with bigger CMOD, the sectional resistant capacity increases above the load applied 25 
in the fatigue test, thus leading to the reduction in the CMOD increase rate observed. This 26 
trend may change if CMOD values above the corresponding to the maximum post-cracking 27 
strength are reached. Above this limit, the sectional resistant capacity would be expected to 28 
decrease, approaching the fatigue load again and potentially leading to an increment in the 29 
CMOD increase rate. This conjecture could not be confirmed in this study as no specimen 30 
reached such CMOD values. 31 
  32 

 The residual flexural strength of specimens subjected to the fatigue test follows the curve 33 
obtained in the quasi-static control tests of equivalent specimens not subjected to the fatigue 34 
test. No clear difference was observed in terms of the fracture and fibre pull-out of 35 
specimens subjected to 3PBT flexural tests before and after the load cycles. Both findings 36 
indicate that the damage induced by the load cycles is equivalent to that observed in the 37 
quasi-static control test for the same CMOD increment, which has important repercussions 38 
from the design standpoint. 39 

 40 
 Supposing that the previous finding applies to bigger elements, the resistant capacity of a 41 

structure subjected to load cycles could be estimated by assessing numerically the quasi-42 
static flexural response for the same total CMOD. In other words, the designer would only 43 
have to estimate the CMOD expected after the load cycles and apply it in a traditional 44 
sectional analysis to assess the remaining resistant capacity. Additional studies with small- 45 
and large-scale elements are required to confirm this design approach. 46 
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 1 
 The numerical model to predict the fatigue behaviour (Eq. 4) is capable of accurately 2 

predicting the CMOD variation over the load cycles, thus aiding the vision described in the 3 
previous conclusion. This model depends on parameters related with the initial damage due 4 
to pre-cracking (v) and the incremental damage induced by the cycles (u), which could vary 5 
depending on the loading regime, pre-cracking level and material characteristics. The 6 
optimising procedure proposed here to estimate v and u using a limited number of initial 7 
load cycles can enable a significant reduction in the duration of experimental programs 8 
about the fatigue of fibre reinforced concrete. 9 
 10 
It is important to remark that this work is based on the fatigue response of pre-cracked 11 

specimens under service load with particular fibre types and contents. More studies considering 12 
additional variables, reversible loading regimes and fatigue tests up to failure should be performed 13 
in order to achieve robust recommendations and parameters to account for the effect of fatigue in 14 
the design of PFRC structures. Also, other test configuration, as four-point bending test should be 15 
consider as the single well defined crack that usually forms under three-point bending might 16 
preclude behaviors that might form within distributed cracking under uniform moment. 17 
 18 
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