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A B S T R A C T   

Fibre reinforced concretes (FRCs) are composite materials now largely adopted in structural applications given 
their mechanical properties in terms of the residual tensile strength, almost absent for plain concrete. The short- 
term mechanical behaviour of these material has been deeply studied, while their time-dependent deformations 
have received less attention from the scientific community. The present paper presents the experimental char-
acterization of the creep deformations of a concrete reinforced with polypropylene fibers by means of different 
types of tests, together with an analysis of the temperature effect. Innovative test set-ups are used to this aim. The 
paper presents the results of shrinkage, compression creep, uniaxial tension and flexural creep tests and discusses 
the contribution of the different components of the FRC to the composite creep behavior.   

1. Introduction 

The well-known brittle behaviour of concrete, often leading to 
extensive cracking, strongly affects the deformability and the durability 
of reinforced concrete (RC) structures. To overcome these limitations 
and possibly reduce the amount of conventional steel rebars, for some 
decades macro-fibers have been effectively introduced inside concrete, 
improving its toughness. Fibers, in fact, can control crack propagation 
trough their bridging mechanism [1] and improve the residual tensile 
strength. 

At the beginning, most of the Fiber Reinforced Concretes (FRCs) 
were obtained by the addition of steel fibers inside concrete [2]; later, 
producers exploited the possibility of introducing polymeric fibers 
[3,4,5], with very good results and diffusion inside the market. More 
recently, the possibility of using natural fibers has been explored [6,7] 
even if their diffusion on the market is still very limited. 

The large number of experimental campaigns conducted to date, 
regarding the short term behaviour of the FRCs, allowed to obtain 
shared protocols and guidelines concerning test procedures and recog-
nized mechanical parameters characterizing the post-cracking behav-
iour of the composite [8,9,10,11,12,13]. On the other hand, as far as the 
long-term behaviour of FRCs is concerned, a smaller amount of research 
works can be found in literature ([14,15,16,17,18]), in spite of its 

fundamental importance and considerable complexity. In fact, both the 
concrete matrix and the fibers can have some viscous behaviour, thus 
possibly affecting creep and shrinkage of the composite material. In 
addition, the interface also can play a long-term role in this framework. 
This is particularly true when considering polymeric fibers, character-
ized by a viscoelastic nature [19]. In this case, environmental condi-
tions, i.e. temperature and humidity, should also be taken into account 
[20]. In this regard, with reference to the characterization of fibers, 
many studies are devoted to analyzing the influence of temperature on 
the mechanical behaviour of polymers [21,22,23,24,25,26]. An impor-
tant issue in dealing with the FRC long term behaviour, is the need of 
standardization of testing procedures ([27,28]), in order to produce 
results which are comparable and characterized by relevant parameters. 
Only recently a standard test procedure has been proposed [29] after an 
extensive round-robin experimental campaign [30,31]. To date, the 
long-term deformations of FRCs were mostly studied by using flexural 
tests on prisms [32,33,34,35,28], and in some cases on beams 
[36,37,38,39]; these procedures do not allow to separate the long-term 
contribution of the concrete in compression and that of the fibers in 
tension across the crack. In order to overcome this uncertainty, few 
studies can be found developing some challenging direct tensile tests. 
Basically, the specimens used are notched pre-cracked cylinders tested 
under sustained loads by lever arm systems [40]-[41]. Results are 
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sensitive to the pre-cracking phase and to the distribution of fibres 
across the notched cross-section. Finally, at a local scale, the long-term 
contributions of the fibre elongation and slippage, with respect to con-
crete, can be evaluated with direct tensile tests on single fibers [42,43]. 

In the present paper, a contribution will be given in terms of 
experimental approach to separate the different contributions discussed 
above, especially when dealing with macro-synthetic fibers. At the same 
time, the proposed approach will be applied to the investigation of the 
long-term behaviour of macrosyntetic fibers in an environment of var-
iable and increasing temperature. In particular, an articulated experi-
mental campaign is presented concerning a FRC with a unique dosage of 
polypropylene fibers, 8 kg/m3, characterised both under short-term and 
long-term conditions. The long-term tests developed are shrinkage and 
creep compression tests on cylinders, direct tensile tests on notched 
cylinders, flexural tests on prisms and direct tensile tests on single fibers. 

The results highlight the peculiar aspects in performing creep tests 
under tensile loads, for example the absence of additional stresses trig-
gered. An innovative set-up to test macro-synthetic fibers in tension is 
proposed and the results are successful in terms of no damage of the fibre 
surface and reliability of results compared with the contribution in the 
other test configuration. 

Regarding the fibre elongation, it seems to cover a huge contribution 
to the entire creep deformation of the MSFRC. 

The creep deformations are evaluated considering also the temper-
ature variation, from 20 ◦C to 40 ◦C, during the test: this represents a real 
condition to evaluate the combined effect of the two circumstances, time 
and temperature. As expected, given the viscoelastic nature of concrete 
[44] and polymeric fibers [19], both conditions affect the MSFRC 
response, causing an increment of the deformation. 

2. Research significance 

The present research concerns the characterization of the time- 
dependent behaviour of MSFRC coupled with temperature variation. 
The experimental campaign is developed with two main goals: the 
characterization of the time and temperature effects on long-term de-
formations of MSFRCs and, at the same time, the proposal of innovative 
and optimized set-ups for long-term tests on same materials. Moreover, 
the measurement and analysis of the creep deformations and their 
different contributions aim at understanding how the load bearing ca-
pacity and others performances of structural elements made of MSFRC 
could be affected when dealing with the design for the service life, if 
compared with the short-term counterparts. The MSFRC considered is 
initially characterized under short-term conditions. Then, long-term 
tests are carried out under different loading conditions and at different 
scales, in order to observe the progressively more complex contributions 
leading to the long-term flexural behaviour. In particular, shrinkage and 
creep tests are carried out on MSFRC as a composite material, tensile 
creep tests are carried out on single MS fibers and on MSFRC cracked 
cylinders and creep flexural tests, on MSFRC prisms. In order to conduct 
the described tests, some specific set-ups are proposed and validated. 

3. Materials and methods 

3.1. Materials 

The fibre reinforced concrete considered was designed according to 
the specification for FRCs mixes (EN14845-1:2006 [45]), fine and coarse 
aggregates are adjusted according to the volume of fibers. The adopted 
quantities are indicated in Table 1, computed by considering a poly-
propylene density of 900 kg/m3. The materials used were: cement type 
CEM I 52.5R, two types of sand with aggregate size spanning inside the 
ranges 0 – 1 mm and 0 – 5 mm, gravel characterized by a size range 
between 5 and 15 mm, potable water and superplasticizer. 

The reinforcement consisted of macro fibres made of polypropylene 
and having a crimped profile (Fig. 1): they are characterized by 

geometrical and mechanical properties reported in Table 2. They have 
an irregular cross section and a aspect ratio of 67: some studies showed 
that these properties can influence the creep deformations of the ma-
terial, in particular geometry, slenderness and dosage [46]. 

The FRC was cast using dried aggregates but the water necessary to 
reach the dry saturated surface (DSS) condition was added during the 
mixing procedure; aggregates were mixed initially with 50% of water, 
then the cement and the remaining water was added. Fibers were 
introduced at the end, with a proper amount of superplasticizer to obtain 
a slump value of 170 mm. 

3.2. Experimental campaign 

In order to identify and evaluate the viscous contribution of each 
component to the overall long-term behaviour of macro-synthetic FRC 
(MSFRC) elements under flexure, a sequence of long-term tests was 
designed so that results were made available from the material behav-
iour to the structural counterpart, with a complete coherence. In 
particular, a three-steps approach was adopted: i) in the first step long- 
term tests on materials were performed, in the form of of shrinkage and 
creep compression tests on concrete cylinders and tensile tests on single 
fibers; ii) in the second step, the tensile behaviour of fibres was coupled 
with the bond and investigated trough long-term uniaxial tensile tests on 
MSFRC notched cylinders; iii) the contributions by concrete in 
compression and by fibers in tension were considered together by per-
forming long-term flexural tests on MSFRC prisms. All the long-term 

Table 1 
Concrete admixture.  

Concrete component Quantity 

CEM I 52.5 R [kg/m3] 400 
Sand 0–1 mm [kg/m3] 172 
Sand 0–5 mm [kg/m3] 730 
Gravel 5–15 mm [kg/m3] 837 
Water [l/m3] 184 
W/C 0.46 
Fibers [kg/m3] 8.0  

Fig. 1. Polypropylene macro-fibers used.  

Table 2 
Macro-synthetic fibre properties.  

Fibre property Unit Value 

Fibre length [mm] 54 
Fibre diameter [mm] 0.81 
Fibre Aspect ratio [-] 67 
Fibre material*  PP 
Mean fibre tensile strength [MPa] 473 
Elastic secant modulus* [GPa] 5.7–6.3 
Shape  straight crimped 

* As declared by the producer 

C. Del Prete et al.                                                                                                                                                                                                                               



Construction and Building Materials 326 (2022) 126904

3

tests were carried out with a given sequence of temperature variations 
with time. Since the focus of the study was related to the investigation of 
the different mechanisms connected to the fibres presence, all the FRC 
specimens tested under sustained load (tensile and flexural) were pre- 
cracked, thus activating the fibers contribution. 

The short-term material properties of the materials were measured 
by following the same approach but with standard short-term flexural 
(EN14651-[8]) and compressive tests (UNI EN 12390–3-[47]) at room 
temperature (23 ◦C). The elastic modulus of concrete was also measured 
(UNI EN 12390–13-[48]). 

3.3. Specimens preparation 

Different types of specimens were used for the different types of tests 
previously described. In particular, elastic modulus, shrinkage and creep 
compression deformations were measured on standard 150 mm × 300 
mm (diameter × height) cylinders, which were properly rectified before 
the tests. 

Long-term tests on single fibres were carried out on the same fibers 
introduced in the concrete matrix. The free length (Le) of the specimens 
during the tests was 23 mm. 

Long-term uniaxial tensile tests on the MSFRC were carried out on 
notched cylinders. Since they were intended to represent the tensile 
portion of the cross section of prism in bending; these cylinders were 
cored from standard prisms along their longitudinal direction (Fig. 2), in 
order to maintain a consistent orientation of fibers [49]. In order to 
make these specimens, five 150 mm × 150 mm × 600 mm prisms were 
cast, then cut into three equal cubes each of which was then cored, 
obtaining 125 mm × 150 mm (diameter × height) cylinders that were 
subsequently notched at mid height for a depth of 10 mm. Before 
notching steel plates were glued to the end sections of the cylinders and 
later used in order to attach the specimens on the testing machine. 

The flexural tests were performed on 150 mm × 150 mm × 600 mm 
notched prisms, whose dimensions were set according to the EN14651 
[8]. Table 3 shows the type of adopted specimens, their number, di-
mensions and type of test. 

3.4. Test set-up and instrumentation 

In this section, the experimental set-up and the procedures adopted 
are described in detail for the different tests introduced before. They 
were carefully designed in order to mainly assure the undamaged con-
dition of the specimens when they were mounted and subsequently 
loaded and, on the other hand, to avoid the triggering of unexpected 
mechanisms. 

As specified before, tests were performed under environmental 
controlled conditions in a climatic chamber with a constant relative 
humidity of 55% and an initial temperature of 20 ◦C which was 
increased by 10 ◦C after 50 and 120 days, reaching a final value of 40 ◦C. 
The duration of the time interval with a given assigned temperature was 
roughly defined so to obtain an approximate constant rate of increase of 

the measured quantities. 

3.4.1. Shrinkage test 
Total shrinkage strain was measured on two cylindrical specimens 

without any load applied, the samples were placed in the climate 
controlled chamber and their deformation was monitored by using two 
60 mm long strain gauges for each sample, glued at circumferential 
distance of 180 ◦C. They were placed along the vertical axis of the cyl-
inder (Fig. 3). 

3.4.2. Creep compressive test 
Fig. 4 shows the frame used for the creep compression test. The 

loading frame is composed by two steel plates, connected by four 
threaded steel bars positioned at the corners. The load is generated by 

Fig. 2. Preparation of the cylinders used for the creep tensile tests.  

Table 3 
Outline of the number and specimen type, their dimensions and the type of test 
realized.  

Type of test Specimen type N◦ of 
specimens 

Dimensions 

Elastic Modulus Cylinder 2 d = 150 mm h = 300 mm 
Shrinkage Cylinder 2 d = 150 mm h = 300 mm 
Compression 

creep 
Cylinder 2 d = 150 mm h = 300 mm 

Flexural creep Notched Prism 8 section = 150 × 150 
mm2length = 600 mm 

Uniaxial tension 
creep 

Notched cored 
cylinder 

12 d = 125 mm h = 150 mm 

Uniaxial tension 
creep 

Fiber 4 Le = 23 mm  

Fig. 3. Cylinders prepared for shrinkage tests in climate room.  
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means of a hydraulic jack, whose oil pressure variations with time are 
compensated by an oil accumulator. The samples tested were two cyl-
inders (Fig. 4) housed between the two steel plates. During the creep 
tests the applied load was a percentage (20%) of the maximum 
compression strength, to simulate service conditions. The creep test 
duration was 300 days and at the end of this period the specimens were 
unloaded and the recovered deformations were measured for further 30 
days. During the tests strains were measured as described in Section 
2.4.1. 

3.4.3. Fiber tensile creep test 
Single macro-synthetic fibers were subjected to creep tests by means 

of a properly developed system. The experimental procedure carried out 
in two main phases. In the first, eleven macro-fibers were tented in 
tension, by using a 500 kN universal machine properly equipped with an 
additional load cell with 2 kN capacity (Fig. 5). MS fibers were clamped 
at both ends with pairs of aluminium plates (Fig. 5a), equipped with 
sand paper glued on their internal sides, in order to avoid relative dis-
placements between the element tested and the plates. Tests were car-
ried out under displacement control, with a stroke velocity of 5 mm/min 
and until the breakage of the fibers (Fig. 5b). 

In the second phase, tensile creep tests on single fibers were carried 
out, by using the steel frames in Fig. 6a. To ensure a proper stability of 
the long-term load with time, a lever-arm system based on gravity loads 
was used. In particular, each system is composed of a steel base plate and 
two vertical C-profiles supporting a top horizontal lever. The fiber 

extremities were mechanically gripped inside two small steel cylinders 
with sand paper (Fig. 6b) and the whole assembly was placed vertically 
under the edge of the small arm of the lever system: the lower cylinder 
was, then, screwed to the base plate while the upper was connected 
through a pin to another larger cylinder, the latter being hinged to the 
smaller lever arm through a further pin orthogonal to the previous one 
(Fig. 6c). 

In order to control if possible fibers slippage from the cylinders 
occurred during the long-term tests, the extremities of the free portion of 
filament entering the cylinders were marked with white paint at the 
beginning of the test and regular observations with an optical scope 
were done during the loading period. No appreciable slips were recor-
ded. It is important to notice that the gripping system proposed for long- 
term tests, was already adopted and tuned for instantaneous pull-out 
tests (see experimental campaign described in [50]) and for instanta-
neous tensile tests on single fibers, where reliability of results has been 
already assessed. In the former case, the shape of the force–displacement 
curves allowed to exclude the triggering of slippage at the fibre-sand 
paper interface [50]. 

Two different long-term stress levels were applied during the creep 
tests to two groups of samples, namely 20% and 40% of the mean tensile 
strength obtained from the instantaneous tests, in order to investigate 
the different viscoelastic response. The elongation of each fibre was 
monitored during the test by using two LVDTs (10 mm stroke) fixed to 
the upper cylinder through an aluminium support (Fig. 6c). The longi-
tudinal deformation of the filament was obtained by dividing the 
measured elongation by its free length (distance from cylinder to 
cylinder). 

3.4.4. FRC cylinders tensile creep test 
The long-term behaviour of notched cylinders under uniaxial tensile 

load was observed by following an experimental procedure, organized 
according to three phases: pre-cracking, creep test and evaluation of 
residual capacity. The first and last phases involved instantaneous tests 
at room temperature while the creep stage presented a sustained load 
applied under assigned environmental conditions. 

In order to apply the tensile force to the notched cylinders (see sec-
tion 2.3) during the different tests, the two steel plates glued at their 
ends were used. The pre-cracking phase was carried out by connecting 
the steel plates to the upper and lower grip system of a universal testing 
machine (the same as per section 2.4.3) through articulated joints 
allowing for rotations, so that no additional stresses were induced when 
the tensile load was applied (Fig. 7a). Furthermore, these boundary 
conditions are consistent with those in the creep tests, described in the 
following. 

Tests were carried out under crack opening control, measured by 
means of three clip on displacement (COD) transducers placed at equal 
radial distance of 120◦ across the notch (Fig. 7b). During the test the 
following COD rates were used, 0.005 mm/min, for CODm < 0.05 mm 
and 0.01 mm/min until a CODm value of 0.3 mm where CODm indicates 
the mean COD value, computed from the measurements of the three 
transducers. The target value of the mean COD at the end of the pre- 
cracking phase, i.e. 0.3 mm, was defined considering the mean crack 
opening over the height of the cracked section of prims in three-point 
bending tests at CMOD = 0.5 mm (see Section 4.5), i.e. approximately 
0.2 mm, and the results of preliminary uniaxial tension tests that showed 
that for COD < 0.3 mm part of the notched section of the specimens was 
not cracked (see also Section 3.4). 

Specimens were then unloaded. Given the uneven distribution of 
both the tensile strength of concrete and, most importantly, of fibres, the 
crack opening was not uniform around the perimeter of the cylinders, 
thus introducing non-uniform behaviour of fibers in different areas of 
some cylinders. After the pre-cracking phase, three cylinders out of 
fifteen were selected based on the maximum residual tensile strength at 
0.3 mm of crack opening and on the minimum difference between crack 
opening values coming from the three COD sensors. 

Fig. 4. Test set-up for creep compression tests.  

Fig. 5. (a) Setup of the tensile test on single fibre and (b) fibre at failure.  
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The creep tensile test on notched cylinder was created according 
using a first type lever-system, with a swinging horizontal arm hinged at 
the top of a steel column (Fig. 8). In order to test more cylinders within 
the same system, three of them were mutually connected by means of 

eyebolts, screwed to the steel plates at their ends, and shackles, forming 
a long “chain” (Fig. 9a) where each cylinder was only subjected to pure 
tension (free rotation capability - Fig. 9b). The “chain” was vertically 
placed at the extremity of the short arm of the lever system and was 
connected by means of a bolt; similarly, it was also bolted to the lower 

Fig. 6. Tensile creep test on a single fibre: (a) Frames to test fibers under creep load; (b) Detail of aluminium supports where fiber and sand paper is allocated; (c) 
Steel frames for creep tensile tests on fibers. 

Fig. 7. Pre-cracking phase of cylinder under uniaxial tensile load and crack 
opening measured by COD at 120◦ radial distance. Fig. 8. Lever system for creep tensile test on MSFRC cylinders.  
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horizontal steel support (Fig. 8). The creation and placement of the 
“chain” needed particular care since the cracked condition of the cyl-
inders made them prone to spontaneously increase the crack opening 
during the process. To this purpose, three aluminium bars (120◦ apart) 
were bolted to the steel plates at the extremities of each cylinder to keep 
its crack opening constant until the starting of the long-term test. Once 
the “chain” was properly placed, the bolts were partially released but the 
bars were not removed, in order to prevent a possible catastrophic 
failure if a single cylinder broke (Fig. 9b). Cylinders were stacked ac-
cording to the criteria of decreasing residual strength, starting from the 
top of the “chain”. It should be noticed that the cylinders are free to 
rotate at their ends as in the pre-cracking test setup. 

The tensile force in the “chain” was generated by applying gravity 
loads at the end of the longer lever arm. The applied long-term stress was 
approximately 50% of the residual strength measured at 0.3 mm of 
instantaneous crack opening; each cylinder of the “chain”, in fact, had a 
slightly different long-term stress/residual strength ratio since the re-
sidual strength was different for each one of them. In the calculation of 
the ratio, the effect of the weight of the items suspended above the actual 
cylinder was considered. During the tensile creep test, the crack opening 
of each cylinder was monitored by using three vertical LVDTs placed, 
120◦ apart, across the crack (Fig. 9c). 

At the end of the period of sustained load, cylinders were unloaded 
and the crack opening was measured for further 30 days, in order to 
observe the potential crack opening recovery. 

The last phase of the process consisted in testing each cylinder in 
tension, until failure; to this purpose, the same loading equipment and 
procedure considered during the pre-cracking phase (Fig. 7) was used. 

3.4.5. Flexural creep test 
The methodology used in case of flexural creep tests shared the 

approach of the previous ones and was developed again into three 
phases: pre-cracking, long-term test and short-term failure. 

The pre-cracking tests were performed in a three-point bending 
configuration (Fig. 10), according to EN14651, by using a 500 kN uni-
versal testing machine. Tests were carried out in crack mouth opening 
displacement (CMOD) control until a crack opening value of 0.5 mm, 
corresponding to the residual flexural strength fR1, followed by a total 
unloading which led to the measurement of the residual crack opening. 
After the pre-cracking phase, three out of eight specimens were selected 
according to the criteria of the higher residual tensile strength at CMOD 
= 0.5 mm. 

In order to perform the flexural creep tests, a steel frame based on a 
lever mechanism of 2◦ type was developed (fulcrum is external to the 

Fig. 9. Tensile creep test: (a) Chain of three cylinders under uniaxial tensile 
load; (b) Detail of two cylinders of the loaded chain; (c) LVDT to measure the 
crack-opening. 

Fig. 10. Pre-cracking phase in three point configuration.  

Fig. 11. Flexural creep test set-up based on lever arm of 2◦ type.  
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two forces application points – Fig. 11); in more details, the fixed part of 
the system is composed of a horizontal double C beam sustaining a 
vertical twin column; the horizontal lever is hinged in-between the two 
half columns and on top of them. It is kept in the horizontal position by 
the stack of specimens, to which a vertical force is transmitted. Each 
frame can host three specimens, properly stacked according to the 
scheme shown in Fig. 11: each prismatic specimen is vertically separated 
from the others by means of steel plates, equipped with two cylindrical 
rollers on each side. The span between the rollers is different on opposite 
sides of each specimen (Fig. 11b), so that the load is applied to the 
prisms according to four-point bending configuration; the long span is 
450 mm while the short span is 150 mm ([51,52]). In any pair of rollers, 
one is also hinged around the longitudinal axis of the prism, so that 
torsional moments are avoided. The arrangement described, requires 
adjacent prisms to be rotated on opposite sides and in order to reduce, as 
much as possible, the difference between forces applied to each spec-
imen, the stacking order followed the criteria the higher the residual 
strength, the lower the position in the stack. In fact, each prism had a 
growing dead weight applied, going down the stack. In order to produce 
an additional vertical force on top of the stack of specimens, a calibrated 
number of steel plates was positioned at the far extremity of the hori-
zontal lever (Fig. 11). The intensity of the applied sustained load was 
computed by considering 50% of the residual flexural strength, where 
also the weight of the additional steel plates was included. It should be 
noticed that this load rate was defined based on pre-cracking tests car-
ried out at room temperature. 

In order to measure the CMOD during the test, one 2 mm stroke 
LVDT was positioned across the notch of each prism. Since the longi-
tudinal axis of the LVDT was at a distance of 5 mm from the surface of 
the prism, in the results this issue was considered by reducing the LVDT 
measurement of a factor δ = h/(h + y) = 150/(150 + 5) (being h = total 
depth of the specimen, y = distance from LVDT to bottom surface of the 
prism), as claimed in EN14651 [8]. The calculation was made by 
considering that the crack was already formed and that the point of 
rotation of the two halves of the prism was likely localized at the top of 
the compression chord. 

At the end of the period of sustained load, whose duration was about 
300 days, prisms were completely unloaded and the CMOD was 
measured for further 30 days, in order to observe the potential crack 
opening recovery. The removal of the specimens from the frames was 
carried out with particular care and by rotating the prisms of 90◦ around 
their longitudinal axis. 

Finally, all the considered prisms, both previously subjected or not to 
long-term loading, were tested under short-term loading until a CMOD 
of 4 mm, according to EN14651. In this way, the possible influence of 
the sustained load on the residual capacity of the system was assessed. 

4. Experimental results 

4.1. Shrinkage deformation 

Fig. 12a shows the shrinkage deformations of the two specimens 
tested (black solid lines): the horizontal black harrows identify the time 
interval during which the temperature was kept constant at 20◦, 30◦ and 
40◦ C. Since the deformations correlated to shrinkage induced a volume 
reduction while the temperature increment induced a sudden expansion, 
the profile of the strain curve had a vertical jump at 50 days and 175 
days, when the temperature was increased from 20◦ to 30 ◦C and from 
30 ◦C to 40 ◦C, respectively. The global trend of the curves was soon 
recovered in the weeks following the temperature change. Irrespective 
of the temperature variations, the global shrinkage development pre-
sented a rough continuity, with its slope reducing with time due to 
smaller velocity of water consumption and evaporation. Small irregu-
larities of the curves came from small unpredicted variations of tem-
perature and humidity inside the climate chamber. The observed results 
suggested that the considered concrete provided a predictable 
shrinkage; in fact, according to the EC2 shrinkage model [53], the 
analytical value after 50 days should be 521 με while, after 300 days, 
approximately 630 με, without considering the deformations induced by 
the change of temperature. 

4.2. Creep compression deformation 

The FRC tested was characterized by a compressive strength of 55 
MPa and elastic modulus of 29.5 GPa (assessed by tests on cylinders). 
The results are presented in terms of curves deformation and creep co-
efficient vs time measured from the load application time: the elastic 
deformation is calculated right after the load application (εinst). The load 
application procedure took less then 60 s. 

Fig. 12a showed the total deformations provided by the cylinders 
subjected to creep tests (red curves), including also the creep recovery 
after unloading. These curves also include the shrinkage contribution, 
which was subtracted in order to obtain the creep deformation only. 
From this deformation, the creep coefficient – φc=(εvisc –εinst)/ εinst – was 
evaluated (Fig. 12b), allowing to observe the long-term behaviour due to 
the applied stress with variable temperature. The global envelope 
confirmed the general trend expected for the creep: a monotonic in-
crease of deformation with time but at a decreasing rate; on the contrary, 
after each temperature increment the slope of the curves quickly 
recovered but this recover was smaller with time. The resulting creep 
coefficient after more than 9 months of sustained load was similar to that 
analytically computed according to EC2 [53] and equal to 1.75. Finally, 
by comparing the deformations instantaneously recovered during the 
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Fig. 12. (a) Drying creep in compression and Shrinkage deformation (με) and (b) creep coefficient development with time.  
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unloading with those measured during the load application, they 
appeared to be consistent (mean value of 509 με vs 615 με – Fig. 12a), 
even if a reduction can be observed due to aging of concrete. 

4.3. Tensile creep deformation of single fibers 

Before the long-term tests, an instantaneous characterization of the 
mechanical behaviour of fibres under traction was carried out, and an 
example of the corresponding stress–strain diagram is reported in 
Fig. 13. From the curves, the peak tensile strength and secant elastic 
modulus at peak were extracted. The outcomes of the long-term tests 
were presented in terms of strain evolution vs time in Fig. 14a and 14b, 
for fibers subjected to 20% and 40% of their tensile strength (defined as 
load ratio), respectively. Two fibers for each case were tested. Results 
concerning load ratio of 40% showed a shorter time under load and the 
first time period at a temperature of 20◦ is lacking; this is because of a 
late beginning of these tests, even though they were conducted in par-
allel with the other tests and inside the same climate chamber. The first 
aspect which can be noticed is the reduced scattering of results from the 
two fibers subjected to the same load condition; this remark suggested 
that the number of tested fibers, even if limited, was still representative. 

Examining the initial instantaneous deformations at the loading 
time, values were consistent since the deformation ε exhibited by the 
fibres with higher applied load was approximately 2.2 times the value ε 
exhibited by the fibres with lower load. 

The long-term behaviour, as expected, showed a decreasing slope of 
the curve with time while the opposite can be observed when the tem-
perature was increased. At higher load ratio (40%) the latter slope 
increment was larger with respect to that occurred with the same tem-
perature increase but at lower load ratio, meaning that the two pa-
rameters can play a coupling effect. 

Fig. 15a and 15b showed the development with time of the creep 
coefficient φfib =(εvisc –εinst)/ εinst, respectively for load ratios of 20 and 
40%, computed considering an elastic deformation computed as 
described in the previous section 3.2. Creep coefficients spanning from 
1.8 to 2.3 and 2.1–2.3 were obtained for load ratios of 20% and 40%, 
respectively. 

4.4. Tensile creep deformation of cracked cylinders 

The cylinders tested were named T3A, T5A, T3C, where the number 
represented the prism of origin while the last letter referred to the 
portion of prism from which they were cored (A and C were lateral 
portions while B was that in the middle). 

According to the procedure described in section 2.3, twelve cylinders 

were produced and, then, pre-cracked: among these, three were selected 
according to the higher residual strength measured and the crack 
opening development along the three directions (Table 4). As an 
example, Fig. 16 showed the tensile force vs crack opening displacement 
(COD) curves measured from two cylinders during the pre-cracking 
phase: black dashed curves corresponded to the opening read from 
each LVDT while the red solid curve represented the mean response. In 
particular, the T3C sample (Fig. 16a) was an example of not uniform 
opening of the crack since, on one side, the elongation is noticeably 
higher than that on the others, although no parts of the specimens had 
negative deformations (compression). On the contrary, the sample T5A 
(Fig. 16b) showed an almost uniform opening along the three directions 
120◦ apart. Although the non-uniform behaviour, the sample T3C was 
used for the creep test, as to investigate the creep response of a specimen 
characterized by a different behaviour: it is important to remark that, 
despite the non-uniform crack-opening, the cylinder selected did not 
show portions in compression during the test. In Table 4, the COV for the 
COD values measured from each cylinder used are indicated. 

Fig. 18 and Fig. 19 showed the COD and creep coefficient – φt =(εvisc 
–εinst)/ εinst – development with time, whose calculation considers the 
elastic deformation (εinst) evaluated after the load application. They 
increased with time at a reducing rate but when the temperature was 
increased, a sudden rate increment was observed. This latter effect faded 
with time, suggesting that most probably the increment of deformation 
under sustained load tends to reach an asymptotic value even at mod-
erate level of temperature but constant for long period of time (50 days, 
125 days, 105 days). estimated in terms of slope, equal to 1.2% when 
passing from 20 ◦C to 30 ◦C and 0.4%, from 30 ◦C to 40 ◦C. 

As expected, sample T3C exhibited the larger instantaneous elon-
gation when loaded and the larger long-term COD; in fact, the same 
sample provided also the larger residual COD and scattering of results 
(non-uniform crack opening) during the pre-cracking phase. This 
behaviour can be attributed to an irregular distribution of fibers across 
the cracked surface, as can be seen in Fig. 17, leading to stresses strongly 
variable among different fibers. Despite this, no failure was observed. 

Under long-term loading condition, the contribution to the defor-
mation was given by the fibres elongation and by the fibre-concrete 
interface slippage. In particular, the progressive elongation of fibres 
with time, led to the reduction of their cross-section, due to the Poisson 
effect, which weakened the long-term bond capacity, since fibers could 
possibly detach locally by the surrounding concrete [54]; this would be 
more apparent in the portion of fibre close to the crack, since there the 
fibre stress was higher. When the bond loses its effectiveness, the active 
bonded length moved backword along the fiber, by increasing the fibre 
unbonded length and the corresponding long-term elongation. In 
conclusion, results from tensile creep tests on cracked cylinders included 
both contributions of fibre creep and weakening of interface behaviour, 
which could also be considered like a long-term slip. 

After the conclusion of creep tests, the specimens were unloaded 
(this phase corresponds to the COD drop in Fig. 18-Fig. 19) and the COD 
was recorded for 30 more days, until values appeared stable. The 
deformation values at the end of the test represented the residual COD 
while the elastic contribute was recovered. Also, for these tests the 
elastic deformations used to compute the creep coefficients are calcu-
lated right after the load application. After that period of time, each 
specimen was subjected to “instantaneous” tensile test until failure. The 
three phases, pre-cracking, creep and failure, were then merged in one 
single curve for each sample in term of COD, by considering that the 
final point of the curve coming from the previous phase was the starting 
point of the following one. Fig. 20 showed all the assembled tensile 
force-COD experimental curves, superimposed to an ideal curve (black 
solid line) enveloping the three phases: it characterizes the long-term 
behaviour in tension of the FRC tested. 

In Table 4 is indicated, for the three cylinders tested, the number of 
fibers counted on the cracked surface after the specimens have been 
tested until failure. 
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Fig. 13. Stress – strain curve of a fibre direct tensile test.  
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With this information, a rough estimate of the stress level carried by 
the fibers across the crack during the long-term test was obtained, by 
dividing the long-term load applied to each cylinder by its effective 
number of fibers crossing the crack. The mean stress intensity between 
the three cylinders corresponded to approximately the 20% of the 
maximum fibre tensile strength (473 MPa). 

4.5. Flexural creep deformations of prims 

According to the procedure described in section 2.4.5, 8 prisms were 
pre-cracked until a crack mouth opening displacement (CMOD) of 0.5 
mm, in order to activate the MS fibres; Fig. 21 showed the force-CMOD 
curves for all specimens. Three of them were chosen for the following 
creep tests according to the higher residual strength criterium (thicker 
solid curves in Fig. 21). In any case, the dispersion of results was 

expected and acceptable. 
In Table 5 the values of the residual strength, in terms of load, for 

each specimen are indicated, together with the applied sustained load, 
indicated as creep load, and the corresponding load ratio. Given the 
different load scheme from the pre-cracking to creep phase, three-point 
bending to four-point bending, the long-term load was computed so to 
have the same bending moment value in both configurations. 

The deformations measured during the creep flexural tests were 
presented in terms of development with time of CMOD and creep coef-
ficient – φf =(εvisc –εinst)/ εinst (computed as described in the previous 
section identifying the elastic deformation) – in Fig. 22 and Fig. 23, 
respectively. 

Like in previous tests, after first instantaneous loading, long-term 
curves presented a slope reducing with time and a sudden increase of 
slope immediately after each temperature increase; unlike previous 
tests, the slope reduction after more than nine months of continuous 
loading was much smaller and the global behaviour was not expected to 
have reached a steady state condition (linear increase with time in log- 
scale). Considering a time step of 1 day, the slope measured after the first 
increment of temperature is of 2%, compared with 0.8% when passing 
from 30 ◦C to 40 ◦C. 

The three specimens considered, provided for very homogeneous 
results, both under instantaneous and long-term loadings, at least when 
compared with scattering of results from previous tests; the explanation 
of this was that they were chosen among a number of pre-cracked prisms 
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Table 4 
Cylinders selected for creep tensile test, their residual strength (load), sustained 
load (creep load) and number of fibers crossing the crack.  

Sample 
ID 

Residual force 
[kN] 

Creep Load 
[kN] 

CODm 

[mm] 
Load ratio 
[-] 

N◦

Fibers 

T5A  7.93 3  0.30  0.38 75 
T3A  4.56 3  0.30  0.60 59 
T3C  5.38 3  0.30  0.53 80  
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and, even more important, the cracked surface was larger than that of 
the cylinders, thus allowing for a larger and more stable number of fibers 
crossing it. 

In terms of creep coefficient, prisms reached a maximum value of 
approximately 4.5, which is larger than that coming from the long-term 
concrete behaviour, similar to that of single fibers and smaller than that 
from cylinder under tensile forces. This remark confirmed that the long- 
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Fig. 16. Force – COD of pre-cracking tensile test for (a) T3C sample; (b) T5A sample;  

Fig. 17. Fibers distribution on cracked surface of T3C cylinder.  
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term behaviour of MSFRC under flexure can be obtained as a combi-
nation of the creep of concrete, viscous behaviour of fibres and of a 
further contribution due to fiber-concrete long term bond. 

After unloading, the CMOD was measured for 30 more days: the load 
removal produced a large CMOD recovery, while the period at rest 
provided for a reduced further recovery, well established at the end of 
the measurement period. 

Finally, all the specimens were reloaded until failure: in Fig. 24, the 
dark blue curves describe the behaviour of the specimens reloaded to 
failure after the pre-cracking, where the outliers were excluded; the red 
curves describes the behaviour of the specimens subjected to creep (like 
for cylinders – Fig. 20) and the light blue curve the mean short-term 
behaviour of eight prisms tested in bending in one single phase (filled 
light blue area). The black solid line represents the ideal average 
behaviour of the red curves; it seems to be not particularly affected by 

the long-term loading, keeping even in this case, the expected residual 
capacity (especially for large values of CMOD). 

Fig. 25 showed the correlation between the residual strength at 
CMOD equal to 0.5 and 1.5 mm and the number of fibers crossing the 
cracked surface: given the reduced number of data, a linear correlation 
curve was adopted to interpolate experimental results both from speci-
mens subjected to 28 days short-term loading or at least subjected to test 
late (blue points) and from specimens subjected to long-term conditions 
(red crosses). As expected, the level of correlation is good and the 
possible reduction of mechanical performances due to the long-term 
loading was not so appreciable. As a confirmation, given the same 
number of fibres, some points and crosses are really close, suggesting the 
same residual strength. 

The complexity of the observed behaviours at the different levels 
(concrete, fiber, composite systems), suggests the adoption of a nu-
merical model as a necessary tool to better understand the role of each 
component in term of time-dependent deformations of the global sys-
tem. Such a model can now be calibrated with the collected experi-
mental results. 
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Fig. 21. Pre-cracking test: Force – CMOD curves.  

Table 5 
Prisms selected for creep flexural test, residual strength (load), sustained applied 
load, load ratio and number of fibers crossing the crack.  

Sample 
ID 

Residual force 
[kN] 

Creep Load 
[kN] 

CODm 

[mm] 
Load 
Ratio [-] 

N◦

Fibers 

T1  9.66  6.91  0.50  0.51 121 
T4  8.36  6.91  0.50  0.49 118 
T7  9.46  6.91  0.50  0.51 111  

Fig. 22. Flexural creep test CMOD – time relation.  
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Fig. 23. Flexural test creep coefficient (in terms of crack opening) – 
time relation. 
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creep test. 
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5. Conclusions 

The development of the experimental tests allowed to draw the 
following remarks:  

• When conducting fibers tensile creep tests, the key aspects were the 
reliability of the gripping method and the avoidance of unexpected 
flexural force component; the former aspect was satisfactorily issued 
by using bolted steel plates with sand paper in-between; the latter 
was satisfied by introducing a number of hinges working around 
orthogonal axis. Repeatability of results showed the robustness of the 
technique.  

• Results of tensile creep tests on cracked MSFRC cylinders were 
mainly influenced by the fibers’ dispersion, which can be modified 
by the concrete casting process and by the dimensions of the 
considered specimen. To this purpose and to maintain the similarity 
with the conditions of the portion of the prisms under traction, cyl-
inders were cored directly from the prisms along their longitudinal 
direction and they were given the largest possible diameter size. 
Even in this case, a remarkable dispersion of results was obtained, 
leading to the necessity of considering a large number of specimens 
for the selection of a more homogeneous subset for the mechanical 
behaviour characterization.  

• The analysis of the results made possible to draw the following 
conclusions:  

• All the measured creep curves, irrespective of the type of tests they 
came from, showed a sudden slope increase when the temperature 
was increased; the slope variation was smaller as the longer the time 
under load.  

• The tensile creep tests on notched pre-cracked cylinders allowed to 
observe the coupling between the creep of single fibers and the fibre- 
to-matrix long-term bond behaviour. Although the estimated force 
level carried by the single fibre in this test was consistent with the 
force level considered in the fibre creep test (20% of strength), the 
corresponding creep coefficients were remarkably different, sug-
gesting that the role played by the fibre-to-matrix bond (or slippage) 
was fundamental to govern the long-term behaviour of fibres 
embedded into cracked concrete.  

• After more than 9 months under constant loading and with two 
temperature increments, the tests carried out provided for different 
values of creep coefficients: 1 ÷ 1.5 for concrete creep tests, 2 ÷ 3 for 
tensile creep tests on fibers, 4 ÷ 8 for tensile creep tests on cracked 
cylinders and 4 ÷ 4.5 for long-term bending on prisms. Particular 
care should be used when considering creep coefficients from tensile 

creep tests on cylinders, since uneven fibres distribution can easily 
produce high and scattered values.  

• The comparison of the creep curves from all the tests developed, 
made it possible to identify the principal mechanisms driving the 
long-term flexural behaviour of MSFRC prisms: the viscous elonga-
tion of macro-synthetic fibres together with their long-term slippage 
inside the surrounding concrete appeared to be the most important 
aspects; the remarkably smaller viscosity of concrete in compression, 
on the contrary, played a secondary role, consisting of slowing down 
the neutral axis position translation toward the most compressed 
part of the prism.  

• In order to understand if and how the long-term loading could affect 
the mechanical capacity of MSFRCs, at the end of the time under 
loading, both cylinders and prisms were subject to instantaneous 
loading till failure; results suggested that the long-term loading (to 
the considered extent) was not able to appreciably reduce the me-
chanical capacity of the systems while, on the contrary, a remarkable 
increase of deformation and crack opening was observed.  

• Even if few data from long-term loading on prisms were available, 
the tests carried out confirmed that the correlation between the 
number of fibers crossing the crack and the residual strength still 
holds.  

• Given the similarity in flexural creep behaviour (Fig. 23), the 
experimental results may provide further insight into the subject that 
will shed light on how larger structural elements, that are generally 
subjected to bending forces and therefore to combined compressive 
and tensile creep effect, will behave.  

• The results made available through the present experimental 
campaign will allow the development of a detailed numerical model 
able to predict the long-term behaviour of MSFRC elements, since its 
elementary mechanisms will be calibrated in terms of both instan-
taneous and viscous behaviour of different components. 
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