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Abstract: This research analyses the strain behaviour of fibre-reinforced concrete (FRC) in the event
of a creep episode. The analysis of creep experienced by FRC specimens during the test reflects better
performance than that predicted by the EHE-08 standard. The authors propose a formulation for
the evaluation of creep strain undergone by FRC. During the research, the evolution of the modulus
of elasticity of FRC after a creep episode is analysed. After the test campaign, it can be concluded
that FRC loaded at an earlier age stiffens after a creep episode. After the creep test is completed, the
delayed elastic strain undergone by FRC is analysed and it is observed that FRC loaded at an earlier
age undergoes less deformation. The authors propose a formulation for the evaluation of the delayed
elastic strain undergone by FRC after a creep episode.

Keywords: fibre-reinforced concrete; steel fibres; creep strain; delayed elastic strain

1. Introduction

Fibre-reinforced concrete (FRC) is being used more and more in structural applications
due to the benefits it provides [1]. The addition of fibres to concrete improves the endurance
limit, flexural strength, Young’s modulus, and the compressive strength. These improve-
ments depend on the characteristics of the fibres, their material, and their dimensions. In
addition, fibres or microfibres provide concrete with better behaviour after cracking [2-7].

The study of creep undergone by structural concretes has a great influence on the
design of large structures, as well as on the definition of their construction process. Creep
undergone by concrete at early ages influences the design of evolutionary construction pro-
cesses, such as the construction of bridge decks using the successive cantilever technique [8],
while the study of creep at infinite time influences the analysis of the countershafts used in
the construction of boards with large spans [9-11].

Some authors have studied the influence of fibres on creep in concrete, finding that
fibres have a positive influence as they improve creep behaviour compared with plain
concrete [10-13]. Steel fibres are especially efficient for creep deformation compared to other
types of fibres [1]. ]. Blyszko [12] compared the influence of polypropylene fibres, time of
load, and applied load in creep measurement, reporting that the use of fibres improves creep
behaviour of concrete loaded at early-ages and finding that Young’s Modulus increases
at the age of 24 h and that its influence in later stages is insignificant. He also found
differences between the creep calculated based on the Code and the measured creep.
Qingxin Zhao et al. [14] concluded that it is possible to predict the creep behaviour of FRC
by comparing its elasticity modulus at 28 days with that of plain concrete. That is, the
modulus of FRC at 28 days is inversely proportional to its long-term specific creep. They
also concluded that fibres with elastic modulus lower than concrete can increase creep and
the addition of steel fibres at less than 2% can reduce creep. In addition, it was shown that
temperature influences creep in concrete; the higher the temperature, the greater the creep
displacement [15].
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Several authors have formulated different models for prediction of creep in non-
reinforced concrete [16-19]. In addition, different models can be found in the literature,
including the AASHTO (American Association of State Highway and Transportation Offi-
cials, Washington, DC, US) model [20], the ACI (American Concrete Institute) model [21]
or the EHE-08 model [22]. However, despite great progress in studying the short-term
properties of fibre-reinforced concrete, research on the creep behaviour of FRC has not kept
up [1].

In this paper, the influence of loading age of the specimens on creep evolution at early
age and long-term was analysed using a reinforced concrete with hooked-end steel fibres.
In addition, after performing creep analysis, the instantaneous and delayed deformation
was measured. With the results obtained, the authors proposed a formulation for the
calculation of the creep evolution and for the delayed elastic strain, depending on loading
age. The characterization of this reinforced concrete is a continuation of another study

performed by some of the authors [7].

2. Materials and Methods
2.1. Materials
Four different fractions of limestone aggregates, two fine aggregates (0/2 mm and
0/4 mm), coded FAO0-2 and FA0-4, respectively, and two coarse aggregates (10/20 mm and
4/12 mm), coded CA4-12 and CA10-20, respectively, were selected to manufacture the
concrete. Physical properties and grading of these aggregates, obtained according to EN
933-1 [23], are shown in Table 1 and Figure 1, respectively. Cement CEM 1 52.5N type was
used, according to EN 197-1:2011 [24], with a density of 3120 kg/m?, obtained according
to UNE 80103:2013 [25]. The quantity of cement used was 390 kg/m? and its composition
can be seen in Table 2. A superplasticizer additive, Master Ease 5025, was added in the

proportion of 1% wt. of cement.

Table 1. Physical properties of the limestone aggregates.

Fraction of ) . . R ]
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Figure 1. Grading curve of the aggregates used.
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Table 2. Chemical composition of the cement used.

Fez 03 CaO Si02 Alz 03 MgO TiOZ SO3 K20 Others

Compound [wt.%]

3.38 66.60 17.81 4.79 1.30 0.20 4.49 0.78 <0.5

A quantity of 35 kg/m? of the selected Hooked-end steel fibres was added, with a
tensile strength of 1200 MPa, a length of 60 mm and a diameter of 0.9 mm (Figure 2). The
concrete mix proportions obtained according to the Fuller method are shown in Table 3.

H_*_
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60 mm

~
v

(b)
Figure 2. Hooked-end fibres used. (a) photograph; (b) schematic diagram.

Table 3. Concrete mix proportions.

Material Mix [kg/m?3]
FAO0-2 480
FA0-4 480
CA4-12 480
CA10-20 480
Cement 390
Water 165
Additive Master Ease 5025 3.9 (1% wt. cement)
Fibres 35
w/c 0.45

2.2. Methods
2.2.1. Compressive Strength

EN 83507:2004 [26] was followed to determine the compressive strength at 24 h, 3, 7
and 28 days. The tested specimens were cubic of 150 x 150 x 150 mm?, cured in a humidity
chamber under controlled conditions (20 & 2 °C and 95 + 5% humidity).

2.2.2. Creep Test

The specimens manufactured for this test were cylinders with a diameter of 15 cm
and a height of 30 cm. Until the time of the test, the specimens were cured in a humidity
chamber under controlled conditions (20 £ 2 °C and 95 + 5% humidity). To determine the
creep deformation of the concrete, three strain gauges were installed on each specimen to
measure the deformation due to applied load.

For the loading of the specimens, the authors designed a loading gantry that enabled
the analysis of the evolution of creep deformation of several specimens simultaneously.
In this investigation, four concrete specimens with fibres were loaded in each load frame.
These frames were composed of two reaction beams, four Dywidag bars that perform the
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@ Dywidag bar extensometer

H Concrete specimen extensometer

I Jack

. Stiffener

loading of the specimens, and a spherical hinge that enabled the specimen to be axially
loaded, avoiding the introduction of bending stresses (as shown in Figure 3).

(b)

Figure 3. Test gantry configuration. (a) Schematic drawing; (b) photograph.

The Dywidag bars load the specimens, which are tensed using a 60-ton hollow jack in
four load steps, corresponding to 25%, 50%, 75%, and 100% of the stressing strength. To
control the stress in the Dywidag bars, it was decided to fit these structural elements by
installing two bidirectional extensometers per bar, connected to each other by means of an
electronic assembly in a complete Wheatstone bridge [27]. The deformation experienced
by the fibre-reinforced concrete specimens is experimentally measured by installing three
unidirectional strain gauges in three generatrices at 120° in each specimen. These bands are
individually connected with control strain gauges that enable compensation for thermal
effects during the test. The connection of the bands is made by means of an electronic
mounting in a half Wheatstone bridge [27] (Figure 4).

In order to analyse the creep evolution of the concrete specimens with fibres and
obtain the creep curves associated with this type of concrete at different loading ages,
the specimens were divided into four groups and each group was tested at four different
loading ages. The loading configuration for each specimen is shown in Table 4. The need
to submit specimens of different ages, 24 h and 3 d, and 7 d and 28 d, to the same load,
arises from the availability of only two loading frames. In one of the loading frames, the
analysis of the creep undergone by the specimens loaded at 24 h and 3 d is carried out,
and in the other the specimens loaded at 3 d and 28 d. Young specimens (loaded at 1 and
3 days) were loaded at 265 kN (around 80% of the compressive strength at 24 h and 40% at
3 d), while the others (loaded at 7 and 28 days) were loaded at 353 kN (around 50% of the
compressive strength at these ages). In the case of 24 h and 3 d age specimens, the load
was chosen to be sufficiently representative at 3 d, but to be able to be supported by 24 h
age specimens. In the case of 7 and 28 d age specimens, a load of 50% of its compressive
strength was considered adequate to see a significant evolution in the concrete.
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Figure 4. Electronic assembly of sensors: (a) full Wheatstone bridge; (b) half Wheatstone bridge.

Table 4. Configuration of test load.

Specimen Code Group Loading Age [d]  Test Load [kN] Test Stress [MPal

CF-1 1 1 265 15
CF-2 1 1 265 15
CF-3 2 3 265 15
CF-4 2 3 265 15
CF-5 3 7 353 20
CF-6 3 7 353 20
CF-7 4 28 353 20
CF-8 4 28 353 20

2.2.3. Modulus of Elasticity

During the loading and unloading of the specimens arranged on each load frame, the
following physical magnitudes were monitored: (a) the stress applied by tensioning the
diwydag bars; (b) the deformation experienced by the fibre-reinforced concrete specimens.
The stress/strain curve of the specimens obtained during their loading and unloading
made it possible to obtain the initial and residual modulus of elasticity of FRC for the
different ages of loading analysed.

2.2.4. Delayed Elastic Strain

Once the creep test was completed and the load applied to the FRC specimens removed,
the evolution over time of the strain undergone by the specimens is monitored. This
monitoring makes it possible to evaluate the delayed elastic strain undergone by the
specimens after the creep test.

2.2.5. Microscopic Analysis

Microscopic images using a scanning electron microscope (SEM) were obtained of the
concrete with fibres used for this study.

Although the scanning electron microscope was used to obtain images at high mag-
nifications of almost all materials, it could also be used in combination with an energy
dispersive spectrometer (EDX), which also allows us to know the elements present in
specific sections of a sample. For this, a Carl Zeiss EVO MA15 SEM was used, fitted with
an Oxford Instruments X-ray detector.
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3. Results and Discussion
3.1. Compressive Strength

As starting data for the analysis of the creep undergone by the fibre-reinforced concrete
specimens, the compressive strength of the concrete was obtained at the different loading
ages. Figure 5 shows the evolution curve of the compressive strength of FRC over time.
50
40

30

20

Compressive strength (MPa)

0 5 10 15 20 25 30
Age (days)

Figure 5. Evolution of the compressive strength of FRC.

Between 3 and 28 days of age of the FRC, it is observed that there is no significant
difference, with the greatest evolution occurring in the first 72 h of age.

3.2. Creep Test

Figure 6 shows the evolution of creep deformation over time, differentiating between
specimens that were subjected to a load of 15 MPa (24 h and 3 d of age) and those that were
subjected to a load of 20 MPa (7 d and 28 d of age). In the following figures, the joint results
of each age rage are shown as the average evolution experienced by the two test specimens.

Analysing the evolution of the deformation of the FRC due to the creep episode to
which it was subjected during the test, differences in strain rates are observed according
to the age in the specimens loaded at 15 and 20 MPa. As can be seen in Figure 6, in the
first stage of the creep episode, the deformation of the specimens loaded at a younger
age is greater. This is due to the fact that the cement in the younger specimens has not
hydrated sufficiently and deforms more in the first days of loading, in agreement with
other authors [28].

However, for a loading age of 150 days in the specimens loaded at 15 MPa, and for
a loading age of 200 days in the specimens loaded at 20 MPa, there is an inflection point
from which the deformations of the specimens loaded at different ages are equalized. This
is due to the fact that from high ages onwards, the age of loading is not so relevant since in
the long term they are similar. In other words, the effect of the load does not penalise the
hydration of the cement in the long term. This tendency of creep evolution to stabilise at
high loading ages has been corroborated by other authors [1]. It also coincides with the
conclusion reached by other studies that greater creep evolution occurs in the first hours of
aging of the reinforced concrete [29].
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Figure 6. Evolution of creep deformation undergone by FRC: (a) specimens loaded at 15 MPa;
(b) specimens loaded at 20 MPa.

3.2.1. Proposed Creep Formulation

Comparing the evolution of the creep deformation of the FRC with the theoretical
curve reflected in the EHE-08 standard [22], an important divergence is observed. The
evolution of creep deformation undergone by FRC specimens loaded 24 h after their
manufacture is the one that deviates the most from the theoretical curve defined in the
EHE-08 standard. For the rest of the test specimens, loaded at the ages of three, seven and
twenty-eight days, there is still a divergence between their experimental behaviour and
that predicted by the EHE-08 standard, but this divergence is much smaller. The maximum
divergence between experimental and theoretical creep deformation is recorded for the
first stage of the creep process to which the FRC specimens have been subjected during the
test. Equation (1) shows the formulation proposed by the EHE-08 standard for estimating
creep deformation in concrete.
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where:

- of(to) is stress on specimens during creep test.

- E. 1 is the initial modulus of elasticity in specimens.

- E¢pgis the modulus of elasticity of the specimens at 28 days.

- @HR is the coefficient of influence of relative humidity [22].

- B(fem) is the coefficient of influence of concrete strength [22].

- a(tp) is the coefficient associated with the loading age proposed by the authors;

- a(t — tp) is the coefficient associated with the evolution of creep with time proposed
by the authors.

Figure 7 shows the evolution of the error of the model proposed by the authors with
the variation of the value of the coefficients “x(tp)” and “o(t — ()", while Figure 8 shows
the range of optimal coefficients of the model proposed by the authors to minimize the
deviation of the predictive model compared with the experimental results obtained in the
laboratory.
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Figure 7. Analysis of the error induced by the variation of the exponent of the creep coefficients a(ty)
and a(t — fp) in the model proposed by the authors to determine the creep strain undergone by FRC:
(a) FRC specimens loaded at 24 h (a); at 3 d (b); at 7 d (c); and at 28 d (d).
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Figure 8. Optimization of the coefficients “w(ty)” and “a(t — to)” of the model proposed by the authors
for calculating the creep strain of FRC.

To determine the optimal creep coefficients, the authors have scanned all possible
combinations of values of these coefficients and have obtained the error of the final pro-
posed formulation for each load age analysed in the study. Figure 8 represents the traces
of the interval corresponding to a maximum deviation of 5% for the different ages of FRC
loading: (a) green trace for FRC loaded at 24 h; (b) cyan trace for FRC loaded at 3 d; (c)
blue trace for FRC loaded at 7 d; (d) pink trace for FRC loaded at 28 days. The optimal
interval is taken as the area in which the divergence intervals of less than 5% converge
for all the load ages analysed in the creep test. The authors propose the following values
for the coefficients associated with the loading age and the evolution of creep with time:
a(to) = 0.13; a(t — tp) = 0.39.

3.2.2. Verification of Creep Formulation

Figure 9 represents the evolution of the deferred creep strain over time. The values
obtained in the laboratory (“experimental results”) are compared with the predictive model
of the EHE-08 (“normative prediction”) and the predictive model proposed by the authors
(“proposed model”).

The normative prediction fits relatively well with the experimental results in FRC
loaded at 28 d of age. However, the standard does not accurately reproduce the experimen-
tal results at early loading ages of the FRC, especially at 24 h of age. Other authors have
already detected discrepancies between standards and experimental creep results [28,30].
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Figure 9. Cont.
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Figure 9. Creep deformation undergone by FRC specimens: FRC loaded at 24 h (a); (b) 3 d; (c) 7 d;
(d) 28 d.

3.3. Modulus of Elasticity

The specimens loaded 24 h after their manufacture were subjected to a tension equiva-
lent to 78% of their compressive strength. Figure 10a shows the stress/strain curve of the
FRC specimens loaded at 24 h and at 3 d. As expected, for the same compression stress
of 15 MPa, the deformation of the loaded specimens at 24 h is much greater than that
corresponding to the specimens loaded at 3 d. In the case of the FRC specimens loaded at
the age of seven and twenty-eight days, the stress level during the creep test was similar,
equivalent to 53 and 47% of their compressive strength respectively. In Figure 10b, we can
see the similarity of the stress/strain curves of the specimens loaded at the age of seven
and twenty-eight days.
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Figure 10. Tension-deformation curve during loading of the specimens: (a) FRC specimens loaded at
15 MPa; (b) FRC specimens loaded at 20 MPa.

From the analysis of the stress/strain curves of the specimens during their loading,
the modulus of elasticity of the FRC is obtained at the time corresponding to the start of the
creep test. As expected, and according to the values obtained for the compressive strength
of concrete, the value of the modulus of elasticity increases with the age of the concrete, as
reflected in Figure 11.

It can be observed that the modulus of elasticity evolves with age in a similar way to
the evolution of the compressive strength (Figure 5).

Figure 12 shows the stress/strain curves of the specimens during their unloading.
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Figure 11. Evolution of the modulus of elasticity of FRC with age.
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Figure 12. Stress/strain curve during the unloading of the specimens: (a) FRC specimens loaded at
15 MPa; (b) FRC specimens loaded at 20 MPa.
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Once the creep test was completed, the analysis of the stress/strain curves of the
specimens during their unloading (Figure 12) makes it possible to obtain the residual
modulus of elasticity of the FRC after the 384-day duration of the creep test. In the case of
the residual modulus of elasticity of FRC, it is observed that its value decreases with the
increase in the loading age of the concrete.

As can be seen in Figure 13, the FRC specimens with the highest stiffness are those
that were loaded 24 h after their manufacture.

5 10 15 20 25 30

Loading age (days)
Figure 13. Evolution of the modulus of elasticity of FRC with its loading age.

Performing a comparative analysis of the stress/strain curves of the specimens during
their loading with the curves corresponding to their unloading, it can be observed that the
influence of the creep of FRC on its deformation behaviour is different for concrete loaded
at early age than for concrete loaded with an age greater than 3 d. Whereas in a concrete
loaded at an early age, its modulus of elasticity increases after having been subjected to a
creep episode, in concrete loaded at an age greater than 3 d, its modulus of deformation
remains unchanged (Table 5).

Table 5. Evolution of the modulus of elasticity of FRC after a creep episode. Initial “Eo” and residual

“Er” modulus of elasticity.

Loading Age (d) Eo (GPa) Er (GPa)
1 21.913 41.712
3 33.500 38.842
7 33.667 33.904
28 36.100 34.918

The difference between the initial and residual modulus of elasticity depends on the
loading age. Furthermore, the two moduli of elasticity evolve in an inversely proportional
way, so early loaded specimens have lower initial modulus of elasticity and higher residual
modulus of elasticity.
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3.4. Delayed Elastic Strain

Figure 14 shows the evolution of the delayed elastic strain after the creep test. The
specimens were monitored for 62 d after the removal of the load.

—*—Specimens loaded at 24h
— Specimens loaded at 3d
—*—Specimens loaded at 7d
—-—Specimens loaded at 28d

T~ be

1250

1200

Strain (ue)

/'

1150

——_ e [
0 10 20 30 40 50 60
Age (days)

Figure 14. Evolution of the delayed elastic strain of FRC after a creep episode.

Analysing the evolution of the delayed elastic strain after the creep test, and confirming
the behaviour observed in the analysis of the instantaneous elastic strain when removing
the load to which the FRC specimens were subjected, it is observed that the strain of the
FRC specimens loaded at an early age is significantly less than that of samples loaded at an
age greater than 3 d.

After analysing the data obtained in the laboratory, the authors propose the formu-
lation in Equation (4) to predict the delayed elastic strain of FRC after a creep episode

(Figure 15).
i | ) . M 0.39
€ = Epj T Eq = Ect, (1 o <(1.5-(t - td))> ¥

- g, is the instantaneous elastic strain.

- g4 is the delayed elastic strain.

- tyis the unloading age.

- E_4yis the modulus of elasticity of the specimens at unloading age.

where:

It can be observed that the instantaneous deformation is greater when the age of
loading of the reinforced concrete is greater. This is due to the increase in the elastic
behaviour of the concrete with age.

Furthermore, the proposed model very accurately reproduces the evolution of the
deformation after removal of the load, especially the instantaneous strain and the strain
produced long term.
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Figure 15. Evolution of the elastic strain of FRC after a creep episode. Experimental strain versus
strain predicted by the model proposed by the authors: FRC specimens loaded at (a) 24 h; (b) 3 d; (c)
7d; (d) 28d.
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3.5. Microscopic Analysis

In the Figures 16-18, the imprint of a fibre that reinforced the concrete and its “bed”
can be seen after the mechanical tests were carried out (at different magnitudes).
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Figure 16. Fibre (left) and “bed” fibre (right) at 21 x.
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WD =110mm Mag= 238X | Probe = 500 pA v WD = 8.0 mm Mag= 120K X | Probe = 500 pA
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Figure 18. Fibre “bed” at 200x (left) and 150 x (right).

In Figure 16, two fibres appear to penetrate the concrete. There is paste adhering to
the fibres, which is a sign of good bonding between paste and fibres. On the other hand,
small cracks can be seen in the microscopic images.
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Microscopic images (Figures 16-18) show that the mechanical tests do not cause the
fibres to fissure or deform, but that the metal fibres appear detached and hardly deformed.
In addition, a nodule is seen to form at the junction of several microcracks.

4. Conclusions
From this work, the following conclusions can be drawn:

- From the analysis of the creep strain undergone by the FRC specimens analysed during
the test, two stages can be distinguished: (a) in a first stage, the creep deformation of
the specimens loaded at an earlier age shows a greater strain; (b) in the second stage,
the creep strain is equalized for the different loading ages.

- The strain undergone by FRC specimens loaded at an earlier age, 24 h after their
manufacture, shows a much lower level than predicted by the formulation proposed
by the EHE-08 standard. In the case of the specimens loaded at the ages of three,
seven and twenty-eight days, the strain is also less than that foreseen in the EHE-08
standard, although the difference is not so high.

- The authors propose an adjustment of the creep coefficients proposed in the EHE-08
equation associated with the loading age B(f() and the evolution of the creep in time
Be(t — o).

- From a comparative analysis of the stress/strain curves of the FRC specimens during
their loading and unloading, it can be concluded that the FRC loaded at an earlier age
stiffens after a creep episode.

- Once the results of the creep test of FRC loaded at different ages was analysed, it could
be concluded that FRC had better creep behaviour than conventional concrete.

- Analysing the evolution of the delayed elastic deformation of the FRC specimens
after the end of the creep test, it is concluded that, the FRC loaded at an earlier age,
undergoes less deformation.

- The authors propose a formulation for the analysis of the delayed elastic deformation
of FRC after a creep episode.
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