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Abstract: Six different concretes are characterized during material ages between 1 and 28 days.
Standard tests regarding strength and stiffness are performed 1, 3, 7, 14, and 28 days after production.
Innovative three-minute-long creep tests are repeated hourly during material ages between one and
seven days. The results from the standard tests are used to assess and to improve formulas of the fib
Model Code 2010: the correlation formula between the 28-day values of the strength and the stiffness,
and the evolution formulas describing the early-age evolution of the strength and the stiffness during
the first four weeks after production. The results from the innovative tests are used to develop a
correlation formula between the 28-day values of Young’s modulus and the creep modulus, and an
evolution formula describing the early-age evolution of the creep modulus during the first four
weeks after production. Particularly, the analyzed CEM I concretes develop stiffness and strength
significantly faster than described by the formulas of the Model Code. The creep modulus of the
investigated concretes evolves significantly slower than their strength and stiffness. Thus, concrete
loaded at early ages is surprisingly creep active, even if the material appears to be quite mature in
terms of its strength and stiffness.

Keywords: fib Model Code 2010; hardening of concrete; strength; stiffness; creep modulus

1. Introduction

Prestressed concrete construction and balanced cantilever construction are two examples of an
entire class of construction methods, in which reinforced concrete structures are loaded already well
before they reach an age of 28 days. Related design calculations require quantitative knowledge of
mechanical properties of concrete at early ages. The fib Model Code 2010 [1] provides formulas for
early-age strength and stiffness values of concrete, as a function of the uniaxial compressive strength
reached 28 days after production, fc,28d. The evolution formula describing the early-age evolution of
the uniaxial compressive strength during the first four weeks after production reads as [1]

fc(t) = fc,28d exp

[
s

(
1−

√
28 days

t

)]
. (1)
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In Equation (1), the dimensionless parameter s is related to the speed with which the 28-day strength
is approached: the smaller s, the faster is the early-age strength evolution, and vice versa. Notably,
s depends on fc,28d and the type of cement used to produce the concrete of interest (see Table 1).

Table 1. Dimensionless parameters s and α according to fib Model Code 2010 [1] (see Equations (1)–(3)).

fc,28d Cement Type s Aggregate Type α

≤60 MPa 32.5 N 0.38 basalt, dense limestone 1.2
≤60 MPa 32.5 R, 42.5 N 0.25 quartz 1.0
≤60 MPa 42.5 R, 52.5 N, 52.5 R 0.20 limestone 0.9
>60 MPa all classes 0.20 sandstone 0.7

The correlation formula that allows for quantifying the 28-day value of Young’s modulus of
concrete, Eu,28d, based on knowledge regarding fc,28d reads as [1]

Eu,28d = 21.5 GPa · α
(

fc,28d

10 MPa

)0.3̇
. (2)

In Equation (2), the dimensionless parameter α accounts for the stiffness of the aggregates used to
produce the concrete of interest (see Table 1). The evolution formula describing the early-age evolution
of Young’s modulus during the first four weeks after production, reads as [1]

Eu(t) = Eu,28d

{
exp

[
s

(
1−

√
28 days

t

)]}0.5

. (3)

Equations (1)–(3) refer to concrete curing at 20 ◦C.
In the present paper, standard and innovative test methods are combined in order to characterize

the evolution of the strength, the stiffness, and the creep activity of a set of contemporary concretes,
with two aims: (i) to assess and to improve the reliability of the Equations (1)–(3), and (ii) to develop
similar formulas for quantification of the early-age evolution of the creep activity of concrete. Thereby,
the following two aspects provide the underlying motivation:

1. The cement and concrete industry makes efforts to reduce the emission of CO2 associated with
the production of their binders [2]. Thus, commercially marketed cements and the corresponding
mix designs of concrete experienced a considerable development [3]. This raises the question
concerning the reliability of Equations (1)–(3) for contemporary concretes.

2. The serviceability of concrete structures which were built decades ago and loaded, at that time,
at early ages, is frequently challenged by unexpectedly large creep deformation [4]. This raises the
question concerning the evolution of the creep activity of contemporary concretes at early ages.

As for the experimental determination of the compressive strength of concrete, standards such as
the Eurocode [5] suggest tests on cubes because they are simple to perform. The obtained strength
values are by some 20% larger than the strength values obtained with cylinders (see e.g., refs. [6–8]).
This is because shear stresses are activated by friction in the interfaces between the specimens and the
load platens. The self-equilibrated shear stresses affect the entire tested specimen [9]. They result in a
confinement of the material, which increases the strength of the tested cube. The uniaxial compressive
strength of concrete is, at least in good approximation, accessible based on tests on specimens with
a height-to-width ratio of 2. This is to be understood based on the principle of Saint Venant [10]
(see also [11–13]). It implies that the self-equilibrated shear stresses decrease with increasing distance
from the interfaces between the specimen and the load platens, such that they reach insignificant
magnitudes in a distance amounting to roughly one times the characteristic in-plane dimension of
the interfaces between the specimen and the load platens (see [9] for validation of this statement by
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means of Finite Element simulations). Thus, the central part of a cylinder with a width of 150 mm and
a height of 300 mm may be considered to be virtually free of undesired shear stresses.

As for the experimental determination of the stiffness of concrete, several testing strategies are
commonly used. Standards typically recommend to quantify the unloading modulus in uniaxial
compression tests with the maximum load amounting to one-third of the expected compressive
strength (see, e.g., the Austrian standard [14]). As for characterization of the early-age stiffening of
concrete, testing has to be repeated frequently (see, e.g., refs. [15–20] for comprehensive early-age
testing campaigns). As for early-age characterization since extremely early ages, starting at setting of
the material, it is popular to determine the so-called dynamic stiffness of concrete based on ultrasonic
tests (see, e.g., refs. [21–25]). An elegant resonance frequency method based on very small vibrations of
beam-like concrete specimens hardening inside a flexible mold was developed by Azenha et al. [26–28].
A test method that allows for carrying out compression test inside a temperature-controlled mold
was developed by Boulay et al. [29,30]. The described early-age testing campaigns have stimulated
pan-European modeling activities (see, e.g., refs. [31,32]).

As for the experimental determination of the creep activity of concrete at early ages, mostly aging
creep tests are performed. “Aging” implies that the microstructure of concrete evolves during the
test because the chemical reaction between the binder and the water continuously consumes these
two constituents and results in the progressive formation of hydration products. Aging creep tests
pose great challenges for multiscale modeling (see, e.g., refs. [33,34]). This was the motivation for
the development of nonaging creep testing protocols. They consist of ultra-short creep tests with a
duration of a few minutes only [17,25]. Although the hydration reaction is ongoing, it does not change
the microstructure significantly during a few minutes, hence the terminology “nonaging” creep testing.
This has allowed for developing predictive multiscale models, based on creep constants of microscopic
hydrate-gel needles [17,35,36]. Rather recently, creep tests on so-called equivalent materials were
carried out [37]. In these materials, part of the cement is replaced with a finely ground filler [38].
After complete hydration, this approach leads to non-aging specimens which are equivalent to specific
early-age microstructures of real hydrating systems.

The present paper is structured as follows: Section 2 presents the results obtained from
early-age testing campaigns on six different concretes. The evolution of their strength and stiffness is
characterized following the Austrian standard [14]. The evolution of their viscoelastic properties is
characterized by means of hourly-repeated three-minutes-long creep tests, carried out from one day
to seven days after production, following the test protocol of Irfan-ul-Hassan et al. [17]. In Section 3,
Equations (1)–(3) are both assessed and improved, and similar formulas for quantification of the
early-age evolution of the creep activity of concrete are developed. The results are discussed in
Section 4. Conclusions are drawn in Section 5.

2. Early-Age Characterization of Strength, Stiffness, and Creep Properties

2.1. Materials

The six tested concretes refer to three different strength classes (see Table 2). They are made of three
different types of cement and three different initial water-to-cement mass ratios, w/c, as well as two
types of rounded aggregates: quartz, representative for western Austria, and limestone, representative
for eastern Austria. The mass densities of these aggregates amount to 2.65 g/cm3 and to 2.72 g/cm3,
respectively. The concretes are designed to be frost-thaw resistant, in an environment with moderate
water saturation and exposed to de-icing agents. Because of these additional requirements, it was
decided to produce the CEM I-based C40/50 with a CEM I 52.5. An air-entraining agent is added in
order to obtain air contents in the range from range 2% to 6%. The mix proportions are listed in Table 2.
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Table 2. Mix proportions of the six characterized concretes: masses of water, aggregates (Agg.), cement
(Cem.), supplementary cementitious material (SCM), air-entraining agent (AEA), and super plasticizer
(SP) for one cubic meter of concrete

Masses for One Cubic Meter of Concrete

Concrete Type Cement Type Aggregate Type w/b (-) Water (kg) Agg. (kg) Cem. (kg) SCM (kg) AEA (kg) SP (kg)

C30/37/W55 CEM II/ quartz 0.48 170 1832 320 40 0.13–6.05 3.78

3-10B5/GK22/F52 A-M(S-L) 42.5 N limestone 0.48 170 1875 320 40 0.10–4.70 4.42

C35/45 CEM II/ quartz 0.45 185 1755 410 - 1.03–7.59 0.62

3-10 B5/GK22/F52 A-S 42.5 R limestone 0.45 185 1796 410 - 0.21–5.08 0.16

C40/50 CEM I/ quartz 0.42 175 1773 420 - 0.13-3.53 1.13

3-10 B5/GK22/F52 52.5 R limestone 0.42 175 1814 420 - 0.17–5.84 6.17

2.2. Standard Testing of Strength and Stiffness Following the Austrian Standard

The early-age evolution of the compressive strength and the unloading modulus was characterized
by means of standard tests in the laboratory of the Smart Minerals GmbH. The experiments were
carried out at material ages amounting to 1, 3, 7, 14, and 28 days after production following the
Austrian standard [14].

Following a standard protocol used in the engineering practice, the compressive strength was
determined based on destructive compression tests on concrete cubes with side-lengths amounting to
15 cm. The formulas of the fib Model Code 2010 [1], however, refer to the uniaxial compressive strength
obtained on cylinders (see, e.g., Equation (1)). Thus, experimentally determined values of the cube
compressive strength must be translated into equivalent values of the cylinder compressive strength.
This is done in agreement with the recommendations of the fib Model Code 2010 [1], i.e., the cylinder
compressive strength values were estimated by dividing the cube compressive strength values by 1.2.
For each of the six concretes, for each of the two investigated air contents, and for each of the five
material ages of interest, two specimens were crushed. Thus, in total, 6× 2× 5× 2 = 120 strength
tests were carried out.

The unloading modulus was determined based on non-destructive loading-unloading cycles on
concrete prisms with dimensions of 10 cm × 10 cm × 36 cm. The unloading modulus was quantified
as the quotient of the stress and strain differences between load levels amounting to 1/3 and 1/30 of
the uniaxial compressive strength. For each of the 6 concretes and for each of the 2 investigated air
contents, 1 specimen was produced. Each of the resulting 6× 2× 1 = 12 specimens were subjected,
at 5 material ages of interest, to nondestructive tests. Thus, in total 12× 5 = 60 individual stiffness test
were carried out.

Storage and testing were carried out at quasi-isothermal conditions of 20± 5 ◦C. The specimens
remained in their molds for 24± 2 h. Afterwards, the concrete cubes were covered by several layers
of food preservation foil in order to avoid drying. The concrete prisms, in turn, were stored after
demolding under water until testing.

The obtained experimental results are shown in Figures 1 and 2. Squares refer to quartz aggregates,
circles to limestone. The data points in Figure 2 represent average values resulting from three
loading-unloading cycles which were carried out immediately one after the other.
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Figure 1. Results from standard testing following the Austrian standard [14]: early-age evolution of
the cylinder compressive strength of the concretes listed in Table 2; the upper and the lower boundaries
of the gray-shaded areas refer to air contents amounting to 2% and 6%, respectively: (a) CEM II/A-M
(S-L) 42.5 N, quartzite; (b) CEM II/A-M (S-L) 42.5 N, limestone; (c) CEM II/A-S 42.5 R, quartzite;
(d) CEM II/A-S 42.5 R, limestone; (e) CEM I 52.5 R, quartzite; (f) CEM I 52.5 R, limestone.
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Figure 2. Results from standard testing following the Austrian standard [14]: early-age evolution
of the unloading modulus of the concretes listed in Table 2; the upper and the lower boundaries of
the gray-shaded areas refer to air contents amounting to 2% and 6%, respectively: (a) CEM II/A-M
(S-L) 42.5 N, quartzite; (b) CEM II/A-M (S-L) 42.5 N, limestone; (c) CEM II/A-S 42.5 R, quartzite;
(d) CEM II/A-S 42.5 R, limestone; (e) CEM I 52.5 R, quartzite; (f) CEM I 52.5 R, limestone.



Materials 2019, 12, 207 6 of 17

2.3. Innovative Testing of Stiffness and Creep Properties According to the Protocol Developed

The characterization of early-age stiffness and creep properties follows the protocol of
Irfan-ul-Hassan et al. [17]. This includes hourly-repeated three-minutes-long creep tests under uniaxial
compression. The tests are carried out on concrete cylinders with a diameter of 7 cm and an axial
length of 30 cm (see Figure 3).

Figure 3. Test setup inside a temperature chamber containing two temperature sensors and copper
pipes filled with conditioning fluid: two aluminum rings are attached to the concrete specimen, holding
five displacement sensors; after [17].

Specimens are demolded 23 h after production. They are covered by several layers of food
preservation foil, in order to protect them from drying. The first test is carried out 24 h after
production. Hourly testing is continued up to material ages of seven days to eight days, depending
on the availability of the testing machine. Thus, every specimen undergoes a series of 144 to 168
three-minutes-long creep tests. In order to ensure non-destructive testing, the maximum load is
restricted to 20% of the strength reached at the time of testing (see Figure 1). The tests are carried out
under force control. At first, the desired load level is approached with a loading speed of 7.697 kN/s,
equivalent to a stress rate of 2 MPa/s, following Irfan-ul-Hassan et al. [17]. This speed of loading is
(i) small enough as to ensure that a quasi-static test is carried out (see [39]), and (ii) fast enough as
to ensure that the duration of the loading phase is by two orders of magnitude smaller compared to
the following creep test, during which the desired load level is kept constant for 180 seconds. Finally,
unloading is carried out with a speed of 3.849 kN/s, equivalent to a stress rate of 1 MPa/s. For each of
the six concretes, four specimens were produced. Each of the resulting 6× 4 = 24 specimens were
subjected, at 144 to 168 material ages of interest, to three-minutes-long tests. Thus, in total, some 4000
individual creep tests were carried out.

The applied forces and the changes of length of the specimens are measured as follows. The forces
are measured by the load cell integrated in the used testing machine, which is of type Walter and Bai
LFM 150, operated under the control of the software "test Xpert" of Zwick/Roell. The changes of length
are measured directly at the specimens, using five inductive displacement sensors of Hottinger Baldwin
type. The measurement signals are recorded with a frequency of 100 Hz. The stresses σ(t) are obtained
by dividing the measured force values, F(t), by the nominal cross-sectional area A = 3849 mm2:

σ(t) =
F(t)

A
. (4)
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The strains εexp(t) are obtained by dividing the averaged readings of the five displacement sensors by
the measurement length `0 = 164 mm:

εexp(t) =
1
5

5

∑
i=1

∆`i(t)
`0

, (5)

where ∆`i(t) denotes the change of length measured at time instant t by the ith displacement sensor.
From the measurement data of each three-minute-long creep test, the elastic Young’s modulus E

and the creep modulus Ec are identified by minimizing the difference between the measured strain
evolution, εexp(t), and the modeled strain evolution, εmod(t):

E =

√√√√ 1
N

N

∑
i=1

[
εexp(ti)− εmod(ti)

]2
→ min , (6)

where N stands for the total number of experimental readings considered for test evaluation, recorded
during the phase of application of the load and the subsequent phase of constant loading, typically
amounting to N = 18,000.

Modeling is based on the theory of viscoelasticity, considering that the deformation during the
short loading phase contains both elastic and time-dependent contributions [17]. In more detail,
the modeled strain evolution is computed based on Boltzmann’s superposition principle, formulated
in terms of the following convolution integral [40]

εmod(t) =
t∫

0

J(t− τ)
dσ

dτ
dτ . (7)

In Equation (7), J(t− τ) denotes the uniaxial creep function, and dσ/dτ stands for the time-derivative
of the stress history. As for the creep function, the following power law is used by analogy to [17,35,41]:

J(t− τ) =
1
E
+

1
Ec

(
t− τ

tre f

)β

, (8)

where tre f = 86,400 s and β = 0.25 stand for a reference time and the creep exponent, respectively.
The stress increases linearly during the application of the loading, in the time interval 0 ≤ t < t∗. Thus,
the stress rate is constant. It is denoted as σ̇. During the subsequent 180 s of constant loading, in the
time interval t∗ < t ≤ (t∗ + 180 s), the stress rate vanishes:

dσ

dτ
=

{
σ̇ = const. . . . 0 ≤ t < t∗,

σ̇ = 0 . . . t∗ < t ≤ (t∗ + 180 s).
(9)

The convolution integral in Equation (7) can be solved in a piecewise analytical fashion. As for
the loading phase, Equation (7) is specialized for 0 < t ≤ t∗. Inserting Equations (8) and (9) into the
resulting expression yields

εmod(t) =
σ(t)

E
+

σ̇ tre f

Ec (β + 1)

(
t

tre f

)β+1

0 ≤ t ≤ t∗ . (10)

As for the load plateau, Equation (7) is specialized for t∗ < t ≤ (t∗ + 180 s). Inserting Equations (8)
and (9) into the resulting expression yields
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εmod(t) =
∆σ

E
+

σ̇ tre f

Ec (β + 1)

( t
tre f

)β+1

−
(

t− t∗
tre f

)β+1
 t∗ ≤ t ≤ (t∗ + 180 s) , (11)

where ∆σ denotes the total stress increment imposed during loading.
The optimization problem defined in Equation (6) is solved iteratively, with progressively refined

search grids, until the global minimum of the objective function is found (see [17] for details).
The described optimization procedure is applied to each individual three-minute creep test, resulting
in some 4000 sets of E and Ec (see Figures 4 and 5 for the results).

(a)

(b)

(c)

(d)

(e)

(f)
Figure 4. Results from innovative testing according to the protocol developed in [17]: early-age
evolution of the elastic Young’s modulus of the concretes listed in Table 2, with nominal air contents
from 2% to 6%: (a) CEM II/A-M (S-L) 42.5 N, quartzite; (b) CEM II/A-M (S-L) 42.5 N, limestone;
(c) CEM II/A-S 42.5 R, quartzite; (d) CEM II/A-S 42.5 R, limestone; (e) CEM I 52.5 R, quartzite; (f) CEM I
52.5 R, limestone.

(a)

(b)

(c)

(d)

(e)

(f)
Figure 5. Results from innovative testing according to the protocol developed in [17]: early-age evolution of
the creep modulus of the concretes listed in Table 2, with nominal air contents from 2% to 6%: (a) CEM II/A-M
(S-L) 42.5 N, quartzite; (b) CEM II/A-M (S-L) 42.5 N, limestone; (c) CEM II/A-S 42.5 R, quartzite;
(d) CEM II/A-S 42.5 R, limestone; (e) CEM I 52.5 R, quartzite; (f) CEM I 52.5 R, limestone.
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3. Results, Interpretation, and Correlation

3.1. Assessment and Improvement of Formulas of the fib Model Code 2010

Equations (1) and (3), describing the evolution of the strength and the stiffness of concrete
during the first four weeks after production, are assessed based on the experimental data shown
in Figures 1 and 2. Thereby, fc,28d and Eu,28d are set equal to the corresponding test results.
The dimensionless parameters s and α are taken from Table 1. As for concretes produced with
CEM II cements, the evolution Formulas (1) and (3) are quite reliable, compare the punctiform symbols
with the dashed curves in Figures 1a–d and 2a–d. As for concretes produced with the CEM I cement,
the evolution Formulas (1) and (3) significantly underestimate the early-age evolution of the strength
and the stiffness, compare the punctiform symbols with the dashed curves in Figures 1e–f and 2e–f.

The reliability of Equations (1) and (3) can be increased by adjusting the values of the
dimensionless s-parameter. To this end, s is replaced by s fc in Equation (1) and by sE in Equation (3).
Both s fc and sE are optimized such that the squared differences between measurement strength or
stiffness values y(ti) and corresponding calculated values f (ti, s) attain a minimum:

n

∑
i=1

[
f (ti, s)− y(ti)

]2
→ min . (12)

For each of the three analyzed types of concrete, an average value s̄ is computed based on four
optimal s fc values and four optimal sE values (see the last column of Table 3). As for the CEM II
concretes, optimal s̄ values are by some 10% smaller than the values recommended by the fib Model
Code 2010, compare Tables 1 and 3 (see also the solid lines in Figures 1a–d and 2a–d). As for the CEM I
concretes, in turn, optimal s̄ values are by more than a factor of 2 smaller than the values recommended
by the fib Model Code 2010, compare Tables 1 and 3 (see also the solid lines in Figures 1e–f and 2e–f).

Table 3. Improvement of Equations (1) and (3) describing the early-age evolution of the compressive
strength and Young’s modulus: optimal values of the dimensionless parameters s fc and sE, as well as
their mean values s̄, identified based on strength and stiffness tests carried out following the Austrian
standard [14].

Cement Type Aggregate s fc sE s̄

CEM II/A-M (S-L) 42.5 N
quartz 0.23/0.24 0.20/0.19

0.22
limestone 0.22/0.25 0.23/0.23

CEM II/A-S 42.5 R
quartz 0.17/0.16 0.15/0.18

0.18
limestone 0.16/0.19 0.20/0.19

CEM I 52.5 R
quartz 0.08/0.09 0.11/0.09

0.09
limestone 0.05/0.09 0.11/0.11

Equation (2), describing the correlation between fc,28d and Eu,28d is assessed based on
measurements obtained 28 days after production. The test data form a quite dense cloud of points,
regardless of the air content and the types of cement and aggregates (see the punctiform symbols
in Figure 6). This is interesting because the fib Model Code 2010 expects that concretes made with
limestone aggregates have smaller Young’s moduli than equally strong concretes made with quartz
aggregates (see the two graphs in Figure 6).

The reliability of Equation (2) can be increased by adjusting the values of the dimensionless
α-parameter. The optimal value regarding quartz-based concretes is equal to the value recommended
by the fib Model Code 2010: αopt = α = 1.0. Independent from that, the optimal value regarding
limestone-based concretes is obtained as αopt = 1.0. This suggests that no distinction between quartz
and limestone aggregates is necessary when it comes to the correlation between fc,28d and Eu,28d.
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Figure 6. Correlation between 28-day values of the cylinder compressive strength and the unloading
modulus: the points refer to experimental data from standard testing of strength and stiffness following
the Austrian standard [14]; the graphs refer to Equation (3).

3.2. Development of fib Model Code 2010-Inspired Formulas for the Creep Modulus

The following developments aim at deriving a correlation formula between the 28-day values
of the elastic Young’s modulus and the creep modulus, and an evolution formula that describes the
development of the creep modulus during the first four weeks after production, such that the 28-day
value is reached in the end.

Because of time constraints, hourly testing had to be stopped seven to eight days after production
of the specimens. In order to estimate 28-day values of E and Ec, the test results are extrapolated to
material ages of 28 days. To this end, the test results are fitted based on the following formulas:

E(t) = E8d ·
{

exp

[
sE,8d ·

(
1−

√
8 days

t

)]}0.5

, (13)

Ec(t) = Ec,8d ·
{

exp

[
sEc ,8d ·

(
1−

√
8 days

t

)]}0.5

, (14)

where E8d and Ec,8d denote values of Young’s modulus and creep modulus referring to material
ages amounting to eight days. Together with the dimensionless parameters sE,8d and sEc ,8d, they are
determined such that test results are reproduced in the best possible fashion (see Tables 4 and 5).

Table 4. Results obtained from fitting of the experimentally determined early-age evolutions of Young’s
modulus based on Equation (13): optimal values of E8d and sE,8d.

Cement Type Aggregate E8d [GPa] sE,8d

CEM II/A-M (S-L) 42.5 N
quartz 34.31/36.68/31.57/30.76 0.44/0.45/0.43/0.44

limestone 32.22/33.32/33.22/26.36 0.48/0.48/0.42/0.52

CEM II/A-S 42.5 R
quartz 33.86/35.25/32.60/37.70 0.42/0.42/0.43/0.43

limestone 32.92/37.81/30.67/31.34 0.49/0.44/0.49/0.47

CEM I 52.5 R
quartz 39.80/41.03/36.63/34.76 0.24/0.22/0.23/0.25

limestone 37.88/40.50/36.50/34.51 0.29/0.30/0.28/0.28
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Table 5. Results obtained from fitting of the experimentally determined early-age evolutions of the
creep modulus based on Equation (14): optimal values of Ec,8d and sEc ,8d.

Cement Type Aggregate Ec,8d [GPa] sEc ,8d

CEM II/A-M (S-L) 42.5 N
quartz 122.41/131.76/110.86/104.70 1.22/1.26/1.19/1.10

limestone 111.77/115.09/119.76/79.68 1.19/1.31/1.11/1.13

CEM II/A-S 42.5 R
quartz 122.08/123.60/112.77/136.10 1.24/1.20/1.25/1.14

limestone 121.95/136.57/101.07/101.53 1.25/1.23/1.29/1.08

CEM I 52.5 R
quartz 160.57/170.77/140.71/121.45 1.05/0.76/0.99/0.96

limestone 145.85/152.91/147.08/118.65 1.06/1.02/1.08/0.90

Estimated 28-day values of E28d and Ec,28d are obtained by evaluating the optimized functions for
t = 28 days (see Table 6).

Table 6. Extrapolated 28-day values of the elastic Young’s modulus, E28d, and the creep modulus, Ec,28d.

Cement Aggregates E28d [GPa] Ec,28d [GPa]

CEM II/A-M (S-L) 42.5 N
quartz 38.04/40.73/35.11/34.35 163.1/177.2/148.6/137.8

limestone 36.08/37.57/36.69/29.79 147.9/159.3/155.5/104.3

CEM II/A-S 42.5 R
quartz 37.57/39.14/36.27/42.01 165.8/167.1/153.5/181.3

limestone 37.20/42.16/34.60/35.04 167.0/185.5/139.0/133.1

CEM I 52.5 R
quartz 42.23/43.20/38.78/36.97 208.2/204.3/179.6/154.5

limestone 40.79/43.42/39.02/37.02 190.5/194.5/189.3/148.4

Marking these values in a diagram showing E28d as a function of Ec,28d (see Figure 7), a dense
data cloud is obtained, irrespective of the air content and the types of cement and aggregates used.

Figure 7. Correlation between 28-day values of the elastic Young’s modulus and the creep modulus:
the points refer to extrapolated values from innovative testing of stiffness and creep according to the
protocol developed in [17] (see Tables 5 and 6); the graph refers to Equation (15).

The following correlation function approximates this data cloud reliably:

Ec,28d = 51.9 GPa ·
(

E28d
21.5 GPa

)2
. (15)
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See the solid line in Figure 7. In order to establish a correlation formula between Ec,28d and fc,28d,
Equation (2) is inserted into Equation (15). This yields

Ec,28d = 51.9 GPa ·
(

α ·
fc,28d

10 MPa

)2/3
. (16)

Equation (16) allows for quantifying the 28-day value of the creep modulus based on the 28-day value
of the uniaxial compressive strength.

Finally, an evolution formula is developed, which describes the early-age evolution of the creep
modulus during the first four weeks after production, such that the 28-day value is reached in the end:

Ec(t) = Ec,28d ·
{

exp

[
sEc ·

(
1−

√
28 days

t

)]}0.5

. (17)

The dimensionless parameter sEc is optimized, based on the values of the creep modulus,
experimentally determined during the first week after concrete production (see Table 7).
The corresponding mean value s̄Ec is computed for each of the three classes of concrete (see the
last column of Table 7).

Table 7. Optimal dimensionless parameters sEc (see Equation (16)).

Cement Aggregates sEc s̄Ec

CEM II/A-M (S-L) 42.5 N
quartzite 0.65/0.67/0.60/0.54

0.62
limestone 0.64/0.66/0.60/0.59

CEM II/A-S 42.5 R
quartzite 0.63/0.60/0.63/0.57

0.61
limestone 0.63/0.61/0.65/0.54

CEM I 52.5 R
quartzite 0.53/0.40/0.50/0.48

0.50
limestone 0.54/0.55/0.58/0.45

4. Discussion

The improved and the newly developed formulas allow for quantifying the early-age evolutions
of the strength, the stiffness, and the creep activity of concretes, based on knowledge regarding the
28-day values of the uniaxial compressive strength, fc,28d:

• Inserting fc,28d together with the improved value of the s-parameter (see Table 3), into the
evolution Formula (1), allows for quantifying the early-age evolution of the uniaxial compressive
strength (see the solid line in Figure 8a).

• Inserting fc,28d together with the improved value of the α-parameter (αopt = 1.0 both for quartz
and limestone) into the correlation Formula (2) yields E28d, the 28-day value of Young’s modulus
(see the star symbol in Figure 8b).

• Inserting E28d together with the improved value of the s-parameter (see Table 3), into the evolution
Formula (3), allows for quantifying the early-age evolution of Young’s modulus (see the solid
line in Figure 8b).

• Inserting fc,28d together with the improved value of the α-parameter (αopt = 1.0 both for quartz
and limestone) into the newly developed correlation Formula (16) yields Ec,28d, the 28-day value
of the creep modulus (see the star symbol in Figure 8c).

• Inserting Ec,28d together with the newly introduced sEc -parameter (see Table 7), into the evolution
Formula (17), allows for quantifying the early-age evolution of the creep modulus (see the solid
line in Figure 8c).
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Figure 8. Exemplary application of the evolution and correlation Formulas (1)–(3), (16) and (17) and
comparison with test data: early-age evolutions of (a) the cylinder compressive strength; (b) Young’s
modulus; and (c) the creep modulus.

The presented study underlines that correlations between the 28-day values of the compressive
strength and Young’s modulus (see Figure 6) and between Young’s modulus and the creep modulus
(see Figure 7), are universal for all tested concretes, irrespective of their composition, defined in
terms of type of binder, type of aggregates, and air content. As for the early-age evolutions of the
strength, the stiffness, and the creep properties, it is of prime importance (i) to know the 28-day
value of the mechanical property of interest, and (ii) to determine the dimensionless s̄-parameter (see
Table 3) and s̄Ec -parameter (Table 7), respectively, for the type of binder used to produce concrete.
Detailed knowledge regarding the type of aggregates and the air content turned out to be of minor
importance, at least for the concretes analyzed in the presented study.

The experimental results underline (i) that Young’s modulus increases faster than the strength,
and (ii) that the strength increases significantly faster than the creep modulus (see Figure 9). The CEM I
concretes, for instance, reached three days after production a Young’s modulus amounting to 91% of
E28d, a uniaxial compressive strength amounting to 83% of fc,28d, and a creep modulus amounting to
only 60% of Ec,28d (see Table 8 for all studied concretes and other material ages).

In addition, stiffness and strength of CEM I concretes evolve faster compared to CEM II
concretes, whereas the creep modulus of CEM I concretes increases slower compared to CEM II
concretes (see also Figure 9).

(a) (b) (c)
Figure 9. Correlation between normalized values of the cylinder compressive strength, Young’s
modulus, and the creep modulus, quantified based on the evolution and correlation Formulas (1)–(3),
(16) and (17): (a) CEM II/A-M (S-L) 42.5 N; (b) CEM II/A-S 42.5 R; (c) CEM I 52.5 R (see also Table 8).
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Table 8. Normalized evolutions of the cylinder compressive strength, Young’s modulus, and the creep
modulus, quantified based on the evolution and correlation Formulas (1)–(3), (16) and (17).

CEM II/A-M (S-L) 42.5 N CEM II/A-S 42.5 R CEM I 52.5 R

Age (Days) t (%) fc(t)
fc,28d

(%) Eu(t)
Eu,28d

(%) Ec(t)
Ec,28d

(%) fc(t)
fc,28d

(%) Eu(t)
Eu,28d

(%) Ec(t)
Ec,28d

(%) fc(t)
fc,28d

(%) Eu(t)
Eu,28d

(%) Ec(t)
Ec,28d

(%)

1 39 62 26 46 68 27 68 82 34
2 55 74 43 61 78 43 78 88 50
3 64 80 53 69 83 53 83 91 60
4 70 83 60 74 86 61 86 93 66
5 74 86 65 78 88 66 88 94 71
6 77 88 70 81 90 70 90 95 75
7 80 90 73 84 91 74 91 96 78

14 91 96 88 93 96 88 96 98 90
28 100 100 100 100 100 100 100 100 100

5. Conclusions

From the presented study, the following conclusions are drawn:

• Both the strength and the stiffness of the tested concretes evolved faster than expected based on
the formulas of the fib Model Code 2010 (see Equations (1)–(3)).

• These formulas are qualitatively satisfactory. Quantitatively, they can be customized for
contemporary concretes, simply by optimizing the s- and α-parameters based on early-age
test data.

• As for CEM I and CEM II concretes, respectively, the optimized s-values are more than 50% and
some 10% smaller than the values recommended by the fib Model Code 2010.

• The optimized α-values amount to 1.0 both for the used quartz and limestone aggregates. Thus,
limestone aggregates which are representative for eastern Austria are stiffer than expected by the
fib Model Code 2010.

• The newly developed formulas for the creep modulus follow the philosophy of the fib Model
Code 2010. The correlation Formula (16) allows for quantifying the 28-day value of the creep
modulus, Ec,28d based on knowledge of the 28-day value of the uniaxial compressive strength.
The evolution Formula (17) allows for quantifying the early-age evolution of the creep modulus
during the first four weeks after production.

• Relative to values reached 28 days after production, the Young’s modulus increases faster than
the uniaxial compressive strength, and the strength increases significantly faster than the creep
modulus. Thus, concrete loaded at early ages is surprisingly creep active, even if the material
appears to be quite mature in terms of its strength and stiffness.

As for future follow-up studies, it will be interesting to characterize concretes with basaltic or
sandstone aggregates because their nominal α-values amount to 1.2 and 0.7, respectively.

Author Contributions: B.P. and M.P. designed the study; G.M. and M.P. defined the mix designs of the concretes
and supervised their production as well as the standard tests; O.L., R.R. and E.B. performed the innovative tests;
M.A., E.B. and B.P. analyzed and interpreted the data and wrote the manuscript.

Funding: This research received financial support by the Austrian Research Promotion Agency (FFG), the Austrian
Ministry for Transport and Technology (bmvit), ÖBB-Infrastruktur AG (Vienna, Austria), and ASFINAG Bau
Management GmbH (Vienna, Austria), provided within VIF-project 850554 “Österreichischer Betonbenchmark zur
Steigerung der Vorhersagequalität mechanischer Eigenschaften moderner Betone”. The authors also acknowledge
the TU Wien University Library for financial support through its Open Access Funding Programme.

Acknowledgments: Discussions with Roman Wan-Wendner and Lisa-Marie Czernuschka (University of Natural
Resources and Life Science, Vienna, Austria) and Markus Vill (Vill Ziviltechniker GmbH, Vienna, Austria), as well
as help of the laboratory staff both at the TU Wien—Vienna University of Technology and the Smart Minerals
GmbH (Vienna, Austria) are gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.



Materials 2019, 12, 207 15 of 17

References

1. International Federation for Structural Concrete (fib—Fédération Internationale du Béton). fib Model Code for
Concrete Structures 2010; Ernst & Sohn: Berlin, Germany, 2010.

2. Gartner, E. Industrially interesting approaches to “low-CO2” cements. Cem. Concr. Res. 2004, 34, 1489–1498.
[CrossRef]

3. Damtoft, J.; Lukasik, J.; Herfort, D.; Sorrentino, D.; Gartner, E. Sustainable development and climate change
initiatives. Cem. Concr. Res. 2008, 38, 115–127. [CrossRef]

4. Bažant, Z.; Hubler, M.; Yu, Q. Pervasiveness of excessive segmental bridge deflections: Wake-up call for
creep. ACI Struct. J. 2011, 108, 766–774.

5. British Standards Institution; CEN European Committee for Standardization. EN 1992-1-1: 2015-07-31
Eurocode 2: Design of Concrete Structures—Part 1-1: General Rules and Rules for Buildings (2015); British
Standards Institution: London, UK; CEN European Committee for Standardization: Brussels, Belgium, 2015.

6. Rahal, K. Mechanical properties of concrete with recycled coarse aggregate. Build. Environ. 2007, 42, 407–415.
[CrossRef]

7. Vandewalle, L.; Nemegeer, D.; Balazs, G.L.; Barr, B.; Bartos, P.; Banthia, N.; Brandt, A.M.; Criswell, M.;
Denarie, F.; di Prisco, M.; et al. RILEM TC 162-TDF: “Test and design methods for steel fibre reinforced
concrete” σ-ε-design method. Mater. Struct. Mater. Constr. 2003, 36, 560–567.

8. Domone, P.L. A review of the hardened mechanical properties of self-compacting concrete.
Cem. Concr. Compos. 2007, 29, 1–12. [CrossRef]

9. Karte, P.; Hlobil, M.; Reihsner, R.; Dörner, W.; Lahayne, O.; Eberhardsteiner, J.; Pichler, B. Unloading-Based
Stiffness Characterisation of Cement Pastes During the Second, Third and Fourth Day After Production.
Strain 2015, 51, 156–169. [CrossRef]

10. Barré Saint-Venant, A.J.C. Mémoire sur la torsion des prismes, [Essay on twisting prisms], Mémoires des
savants étrangers [Essays of foreign scholars]. C. R. Acad. Sci. 1855, 14, 233–560.

11. Toupin, R.A. Saint-Venant’s Principle. Arch. Ration. Mech. Anal. 1965, 18, 83–96. [CrossRef]
12. Horgan, C.O.; Knowles, J.K. Recent Developments Concerning Saint-Venant’s Principle. Adv. Appl. Mech.

1983, 23, 179–269.
13. Horgan, C.O. Recent developments concerning Saint-Venant’s principle: An update. Appl. Mech. Rev. 1989,

42, 295–303. [CrossRef]
14. Austrian Standards. ONR 23303: Prüfverfahren Beton [Testing Methods for Concrete] (PVB)—Nationale

Anwendung der Prüfnormen für Beton und Seiner Ausgangsstoffe [National Application Document Regarding
Testing Standards for Concrete and Its Raw Materials]; Austrian Standards: Vienna, Austria, 2010.

15. Zhang, D.X.; Yang, W.J. The experimental study of early-age strength and elastic modulus of concrete.
In Advanced Materials Research; Trans Tech Publications Ltd.: Stafa-Zurich, Switzerland, 2011; Volume 163,
pp. 1192–1197.

16. Boulay, C.; Staquet, S.; Delsaute, B.; Carette, J.; Crespini, M.; Yazoghli-Marzouk, O.; Merliot, E.; Ramanich, S.
How to monitor the modulus of elasticity of concrete, automatically since the earliest age? Mater. Struct.
Mater. Constr. 2014, 47, 141–155. [CrossRef]

17. Irfan-ul-Hassan, M.; Pichler, B.; Reihsner, R.; Hellmich, C. Elastic and creep properties of young cement
paste, as determined from hourly repeated minute-long quasi-static tests. Cem. Concr. Res. 2016, 82, 36–49.
[CrossRef]

18. Delsaute, B.; Boulay, C.; Granja, J.; Carette, J.; Azenha, M.; Dumoulin, C.; Karaiskos, G.; Deraemaeker, A.;
Staquet, S. Testing Concrete E-modulus at Very Early Ages Through Several Techniques: An Inter-laboratory
Comparison. Strain 2016, 52, 91–109. [CrossRef]

19. Göbel, L.; Osburg, A.; Pichler, B. The mechanical performance of polymer-modified cement pastes at early
ages: Ultra-short non-aging compression tests and multiscale homogenization. Constr. Build. Mater. 2018,
173, 495–507. [CrossRef]

20. Velay-Lizancos, M.; Martinez-Lage, I.; Azenha, M.; Granja, J.; Vazquez-Burgo, P. Concrete with fine and
coarse recycled aggregates: E-modulus evolution, compressive strength and non-destructive testing at early
ages. Constr. Build. Mater. 2018, 193, 323–331. [CrossRef]

21. Reinhardt, H.; Grosse, C. Continuous monitoring of setting and hardening of mortar and concrete.
Constr. Build. Mater. 2004, 18, 145–154. [CrossRef]

http://dx.doi.org/10.1016/j.cemconres.2004.01.021
http://dx.doi.org/10.1016/j.cemconres.2007.09.008
http://dx.doi.org/10.1016/j.buildenv.2005.07.033
http://dx.doi.org/10.1016/j.cemconcomp.2006.07.010
http://dx.doi.org/10.1111/str.12129
http://dx.doi.org/10.1007/BF00282253
http://dx.doi.org/10.1115/1.3152414
http://dx.doi.org/10.1617/s11527-013-0051-3
http://dx.doi.org/10.1016/j.cemconres.2015.11.007
http://dx.doi.org/10.1111/str.12172
http://dx.doi.org/10.1016/j.conbuildmat.2018.04.033
http://dx.doi.org/10.1016/j.conbuildmat.2018.10.209
http://dx.doi.org/10.1016/j.conbuildmat.2003.10.002


Materials 2019, 12, 207 16 of 17

22. Voigt, T.; Grosse, C.U.; Sun, Z.; Shah, S.; Reinhardt, H.W. Comparison of ultrasonic wave transmission
and reflection measurements with P- and S-waves on early age mortar and concrete. Mater. Struct. 2005,
38, 729–738. [CrossRef]
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