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A B S T R A C T

The demand for accurate characterization of slag-based CEM II concretes is becoming increasingly important
as the construction sector shifts towards eco-efficient materials. Here, the basic creep behavior of slag-
based CEM II concretes is traced back to mixture-invariant hydrate properties. Therefore, an experimentally
validated three-step micro-viscoelastic model for CEM I/OPC-concretes is complemented by a Powers-Acker-
type hydration model for CEM II and extended towards long-term creep, temperature activation, and moisture
sensitivity. This model is used for a strain rate-based, aging viscoelastic analysis of two creep tests on
distinctively different CEM II concretes; revealing that the shear creep modulus of CEM II hydrates is half
as large as the one of ordinary Portland cement hydrates. This makes slag-based CEM II concretes especially
suitable for applications such as precast segmental tunnel linings, where a faster stress relaxation under
displacement-controlled conditions is beneficial.
1. Introduction

Motivated by the desire to reduce the environmental impact of
cement production, cement mixtures with supplementary cementitious
materials, such as silica fume, fly ash, and ground granulated blast-
furnace slag, are frequently used in concrete engineering [1,2]. For
general construction purposes, CEM II has, in recent decades, enjoyed
an increased popularity as a more ecological alternative to ordinary
Portland cement (OPC, also referred to as CEM I). CEM II is a mixture
of OPC and additives with a mass content of up to 35% [3]. These
additives, including fly ash, slag, or limestone, may have a significant
effect on the material properties of the respective concrete mixtures,
motivating extensive research activities [4,5].

In the present contribution, we set the corresponding focus on basic
creep properties, and how they are influenced by the slag content. In
this context, it is particularly interesting to compare concrete systems
with the same water-to-binder and aggregate-to-binder ratios, but being
based on CEM I and slag-based CEM II, respectively. As a result, increas-
ing the mass of added slag, while reducing the Portland cement content
by the same mass percentage, has been shown to yield increased creep
strains, over creep testing times between 150 and 500 days [6,7]. These
results were corroborated by micromechanical short-term creep tests on
cement paste, where cantilever beam-type samples with square cross
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sections of 300 μm × 300 μm were loaded over holding times ranging
from one to one thousand seconds [8]. Herein, we go a step further
and target the creep properties of the hydrates arising from a slag-
based CEM II material, in comparison to hydrates forming in traditional
Portland cement mixes.

For this purpose, we resort to a micromechanical approach, which
has turned out as very helpful in the context of OPC-based concretes [9–
12], and introduce two modeling-related innovations: (i) The classical
Powers-Acker hydration model, developed for CEM I, is adapted to
consider the reaction of clinker and slag with water, and to provide a
relation between the hydration degree and the volume fractions of the
constituents making up the material system; (ii) the micromechanical
model described in [9,11] is extended towards thermal, moisture, and
aging effects, covering both short-term as well as long-term creep
of concrete. In more detail, we break down the material into aggre-
gates, unhydrated cement constituents, cement hydrates, and water;
and downscale the basic creep behavior of two different slag-based
mature CEM II concretes to the viscoelasticity of hydrates arising from
CEM II. The viscoelastic behavior of CEM II hydrates can then be
compared to the known creep behavior of CEM I hydrates, so as to give
a yet more profound and quantitative answer to the question on basic
differences between CEM I and CEM II material systems.
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This strategy is closely related to pertinent work documented in the
open scientific literature: The classical approach for upscaling linear
viscoelastic properties from the microstructural scale of a composite to
the overall composite properties is the correspondence principle [13,
14]: It allows to transform the involved Boltzmann integro-differential
equations into a series of formally elastic problems in the Laplace–

arson space, which can then be treated with classical homogenization
ethods of continuum micromechanics, such as Mori–Tanaka or self-

consistent methods [15]. However, things become more intricate with
oncrete, a material undergoing aging. When restricting the resolution
f the material to a cement paste matrix with aggregate inclusions, then

the matrix itself does not exhibit any more a linear viscoelastic, but
n aging viscoelastic behavior. This requires significant modifications

of the classical correspondence principle-based homogenization strate-
ies, with respective solutions being based either on the age-adjusted
ffective modulus method together with the transformation field anal-
sis [16], or on a Volterra integral operator-based method [17]. If,

in addition, the impact of complex aggregate shapes on the creep
properties is of interest, then numerical simulations are the preferred
choice [18,19]. Once the cement paste itself is resolved into yet smaller

icromechanical material phases, such as unhydrated clinker, unhy-
rated supplementary cementitious materials, water, and hydration

products, then additional theoretical challenges come up, arising from
he evolving, time-dependent volume fractions of the aforementioned
aterial phases. In order to adapt the aforementioned homogenization

pproach even for this situation, Sanahuja and Huang [20] came up
with the interesting proposition to introduce, within an RVE of cement
paste, very many ‘‘fictitious’’ phases with formally non-aging creep
functions representing pore-to-solid and solid-to-solid transformations
mimicking the hydration process. While delivering qualitatively plau-
sible results, the approach was ‘‘(quote from [20]) illustrated on a
epresentation of cement paste, which is too simplified to allow a
uantitative comparison of aging creep functions to experimental re-
ults (end quote)’’. On the other hand, an alternative approach to the

problem of creep of hydrating concrete, proposed by Scheiner and
ellmich [21], did undergo experimental validation. There, the use

of the correspondence principle was restricted to single time points,
for which integro-differential equations for strain rates, rather than
for strains, were formulated [21]. Respective creep rate functions are
retrieved from time-derivation of classically homogenized non-aging
reep functions used only at one time point with the associated in-
ariant microstructure. This approach proved very useful in the context
f tunnel safety assessment, via various types of structural mechanics
odels [22–25], and it is also used in the present paper. Moreover,

the use of homogenization theory to downscale mechanical properties
f concrete or cement paste down to the properties of hydrates is

repeatedly documented in the literature [9,26–28]. Such a downscaling
pproach is the key to the investigations reported in the present paper.

The latter is organized as follows: In Section 2, experimental in-
vestigations on slag-based CEM II concrete, including nanoindentation
tests as well as macroscopic creep tests performed on two different
ypes of CEM II concretes [29,30], are summarized. In order to identify
he maturity of the tested concretes, a microelastic model for concrete
ade from slag-based CEM II is introduced in Section 3, and it allows

us to identify the evolution of the hydration degree of concrete over the
ime of creep testing. Thereafter, in Section 4, the model is extended

to consider thermally activated, moisture sensitive, short-to-long term
aging viscoelasticity, so as to allow for downscaling the creep test
results collected at tunnel construction site KAT3 [29], down to the
shear creep modulus of slag-based CEM II hydrates. The resulting creep
compliance is validated against independent, additional creep test data,
namely those provided by Dummer et al. [30]. The results are discussed
in Section 5, followed by conclusions in Section 6.
2 
Table 1
Isotropic elastic stiffness properties of the solid constituents of slag-based CEM II
oncrete: bulk modulus 𝑘𝑖 and shear modulus 𝜇𝑖; note: pores do not exhibit a solid
tiffness: 𝑘𝑝𝑜𝑟 = 𝜇𝑝𝑜𝑟 = 0 GPa.
Constituent 𝑘𝑖 [GPa] 𝜇𝑖 [GPa] Ref.

clinker 𝑖 = 𝑐 𝑙 𝑖 116.7 53.8 [26,31]
slag 𝑖 = 𝑠𝑙 𝑔 56.1 42.1 [36]
hydrates 𝑖 = ℎ𝑦𝑑 18.7 11.8 [26,33,38]

limestone 𝑖 = 𝑙 𝑖𝑚 32.6 17.2 [41]
dolomite 𝑖 = 𝑑 𝑜𝑙 33.3 22.4 [41]
granite 𝑖 = 𝑔 𝑟𝑡 21.6 14.2 [41]
quarzite 𝑖 = 𝑞 𝑧𝑡 24.6 21.6 [41]
basalt 𝑖 = 𝑏𝑙 𝑡 41.7 28.7 [41]
diabase 𝑖 = 𝑑 𝑏𝑠 45.6 32.1 [41]

2. Review of nanoindentation and macroscopic creep tests

2.1. Micro-elasticity of concrete constituents

As regards OPC, nanoindentation tests provided access to the
ixture-independent elastic properties of clinker [31–33] and to the

‘‘averaged’’ elastic properties of the different types of ‘‘hydration prod-
ucts’’ in OPC (such as portlandite, ettringite, and calcium silicate
hydrates) [33,34]. In more detail, one of the plane surfaces of cylindri-
cal specimens with a diameter of 11.5 mm and a thickness of 10−15 mm
was repeatedly indented up to a depth of 300−500 nm [32], which pro-
vided the material properties associated with a representative volume
element measuring at most 150−250 nm [35,36]. The latter properties

ere also retrieved from flexural and torsional resonance frequency
ests on prismatic thin-slab specimens with dimensions of 15 mm ×
0 mm × 1 mm, made from nearly fully hydrated cement pastes with

an initial water-to-cement mass ratio amounting to 0.42 [26,37], see
‘clinker’’ and ‘‘hydrates’’ in Table 1. Things are somewhat different
when it comes to slag-based CEM II, a mixture of OPC clinker and
lag: On the one hand, the mass densities of slag and clinker differ, and
o do their elastic properties [26,36]. The latter have been quantified

by means of nanoindentation tests on ultra-smoothed surfaces of cubic
specimens made from hardened alkali-activated slag-fly ash mixes [36],
see ‘‘clinker’’ and ‘‘slag’’ in Table 1. In more detail, surfaces measuring
0 mm × 10 mm were indented up to a depth of 60 nm, revealing the
roperties of RVEs measuring at most some 30 nm [35,36]. On the other
and, nanoindentation tests on cubic specimens with dimensions of

25 mm × 25 mm × 25 mm and with an indentation depth up to 375 nm [38],
together with proton nuclear magnetic resonance (1H NMR) tests [39],
have shown that the micro-elastic behavior and the mass densities
of hydrates made from a combination of clinker and slag are nearly
identical to those made from clinker only [38,40]. Accordingly, even
if the chemical composition of hydrates resulting from the reactions
of combinations of clinker and slag with water is slightly different
from those of OPC, their elastic behavior is very similar [26,38], see
‘hydrates’’ in Table 1. This table also reports elastic properties of
commonly used aggregates [41].

2.2. Macroscopic creep tests of KAT3 [29]

An experimental campaign was devoted to the determination of the
reep and shrinkage properties of the tubbing concrete used at con-

struction lot KAT3 of Koralm tunnel [29]. This concrete was produced
from CEM II/A-S 52.5 N and is characterized by a 28-day uniaxial
ompressive strength of 𝑓𝑐 ,28d = 59.5 MPa, a 144-day elastic Young’s
odulus of 𝐸𝑐 𝑜𝑛,144d = 37.8 GPa, prevailing at the start of the creep

est [29], and by the mixture given in Table 2. There, ‘‘A-S’’ refers to
a Portland composite cement with a clinker mass fraction of 0.80–0.94
and a slag (S) mass fraction of 0.06−0.20 (as indicated by the letter
‘‘A’’). ‘‘52.5’’ refers to the strength (in MPa) which is reached by a
standard mortar 28 day s after mixing, and ‘‘N’’ stands for normal (rather
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Table 2
Mixture characteristics of concrete used at KAT3 construction lot [29].

Initial mass ratios

water-to-clinker 𝑚H2O∕𝑚𝑐 𝑙 𝑖 = 0.51
slag-to-clinker 𝑚𝑠𝑙 𝑔∕𝑚𝑐 𝑙 𝑖 = 0.15
limestone-to-clinker 𝑚𝑙 𝑖𝑚∕𝑚𝑐 𝑙 𝑖 = 0
Initial apparent mass densities per volume of concrete

CEM II/A-S 52.5 N 𝜌𝑐 𝑜𝑛𝑐 𝑒𝑚𝐼𝐼 (𝜉 = 0) = 0.371 g∕cm3

water 𝜌𝑐 𝑜𝑛H2O
(𝜉 = 0) = 0.165 g∕cm3

Composition of aggregates

dolomite 𝑚𝑑 𝑜𝑙∕𝑚𝑎𝑔 𝑔 = 0.276 ≈ 𝑓 𝑎𝑔 𝑔
𝑑 𝑜𝑙

limestone 𝑚𝑙 𝑖𝑚∕𝑚𝑎𝑔 𝑔 = 0.276 ≈ 𝑓 𝑎𝑔 𝑔
𝑙 𝑖𝑚

granite 𝑚𝑔 𝑟𝑡∕𝑚𝑎𝑔 𝑔 = 0.133 ≈ 𝑓 𝑎𝑔 𝑔
𝑔 𝑟𝑡

quarzite 𝑚𝑞 𝑧𝑡∕𝑚𝑎𝑔 𝑔 = 0.112 ≈ 𝑓 𝑎𝑔 𝑔
𝑞 𝑧𝑡

basalt 𝑚𝑏𝑙 𝑡∕𝑚𝑎𝑔 𝑔 = 0.104 ≈ 𝑓 𝑎𝑔 𝑔
𝑏𝑙 𝑡

diabase 𝑚𝑑 𝑏𝑠∕𝑚𝑎𝑔 𝑔 = 0.099 ≈ 𝑓 𝑎𝑔 𝑔
𝑑 𝑏𝑠

Table 3
Stress levels, as well as temperature and humidity conditions of the creep tests reported
n [29,30].

KAT3 [29] Dummer et al. [30]

Stress level 10 MPa 6.2–9.6 MPa
Temperature 21◦C 20◦C
Relative humidity 72% 97%

than rapid) early-age strength evolution. This implies an initial slag-to-
linker mass ratio 𝑚𝑠𝑙 𝑔∕𝑚𝑐 𝑙 𝑖(𝜉 = 0) ranging from 0.06 to 0.25, with an
verage value of 0.15, see Table 2.

Six concrete prisms with cross-sectional dimensions of 35 cm × 35 cm
and a height of 70 cm were produced. The square prismatic (rather than
cylindrical) shape was chosen in agreement with the Austrian standard
ÖNORM B 4710-3 [42]. The cross-sectional dimensions allowed for
n almost full-face load application by means of the available testing
quipment. The ratio of two between the height and the length of the
quare edge allowed for the realization of a close-to-perfect uniaxial
ompressive stress state at the center of the specimens, where the
train gauges were embedded, i.e., a stress state virtually free from
hear stresses resulting from friction in the interfaces between the

load platens and the specimens, for more details see e.g. Appendix A
f [43]. The strain gauges had a measurement length of 15 cm, and
hey reported the axial strains of the prismatic samples, from one day
fter production on. Roughly one week after production, the formworks
ere stripped off, and the prisms were exposed to the ambient air of

he production hall, where they were stored right next to the tubbings.
efore the start of the creep tests, all specimens were transferred into
he Koralm tunnel, where the relative humidity was virtually constant
hroughout testing (𝜑 = 72 ± 3%). During creep testing, the temperature
nside the specimens was 𝑇 = 21 ± 2◦C, see Table 3.

Three prisms were kept free of external loading throughout the
entire measurement period covering 500 day s. Strains recorded on these
risms qualify as shrinkage strains. 144 day s after production, the other

three prisms were subjected to a compressive axial force of 1235 k N,
resulting in a permanent compressive normal stress amounting to 𝜎exp =
10 MPa. Strains recorded on the prisms subjected to such an axial force
ualify as creep strains. The ratio of the applied stress over the 28-
ay strength of the material amounts to only 16.8%, which indicates
inear creep behavior. Hence, cracking events remain negligible [44].

The data acquisition system failed during two time periods, the first of
which lasted for ten days, from day 361 to day 371 after production,
and the second of which lasted for 42 days, from day 415 to day 457
after production.

The total strains measured inside the compressed prisms comprise
echanical loading-induced basic creep strains (including instanta-

neous elastic strains and delayed viscoelastic strains), as well as load-
independent autogeneous shrinkage and thermal strains. Hence, the
3 
Fig. 1. Creep of concrete under uniaxial compression: creep compliance obtained from
creep tests performed at KAT3 [29].

basic creep strains were quantified by subtracting the strains measured
in the load-free prisms from the strains measured in the compressed
prisms. This was realized in terms of mean values computed from the
ata associated with the aforementioned test triples. In this context,

we note that the data gained from different shrinkage or creep tests
varied only marginally, which underlines the high level of repeatability
attained during the experimental campaign.

In the following, the measured creep strains are normalized with
espect to the applied stress, yielding the creep compliance 𝑆exp(𝑡 − 𝜏),
s

𝑆exp(𝑡−𝜏) =
𝜀exp(𝑡 − 𝜏)

𝜎exp
, 𝑡 ≥ 𝜏 , (1)

where 𝜀exp refers to the mean value of the basic creep strains, 𝑡 stands
for the recording time starting from the time instant of concrete produc-
tion, and 𝜏 stands for the time instant when the permanent compressive
stress was subjected to the sample, see Fig. 1.

2.3. Macroscopic creep tests of Dummer et al. [30]

Dummer et al. performed creep experiments on concrete produced
from CEM II/AM (S-L) 42.5 N, which is characterized by a 28-day
niaxial compressive strength of 𝑓𝑐 ,28d = 31.8 ± 1.1 MPa and a 28-
ay elastic Young’s modulus of 𝐸𝑐 𝑜𝑛,28d = 30.3 ± 0.26 GPa, as well
s by the mixture given in Table 4. Thereby, ‘‘AM (S-L)’’ refers to a

Portland composite cement with a clinker mass fraction of 0.80−0.88
nd with a slag (S)/limestone (L) mixture making up 12%−20% of

the overall mass of the Portland composite cement. ‘‘42.5’’ refers to
the strength (in MPa) which is reached by a standard mortar 28 day s
fter mixing, and ‘‘N’’ refers to normal early-age strength evolution.
ssuming equal masses of slag and limestone in the mixture, this results

n an average slag-to-clinker mass ratio of 0.10, and in an average
imestone-to-clinker mass ratio of 0.10, see Table 4.

Five cylindrical specimens with a diameter of 100 mm and a height
f 300 mm were produced for performing basic creep tests under mod-
rate compressive load, i.e., not exceeding one third of the sample’s
trength, 𝜎 ≤ 0.3 𝑓𝑐 ,28d. After 7 day s of aging, the specimens were drilled
ut from a cube with an edge length of 310 mm. The dimension of the
ube strongly suggest full water saturation of the samples. In order to
revent moisture release, they were sealed with four layers of plastic
ilm covered by one layer of bitumen-coated aluminium foil. Due to
elf-desiccation, the relative humidity inside the specimens decreases
y approximately 3% during the first 28 day s (𝜑 = 97%) [45]. The

specimens were stored in a climate chamber with a virtually constant
temperature of 𝑇 = 20 ± 1◦C, see Table 3. At an age of 28 day s, the
pecimens were subjected to a constant compressive load, for a time
pan of 56 day s. From simultaneous creep and shrinkage testing on these

specimens, the mean value as well as the standard deviation of the
creep compliance were obtained, see Fig. 2.
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Table 4
Mixture characteristics of concrete investigated by Dummer et al. [30].

Initial mass ratios

water-to-clinker 𝑚H2O∕𝑚𝑐 𝑙 𝑖 = 0.52
slag-to-clinker 𝑚𝑠𝑙 𝑔∕𝑚𝑐 𝑙 𝑖 = 0.10
limestone-to-clinker 𝑚𝑙 𝑖𝑚∕𝑚𝑐 𝑙 𝑖 = 0.10
Initial apparent mass densities per volume of concrete

CEM II/AM (S-L) 42.5 N 𝜌𝑐 𝑜𝑛𝑐 𝑒𝑚𝐼𝐼 (𝜉 = 0) = 0.375 g∕cm3

water 𝜌𝑐 𝑜𝑛H2O
(𝜉 = 0) = 0.165 g∕cm3

Composition of aggregates

dolomite 𝑚𝑑 𝑜𝑙∕𝑚𝑎𝑔 𝑔 = 0 ≈ 𝑓 𝑎𝑔 𝑔
𝑑 𝑜𝑙

limestone 𝑚𝑙 𝑖𝑚∕𝑚𝑎𝑔 𝑔 = 1 ≈ 𝑓 𝑎𝑔 𝑔
𝑙 𝑖𝑚

granite 𝑚𝑔 𝑟𝑡∕𝑚𝑎𝑔 𝑔 = 0 ≈ 𝑓 𝑎𝑔 𝑔
𝑔 𝑟𝑡

quarzite 𝑚𝑞 𝑧𝑡∕𝑚𝑎𝑔 𝑔 = 0 ≈ 𝑓 𝑎𝑔 𝑔
𝑞 𝑧𝑡

basalt 𝑚𝑏𝑙 𝑡∕𝑚𝑎𝑔 𝑔 = 0 ≈ 𝑓 𝑎𝑔 𝑔
𝑏𝑙 𝑡

diabase 𝑚𝑑 𝑏𝑠∕𝑚𝑎𝑔 𝑔 = 0 ≈ 𝑓 𝑎𝑔 𝑔
𝑑 𝑏𝑠

Fig. 2. Creep of concrete under uniaxial compression: creep compliance obtained
from Dummer et al. [30].

3. Identification of hydration degree, via multiscale elastic mod-
ling

3.1. Fundamentals of continuum micromechanics: Separation of scales prin-
ciple

In continuum micromechanics [15], a macroscopically infinitesimal
material volume is simultaneously considered as a micro-heterogeneous
finite body that fills a representative volume element (RVE) with a char-
acteristic length denoted as 𝓁. This consideration requires fulfillment of
the scale separation condition, reading as [15,46]

𝑑 ≪ 𝓁 ≪ 𝐷 , (2)

where 𝑑 stands for the characteristic length of inhomogeneities within
he RVE and 𝐷 stands for the characteristic length of the dimension or
oading of a structure built from the material defined on the RVE. It is
mportant to note that the first inequality (≪) in Eq. (2) typically refers

to a factor of 2 to 3 as concerns spherical heterogeneities [47], and to
 factor of 4 as concerns non-flexible fibrous heterogeneities [48,49],

while 𝓁 and 𝐷 is typically separated by a factor of 5 to 50 [50].
In general, it is not possible to describe the microstructure within

an RVE in full detail. Therefore, the description of the microstructure
is reduced to the identification of key features, in terms of quasi-
homogeneous subdomains called material phases. Accordingly, the me-
chanical behavior of the overall material is determined from the me-
chanical properties of these material phases, their shapes, their volume
fractions, and their interactions. This is realized by combining phase-
specific material behavior, such as linear elasticity or viscoelasticity,
with averaging rules linking micro and macro stresses [51] as well as
micro and macro strains [46].
4 
This concept can be readily extended towards multiscale homog-
enization theory [52], where a material phase observed at scale ‘‘A’’
isplays a heterogeneous microstructure at a smaller scale ‘‘B’’. The me-
hanical properties of this micro-heterogeneous phase can be identified
rom an RVE with a characteristic length that is either smaller or equal
o the characteristic length of the aforementioned phase.

3.2. Micromechanical representation of mature slag-based CEM II concrete

The three-scale representation depicted in Fig. 3 has been very
useful for OPC-based concretes, in particular so for their elastic [26,53,
54] and thermo-mechanical [41,55], as well as their short-term creep
properties [9,55]. This representation, which is consistent with the
cale separation condition of Eq. (2) and the two-scale representation of

cement paste introduced in [26], is now adopted for CEM II concretes,
ith the three RVEs exhibiting the following characteristics:

• Concrete is a matrix-inclusion composite consisting of spherical
aggregate inclusions embedded in a cement paste matrix, see
Fig. 3(c). Since the aggregates have a maximum size amounting to
some 2 cm, the characteristic size of an RVE of concrete amounts
to some 6 cm.

• Cement paste is a matrix-inclusion composite consisting of spher-
ical clinker, slag, and limestone inclusions embedded in a hydrate
foam matrix, see Fig. 3(b). Since the characteristic sizes of clinker,
slag, and limestone particles amount to some tens of microns [40],
the characteristic size of an RVE of cement paste amounts to some
0.1 mm.

• The hydrate foam is a highly disordered arrangement of isotropi-
cally oriented needle phases representing CEM II hydrates, in di-
rect interaction with spherical capillary pores [26], see Fig. 3(a).
Since the characteristic length of the hydrate needles does not
exceed a few microns, the characteristic size of an RVE of the
hydrate foam amounts to some 20 μm.

The homogenization of linear elasticity according to the RVEs de-
ined in Fig. 3 is performed in a three-step fashion:

Homogenization step I yields the elastic stiffness tensor of hydrate
oam according to Fig. 3(a): Cℎ𝑓 . By use of a self-consistent scheme [15,

56,57], mutual mechanical interactions between all material phases in
the RVE are considered, and this is mathematically realized by approx-
imating the material phases as inclusions in auxiliary matrix-inclusion
problems of the Eshelby type [58], with the matrix stiffness being set
equal to the overall, homogenized elastic stiffness of the hydrate foam
itself. Considering spherical capillary pores and an infinite amount
f hydrate needles oriented in all space directions indicated by polar
ngles 𝜙 and 𝜗 results in the following implicit expression for the
omogenized elastic stiffness tensor of hydrate foam [26,59]:

Cℎ𝑓 =
(

𝑓ℎ𝑓
𝑝𝑜𝑟 C𝑝𝑜𝑟 ∶

{

I + P𝑠𝑝ℎ ∶
[

C𝑝𝑜𝑟 − Cℎ𝑓
]

}−1

+ 𝑓ℎ𝑓
ℎ𝑦𝑑Cℎ𝑦𝑑 ∶

2𝜋

∫
0

𝜋

∫
0

{

I + P𝑐 𝑦𝑙(𝜙, 𝜗) ∶
[

Cℎ𝑦𝑑 − Cℎ𝑓
]

}−1 sin 𝜗
4𝜋

d𝜗d𝜙
)

∶
(

𝑓ℎ𝑓
𝑝𝑜𝑟

{

I + P𝑠𝑝ℎ ∶
[

C𝑝𝑜𝑟 − Cℎ𝑓
]

}−1

+ 𝑓ℎ𝑓
ℎ𝑦𝑑

2𝜋

∫
0

𝜋

∫
0

{

I + P𝑐 𝑦𝑙(𝜙, 𝜗) ∶
[

Cℎ𝑦𝑑 − Cℎ𝑓
]

}−1 sin 𝜗
4𝜋

d𝜗d𝜙
) −1

, (3)

where 𝑓ℎ𝑓
𝑝𝑜𝑟 and 𝑓ℎ𝑓

ℎ𝑦𝑑 are the hydrate foam-specific volume fractions
f the capillary pores and the hydrates. P𝑠𝑝ℎ and P𝑐 𝑦𝑙 are the fourth-
rder Hill tensors for spherical and cylindrical inclusions, see [9] for

mathematical details, I is the fourth-order identity tensor, exhibiting
the components 𝐼 = 1∕2 (𝛿 𝛿 + 𝛿 𝛿 ), with the Kronecker delta
𝑖𝑗 𝑘𝑙 𝑖𝑘 𝑗 𝑙 𝑖𝑙 𝑗 𝑘
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Fig. 3. Micromechanical representation of slag-based CEM II concrete: (a) RVE of hydrate foam built up of spherical capillary pores and needle-shaped CEM II hydrate phases
oriented uniformly in all space directions, (b) RVE of cement paste consisting of a hydrate foam matrix with spherical clinker, slag, and limestone inclusions, and (c) RVE of
oncrete consisting of a cement paste matrix with spherical aggregate inclusions; all schematic 2D sketches refer to 3D volume elements.
s
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being one for 𝑖 = 𝑗 and zero otherwise, and ‘‘:’’ is the tensor contrac-
ion operator of second order. The material phases are approximately
sotropic, so that the elastic stiffness tensors take the form

C𝑖 = 3 𝑘𝑖 I𝑣𝑜𝑙 + 2𝜇𝑖 I𝑑 𝑒𝑣 , (4)

with 𝑖 ∈ {ℎ𝑦𝑑 , 𝑝𝑜𝑟}, with I𝑣𝑜𝑙 = 1∕3 (𝟏⊗ 𝟏) and I𝑑 𝑒𝑣 = I − I𝑣𝑜𝑙 as the
volumetric and the deviatoric part of the fourth-order identity tensor
, with 𝟏 as the second-order identity tensor, and with 𝑘𝑖 and 𝜇𝑖 as the

elastic bulk and shear moduli, see Table 1.
Homogenization step II yields the homogenized elastic stiffness ten-

sor of cement paste according to Fig. 3(b): C𝑐 𝑝. By use of a Mori–Tanaka
scheme [15,60,61], spherical clinker, slag, and limestone inclusions
re embedded into the matrix phase, whereby the stiffness of the

latter is set equal to the homogenized elastic stiffness of the hydrate
oam identified in homogenization step I. This results in the following
xpression for the elastic stiffness tensor of cement paste:

C𝑐 𝑝 =
(

𝑓 𝑐 𝑝
ℎ𝑓 Cℎ𝑓 + 𝑓 𝑐 𝑝

𝑐 𝑙 𝑖C𝑐 𝑙 𝑖 ∶
{

I + P𝑠𝑝ℎ ∶
[

C𝑐 𝑙 𝑖 − Cℎ𝑓
]

}−1

+ 𝑓 𝑐 𝑝
𝑠𝑙 𝑔C𝑠𝑙 𝑔 ∶

{

I + P𝑠𝑝ℎ ∶
[

C𝑠𝑙 𝑔 − Cℎ𝑓
]

}−1

+ 𝑓 𝑐 𝑝
𝑙 𝑖𝑚C𝑙 𝑖𝑚 ∶

{

I + P𝑠𝑝ℎ ∶
[

C𝑙 𝑖𝑚 − Cℎ𝑓
]

}−1
)

∶
(

𝑓 𝑐 𝑝
ℎ𝑓 I + 𝑓 𝑐 𝑝

𝑐 𝑙 𝑖
{

I + P𝑠𝑝ℎ ∶
[

C𝑐 𝑙 𝑖 − Cℎ𝑓
]

}−1

+ 𝑓 𝑐 𝑝
𝑠𝑙 𝑔

{

I + P𝑠𝑝ℎ ∶
[

C𝑠𝑙 𝑔 − Cℎ𝑓
]

}−1

+ 𝑓 𝑐 𝑝
𝑙 𝑖𝑚

{

I + P𝑠𝑝ℎ ∶
[

C𝑙 𝑖𝑚 − Cℎ𝑓
]

}−1
) −1

, (5)

where 𝑓 𝑐 𝑝
𝑖 with 𝑖 ∈ {𝑐 𝑙 𝑖, 𝑠𝑙 𝑔 , 𝑙 𝑖𝑚, ℎ𝑓} are the cement paste-specific

volume fractions of clinker, slag, limestone, and of the hydrate foam
matrix. The stiffness of the latter results from the previous homogeniza-
tion step according to Eq. (3), while the stiffness tensors of clinker, slag,
and limestone follow from specification of Eq. (4) for ∈ {𝑐 𝑙 𝑖, 𝑠𝑙 𝑔 , 𝑙 𝑖𝑚},
ogether with the corresponding values reported in Table 1.

Homogenization step III yields the elastic stiffness tensor of concrete
according to Fig. 3(c): C𝑐 𝑜𝑛. By use of a Mori–Tanaka scheme [15,
60], six types of aggregate inclusions (described in more detail in
ection 3.3) are embedded into a contiguous matrix phase, whereby

the stiffness of the latter is set equal to that of the homogenized
elastic stiffness of cement paste identified in step II. This results in
the following expression for the homogenized elastic stiffness tensor
of concrete:

C𝑐 𝑜𝑛 =
(

𝑓 𝑐 𝑜𝑛
𝑐 𝑝 C𝑐 𝑝 +

∑

𝑗
𝑓 𝑐 𝑜𝑛
𝑗 C𝑗 ∶

{

I + P𝑠𝑝ℎ ∶
[

C𝑗 − C𝑐 𝑝
]

}−1
)

∶
(

𝑓 𝑐 𝑜𝑛
𝑐 𝑝 I +

∑

𝑗
𝑓 𝑐 𝑜𝑛
𝑗

{

I + P𝑠𝑝ℎ ∶
[

C𝑗 − C𝑐 𝑝
]

}−1
)−1

, (6)

where 𝑓 𝑐 𝑜𝑛
𝑐 𝑝 and 𝑓 𝑐 𝑜𝑛

𝑗 with 𝑗 ∈ {𝑙 𝑖𝑚, 𝑑 𝑜𝑙 , 𝑔 𝑟𝑡, 𝑞 𝑧𝑡, 𝑏𝑙 𝑡, 𝑑 𝑏𝑠} are the concrete-
specific volume fractions of the cement paste matrix and of the aggre-
gates, where the stiffness tensor of the cement paste, C , results from
𝑐 𝑝

5 
the previous homogenization step according to Eq. (5), and where the
tiffness tensors of the aggregate types, C𝑗 , follow from specification of

Eq. (4) for 𝑗 ∈ {𝑙 𝑖𝑚, 𝑑 𝑜𝑙 , 𝑔 𝑟𝑡, 𝑞 𝑧𝑡, 𝑏𝑙 𝑡, 𝑑 𝑏𝑠}, together with corresponding
values reported in Table 1. This isotropic elastic stiffness tensor can be
fully described by two independent stiffness values, such as the tensor
components 𝐶1111 and 𝐶1212. They can be transformed into the elastic
bulk and shear moduli, 𝑘𝑐 𝑜𝑛 and 𝜇𝑐 𝑜𝑛, via

𝑘𝑐 𝑜𝑛 = 𝐶1111 −
2
3
𝐶1212 , 𝜇𝑐 𝑜𝑛 =

𝐶1212
2

, (7)

and into the elastic Young’s modulus 𝐸𝑐 𝑜𝑛 and Poisson’s ratio 𝜈𝑐 𝑜𝑛 via

𝐸𝑐 𝑜𝑛 = 1
𝐷1111

, 𝜈𝑐 𝑜𝑛 =
𝐷1122
𝐷1111

, (8)

where 𝐷1111 and 𝐷1122 are components of the elastic compliance tensor,
which is defined as the inverse of the elastic stiffness tensor: D𝑐 𝑜𝑛 =
−1
𝑐 𝑜𝑛 .

3.3. Adapted Powers-Acker hydration model: RVE-specific volume fractions

The hydration products of slag-based CEM II cements result from
he reaction of two constituents, namely Portland clinker and slag, with
ater. A corresponding, calorimetry-based hydration model for slag-
lended cements [40] has evidenced the sum of the clinker and slag

volumes to decrease linearly with the hydration degree. This, together
with the remarkable similarity between the isothermal hydration heat
evolutions of CEM I and CEM II [62], motivates us to consider both
constituents as one chemical unit, referred to as ‘‘reac’’ in the following,
nd to describe its hydration by means of a modified version of the
owers-Acker hydration model [31,53,57,63]. This modification pro-

vides relations between the hydration degree and the corresponding
volume fractions of unhydrated reactants, of limestone, of water, of air,
and of hydration products. The aforementioned relations follow from
the subsequent considerations:

The initial volume fraction of reactants in a volume of cement paste
at zero hydration degree, 𝜉 = 0, reads as

𝑓 𝑐 𝑝
𝑟𝑒𝑎𝑐 (𝜉 = 0) = 𝑉𝑐 𝑙 𝑖(𝜉 = 0) + 𝑉𝑠𝑙 𝑔(𝜉 = 0)

𝑉𝑐 𝑝

=
1 + 𝜌𝑐 𝑙 𝑖

𝜌𝑠𝑙 𝑔
𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

+
𝜌𝑐 𝑙 𝑖
𝜌H2O

𝑚H2O

𝑚𝑐 𝑙 𝑖
+

𝜌𝑐 𝑙 𝑖
𝜌𝑙 𝑖𝑚

𝑚𝑙 𝑖𝑚
𝑚𝑐 𝑙 𝑖

, (9)

with 𝑉𝑐 𝑝 as the volume of cement paste, which stays constant over the
ydration process and which is equal to the sum of the initial volumes
f reactants, of limestone, and of water,

𝑉𝑐 𝑝 = 𝑉𝑐 𝑙 𝑖(𝜉 = 0) + 𝑉𝑠𝑙 𝑔(𝜉 = 0) + 𝑉H2O(𝜉 = 0) + 𝑉𝑙 𝑖𝑚 . (10)

Furthermore, 𝑚H2O∕𝑚𝑐 𝑙 𝑖 in Eq. (9) denotes the initial water-to-clinker
ass ratio, 𝑚𝑠𝑙 𝑔∕𝑚𝑐 𝑙 𝑖 denotes the initial slag-to-clinker mass ratio,

nd 𝑚𝑙 𝑖𝑚∕𝑚𝑐 𝑙 𝑖 denotes the initial limestone-to-clinker mass ratio, see
Tables 2 and 4 for the concretes dealt with in the present contribution;
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Table 5
Mixture-independent mass densities of constituents of CEM II cement paste.

Constituent 𝜌𝑖 [g∕cm
3] Ref.

clinker 𝑖 = 𝑐 𝑙 𝑖 3.150 [26,32]
slag 𝑖 = 𝑠𝑙 𝑔 2.800 [40]
limestone 𝑖 = 𝑙 𝑖𝑚 2.701 [64]
water 𝑖 = H2O 1.000 [26,32,40]
hydrates 𝑖 = ℎ𝑦𝑑 2.073 [26,32]

𝜌H2O denotes the mass density of water, while 𝜌𝑐 𝑙 𝑖, 𝜌𝑠𝑙 𝑔 , and 𝜌𝑙 𝑖𝑚 denote
the mass densities of clinker, of slag, and of limestone, respectively,
see Table 5. The mass density of the reactants, 𝜌𝑟𝑒𝑎𝑐 , can be determined
from the average rule for mass densities, reading for the slag-clinker
system as

𝜌𝑟𝑒𝑎𝑐 = 𝑓 𝑟𝑒𝑎𝑐
𝑐 𝑙 𝑖 𝜌𝑐 𝑙 𝑖 + 𝑓 𝑟𝑒𝑎𝑐

𝑠𝑙 𝑔 𝜌𝑠𝑙 𝑔 , (11)

where the volume fractions of clinker and of slag inside a volume of
slag-clinker reactants, 𝑓 𝑟𝑒𝑎𝑐

𝑐 𝑙 𝑖 and 𝑓 𝑟𝑒𝑎𝑐
𝑠𝑙 𝑔 , fulfill

𝑓 𝑟𝑒𝑎𝑐
𝑐 𝑙 𝑖 = 1

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

(𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

(𝜉 = 0)
, (12)

and

𝑓 𝑟𝑒𝑎𝑐
𝑠𝑙 𝑔 = 1 − 𝑓 𝑟𝑒𝑎𝑐

𝑐 𝑙 𝑖 . (13)

The mass density of the reactants can then be expressed as

𝜌𝑟𝑒𝑎𝑐 =
1 +

(𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

(𝜉 = 0)

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

(𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

(𝜉 = 0)
𝜌𝑐 𝑙 𝑖 . (14)

When defining the hydration degree 𝜉 as the mass of already hy-
drated reactants over their initial mass [9,53], the hydration-dependent
volume fraction of unhydrated reactants in a volume of cement paste
reads as

𝑓 𝑐 𝑝
𝑟𝑒𝑎𝑐 =

(

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

(1 − 𝜉)

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

+
𝜌𝑐 𝑙 𝑖
𝜌H2O

𝑚H2O

𝑚𝑐 𝑙 𝑖
+

𝜌𝑐 𝑙 𝑖
𝜌𝑙 𝑖𝑚

𝑚𝑙 𝑖𝑚
𝑚𝑐 𝑙 𝑖

. (15)

The volume fraction of limestone in a volume of cement paste is
orrespondingly found as

𝑓 𝑐 𝑝
𝑙 𝑖𝑚 =

𝜌𝑐 𝑙 𝑖
𝜌𝑙 𝑖𝑚

𝑚𝑙 𝑖𝑚
𝑚𝑐 𝑙 𝑖

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

+
𝜌𝑐 𝑙 𝑖
𝜌H2O

𝑚H2O

𝑚𝑐 𝑙 𝑖
+

𝜌𝑐 𝑙 𝑖
𝜌𝑙 𝑖𝑚

𝑚𝑙 𝑖𝑚
𝑚𝑐 𝑙 𝑖

. (16)

During the hydration of standard OPC systems, one mass unit of
water combines with 0.42 mass units of clinker [53]. The similarities
between CEM I and CEM II hydration [40,62] motivate us to adopt
the same mass ratio value for CEM II, which implies the following
mathematical relation:
𝑑 𝑚H2O

𝑑 𝜉 = 0.42𝑑 𝑚𝑟𝑒𝑎𝑐
𝑑 𝜉 . (17)

The mass of reactants can be expressed by the volume fraction of
eactants within a volume of cement paste,

𝑚𝑟𝑒𝑎𝑐 = 𝜌𝑟𝑒𝑎𝑐 𝑓
𝑐 𝑝
𝑟𝑒𝑎𝑐 𝑉𝑐 𝑝 =

𝜌𝑟𝑒𝑎𝑐 𝑉𝑐 𝑝
(

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

(1 − 𝜉)

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

+
𝜌𝑐 𝑙 𝑖
𝜌H2O

𝑚H2O

𝑚𝑐 𝑙 𝑖
+

𝜌𝑐 𝑙 𝑖
𝜌𝑙 𝑖𝑚

𝑚𝑙 𝑖𝑚
𝑚𝑐 𝑙 𝑖

, (18)

where we made also use of Eq. (15). Insertion of Eq. (18) into Eq. (17)
nd subsequent temporal integration yields the hydration-dependent

mass of water as

𝑚H2O = 𝑚H2O(𝜉 = 0) −
0.42 𝜌𝑟𝑒𝑎𝑐 𝑉𝑐 𝑝

(

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

𝜉

1 + 𝜌𝑐 𝑙 𝑖 𝑚𝑠𝑙 𝑔 +
𝜌𝑐 𝑙 𝑖 𝑚H2O

+
𝜌𝑐 𝑙 𝑖 𝑚𝑙 𝑖𝑚 . (19)
𝜌𝑠𝑙 𝑔 𝑚𝑐 𝑙 𝑖 𝜌H2O 𝑚𝑐 𝑙 𝑖 𝜌𝑙 𝑖𝑚 𝑚𝑐 𝑙 𝑖 a

6 
Setting this relation equal to the mass of water expressed through its
volume fraction, namely to
𝑚H2O = 𝜌H2O 𝑓 𝑐 𝑝

H2O 𝑉𝑐 𝑝 , (20)

gives access to the hydration degree-dependent volume fraction of wa-
ter, as function of its initial value, of the constituent mass densities, and
of the initial water-to-clinker, slag-to-clinker, and limestone-to-clinker
mass ratios; mathematically, this reads as

𝑓 𝑐 𝑝
H2O = 𝑓 𝑐 𝑝

H2O(𝜉 = 0) −
0.42

𝜌𝑟𝑒𝑎𝑐
𝜌H2O

(

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

𝜉

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

+
𝜌𝑐 𝑙 𝑖
𝜌H2O

𝑚H2O

𝑚𝑐 𝑙 𝑖
+

𝜌𝑐 𝑙 𝑖
𝜌𝑙 𝑖𝑚

𝑚𝑙 𝑖𝑚
𝑚𝑐 𝑙 𝑖

. (21)

Dividing Eq. (10) by 𝑉𝑐 𝑝 and rearranging the resulting expression for
the volume fraction of water yields

𝑓 𝑐 𝑝
H2O(𝜉 = 0) = 1 − 𝑓 𝑐 𝑝

𝑟𝑒𝑎𝑐 (𝜉 = 0) − 𝑓 𝑐 𝑝
𝑙 𝑖𝑚 , (22)

and use of this relation in Eq. (21), together with Eq. (9), yields

𝑓 𝑐 𝑝
H2O =

𝜌𝑐 𝑙 𝑖
𝜌H2O

𝑚H2O

𝑚𝑐 𝑙 𝑖
− 0.42 𝜌𝑟𝑒𝑎𝑐

𝜌H2O

(

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

𝜉

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

+
𝜌𝑐 𝑙 𝑖
𝜌H2O

𝑚H2O

𝑚𝑐 𝑙 𝑖
+

𝜌𝑐 𝑙 𝑖
𝜌𝑙 𝑖𝑚

𝑚𝑙 𝑖𝑚
𝑚𝑐 𝑙 𝑖

. (23)

During hydration, as quantified through increasing values of 𝜉, the
otal mass within an RVE of cement paste is conserved. Initially, this

mass is composed of the masses of cement and of water only, and
as soon as the hydration reaction starts, hydrates with mass 𝑚ℎ𝑦𝑑 are
formed; mathematically, this reads as

𝑚𝑟𝑒𝑎𝑐 (𝜉 = 0) +𝑚H2O(𝜉 = 0) +𝑚𝑙 𝑖𝑚 = 𝑚𝑟𝑒𝑎𝑐 (𝜉) +𝑚H2O(𝜉) +𝑚𝑙 𝑖𝑚+𝑚ℎ𝑦𝑑 (𝜉) . (24)

The masses of limestone, of water, of reactants, and of hydration
products can be expressed in terms of the respective volume fractions,
via

𝑚𝑖 = 𝑓𝑖𝜌𝑖𝑉𝑐 𝑝 , 𝑖 ∈ {𝑟𝑒𝑎𝑐 , ℎ𝑦𝑑 ,H2O} , (25)

and use of Eq. (25) in Eq. (24) provides an expression for the volume
fraction of the hydrates, reading as

𝑓 𝑐 𝑝
ℎ𝑦𝑑 =

𝜌𝑟𝑒𝑎𝑐
𝜌ℎ𝑦𝑑

[

𝑓 𝑐 𝑝
𝑟𝑒𝑎𝑐 (𝜉 = 0) −𝑓 𝑐 𝑝

𝑟𝑒𝑎𝑐 (𝜉)
]

+
𝜌H2O

𝜌ℎ𝑦𝑑

[

𝑓 𝑐 𝑝
H2O(𝜉 = 0) −𝑓 𝑐 𝑝

H2O(𝜉)
]

. (26)

Insertion of Eqs. (15) and (23) into Eq. (26) eventually yields

𝑓 𝑐 𝑝
ℎ𝑦𝑑 =

1.42
𝜌𝑟𝑒𝑎𝑐
𝜌ℎ𝑦𝑑

(

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

𝜉

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

+
𝜌𝑐 𝑙 𝑖
𝜌H2O

𝑚H2O

𝑚𝑐 𝑙 𝑖
+

𝜌𝑐 𝑙 𝑖
𝜌𝑙 𝑖𝑚

𝑚𝑙 𝑖𝑚
𝑚𝑐 𝑙 𝑖

, (27)

with 𝜌ℎ𝑦𝑑 as the mass density of the hydrates, see Table 5. The sum of
the volumes of cement and water forming a new volume of hydrates is
larger than the volume of the newly formed hydrates. This is referred
to as the Le Chatelier contraction [65–67]. Hence, while the volume
of cement paste remains virtually constant throughout the hydration
reaction, and while the hydrates do not occupy the entire space which
was filled by their reactants, a new phase, hosting air and quantified
by volume fraction 𝑓 𝑐 𝑝

𝑎𝑖𝑟, is established. Mathematically, this reads as

𝑓 𝑐 𝑝
𝑟𝑒𝑎𝑐 + 𝑓 𝑐 𝑝

𝑙 𝑖𝑚 + 𝑓 𝑐 𝑝
H2O + 𝑓 𝑐 𝑝

ℎ𝑦𝑑 + 𝑓 𝑐 𝑝
𝑎𝑖𝑟 = 1 . (28)

Insertion of Eqs. (15), (23), and (27) into Eq. (28), and rearranging for
the volume fraction of the air pores yields

𝑓 𝑐 𝑝
𝑎𝑖𝑟 =

(

1 + 0.42 𝜌𝑟𝑒𝑎𝑐
𝜌H2O

− 1.42𝜌𝑟𝑒𝑎𝑐
𝜌ℎ𝑦𝑑

)

(

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

𝜉

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

+
𝜌𝑐 𝑙 𝑖
𝜌H2O

𝑚H2O

𝑚𝑐 𝑙 𝑖
+

𝜌𝑐 𝑙 𝑖
𝜌𝑙 𝑖𝑚

𝑚𝑙 𝑖𝑚
𝑚𝑐 𝑙 𝑖

. (29)

Furthermore, our current mechanical analysis is restricted to drained
onditions where neither the water-filled pores nor the air pores carry
ny loads. Hence, these two pore types behave, mechanically speaking,
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Fig. 4. Cement paste-related volume fractions of the CEM II-based concrete used with
onstruction lot KAT3 [29], 𝑓 𝑐 𝑝

𝑖 , as functions of the hydration degree, 𝜉; and for initial
mass ratios of 𝑚H2O∕𝑚𝑐 𝑙 𝑖 = 0.51, 𝑚𝑠𝑙 𝑔∕𝑚𝑐 𝑙 𝑖 = 0.15, and 𝑚𝑙 𝑖𝑚∕𝑚𝑐 𝑙 𝑖 = 0, see also Table 2.

Fig. 5. Cement paste-related volume fractions of the CEM II-based concrete investigated
by Dummer et al. [30], 𝑓 𝑐 𝑝

𝑖 , as functions of the hydration degree, 𝜉; and for initial mass
ratios of 𝑚H2O∕𝑚𝑐 𝑙 𝑖 = 0.52, 𝑚𝑠𝑙 𝑔∕𝑚𝑐 𝑙 𝑖 = 0.1, and 𝑚𝑙 𝑖𝑚∕𝑚𝑐 𝑙 𝑖 = 0.1, see also Table 4.

in the very same manner, which motivates us to combine them into one
single phase, denoted by ‘‘𝑝𝑜𝑟’’, with the volume fraction,

𝑓 𝑐 𝑝
𝑝𝑜𝑟 =

𝜌𝑐 𝑙 𝑖
𝜌H2O

𝑚H2O

𝑚𝑐 𝑙 𝑖
+
(

1 − 1.42𝜌𝑟𝑒𝑎𝑐
𝜌ℎ𝑦𝑑

) (
1 + 𝜌𝑐 𝑙 𝑖

𝜌𝑠𝑙 𝑔
𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

𝜉

1 + 𝜌𝑐 𝑙 𝑖
𝜌𝑠𝑙 𝑔

𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

+
𝜌𝑐 𝑙 𝑖
𝜌H2O

𝑚H2O

𝑚𝑐 𝑙 𝑖
+

𝜌𝑐 𝑙 𝑖
𝜌𝑙 𝑖𝑚

𝑚𝑙 𝑖𝑚
𝑚𝑐 𝑙 𝑖

. (30)

The two portions of unhydrated CEM II, namely Portland clinker and
slag, show significantly different elastic moduli, see Table 1, so that we
need to determine the volume fractions of clinker and slag, as appearing
n Eq. (5). Therefore, we resort to the cement paste-specific volume

fractions according to Eqs. (12) and (13), from which we arrive at

𝑓 𝑐 𝑝
𝑐 𝑙 𝑖 = 𝑓 𝑟𝑒𝑎𝑐

𝑐 𝑙 𝑖 𝑓 𝑐 𝑝
𝑟𝑒𝑎𝑐 , 𝑓 𝑐 𝑝

𝑠𝑙 𝑔 = 𝑓 𝑟𝑒𝑎𝑐
𝑠𝑙 𝑔 𝑓 𝑐 𝑝

𝑟𝑒𝑎𝑐 . (31)

It is useful to illustrate the functional dependence of the paste-related
volume fractions on the hydration degree, see Fig. 4 for the concrete
used with construction lot KAT3 [29], according to Table 2, and Fig. 5
for the concrete from Dummer et al. [30], according to Table 4. We
dd that the cement paste-specific volume fraction of hydrate foam,
𝑐 𝑝
ℎ𝑓 , occurring in Eq. (5) is computed according to

𝑓 𝑐 𝑝
ℎ𝑓 = 𝑓 𝑐 𝑝

𝑝𝑜𝑟 + 𝑓 𝑐 𝑝
ℎ𝑦𝑑 . (32)

The concrete-related volume fraction of cement paste, denoted as
𝑓 𝑐 𝑜𝑛
𝑐 𝑝 , is independent of the hydration degree, and can be expressed by
he initial apparent mass density of cement paste in concrete, denoted
s 𝜌𝑐 𝑜𝑛𝑐 𝑝 (𝜉 = 0), i.e., the mass of CEM II and water at zero hydration per
olume of concrete, which is known from the concrete mix design, and
y the initial mass density of cement paste, denoted as 𝜌𝑐 𝑝(𝜉 = 0). In

mathematical terms, this reads as

𝑓 𝑐 𝑜𝑛
𝑐 𝑝 =

𝜌𝑐 𝑜𝑛𝑐 𝑝 (𝜉 = 0)
, (33)
𝜌𝑐 𝑝(𝜉 = 0)

7 
Table 6
Concrete-related volume fractions for the concretes investigated herein.

KAT3 construction lot [29]

dolomite 𝑓 𝑐 𝑜𝑛
𝑑 𝑜𝑙 = 0.198

limestone 𝑓 𝑐 𝑜𝑛
𝑙 𝑖𝑚 = 0.198

granite 𝑓 𝑐 𝑜𝑛
𝑔 𝑟𝑡 = 0.095

quarzite 𝑓 𝑐 𝑜𝑛
𝑞 𝑧𝑡 = 0.080

basalt 𝑓 𝑐 𝑜𝑛
𝑏𝑙 𝑡 = 0.075

diabase 𝑓 𝑐 𝑜𝑛
𝑑 𝑏𝑠 = 0.070

cement paste 𝑓 𝑐 𝑜𝑛
𝑐 𝑝 = 0.284

Concrete investigated by Dummer et al. [30]

limestone 𝑓 𝑐 𝑜𝑛
𝑙 𝑖𝑚 = 0.713

cement paste 𝑓 𝑐 𝑜𝑛
𝑐 𝑝 = 0.287

whereby the initial apparent mass density of cement paste in concrete
follows from

𝜌𝑐 𝑜𝑛𝑐 𝑝 (𝜉 = 0) = 𝜌𝑐 𝑜𝑛𝑐 𝑒𝑚𝐼𝐼 (𝜉 = 0) + 𝜌𝑐 𝑜𝑛H2O(𝜉 = 0) , (34)

with 𝜌𝑐 𝑜𝑛𝑐 𝑒𝑚𝐼𝐼 (𝜉 = 0) and 𝜌𝑐 𝑜𝑛H2O(𝜉 = 0) as the initial apparent mass densities
f CEM II and water, see Tables 2 and 4 for the concretes investigated

herein; and the initial mass density of cement paste follows from the
average rule for mass densities

𝜌𝑐 𝑝(𝜉 = 0) = 𝜌𝑟𝑒𝑎𝑐 𝑓
𝑐 𝑝
𝑟𝑒𝑎𝑐 (𝜉 = 0) + 𝜌H2O 𝑓 𝑐 𝑝

H2O(𝜉 = 0) + 𝜌𝑙 𝑖𝑚 𝑓 𝑐 𝑝
𝑙 𝑖𝑚 , (35)

with 𝑓 𝑐 𝑝
𝑟𝑒𝑎𝑐 (𝜉 = 0) according to Eq. (9). The volume fraction of aggregates

s then readily provided by

𝑓 𝑐 𝑜𝑛
𝑎𝑔 𝑔 = 1 − 𝑓 𝑐 𝑜𝑛

𝑐 𝑝 , (36)

Since several aggregate types with different elastic properties are used,
the aggregate volume fraction needs to be subdivided, with 𝑓 𝑎𝑔 𝑔

𝑗 ,
𝑗 ∈ {𝑙 𝑖𝑚, 𝑑 𝑜𝑙 , 𝑔 𝑟𝑡, 𝑞 𝑧𝑡, 𝑏𝑙 𝑡, 𝑑 𝑏𝑠} as the volume fractions of the different
aggregate types. The latter are approximated by the mass fractions
nown from weighing tests, since the mass densities of the individual

aggregate types are very similar, see Tables 2 and 4 for the concretes
investigated herein. At the concrete level, the corresponding volume
ractions read as

𝑓 𝑐 𝑜𝑛
𝑗 = 𝑓 𝑎𝑔 𝑔

𝑗 (1 − 𝑓 𝑐 𝑜𝑛
𝑐 𝑝 ) , (37)

see Table 6 for the concrete-related volume fractions of the concretes
investigated herein.

Finally, the hydrate foam-related volume fractions of the capillary
ores, 𝑓ℎ𝑓

𝑝𝑜𝑟 , and the hydrates, 𝑓ℎ𝑓
ℎ𝑦𝑑 , read as [26]

𝑓ℎ𝑓
𝑝𝑜𝑟 =

𝑓 𝑐 𝑝
𝑝𝑜𝑟

1 − 𝑓 𝑐 𝑝
𝑟𝑒𝑎𝑐 − 𝑓 𝑐 𝑝

𝑙 𝑖𝑚
, 𝑓ℎ𝑓

ℎ𝑦𝑑 =
𝑓 𝑐 𝑝
ℎ𝑦𝑑

1 − 𝑓 𝑐 𝑝
𝑟𝑒𝑎𝑐 − 𝑓 𝑐 𝑝

𝑙 𝑖𝑚
. (38)

3.4. Multiscale model-enabled identification of the hydration degree

The composition of the microstructure of concrete changes with
ongoing hydration of cement paste, see Figs. 4 and 5. The state of
this process is described by the hydration degree 𝜉. The latter evolves
with the age of the considered concrete. The corresponding chemical
kinetics can be quantified by Arrhenius-type evolution equations [68],
together with calorimetry testing protocols [40,69,70]. In general, the
ydration degree of concrete which is older than a few days is not
irectly accessible from experiments. As a remedy, the microelastic
odel of Section 3.2, together with experimentally determined values

of the elastic moduli of the investigated CEM II concrete, the isother-
mal modulus evolution rule from the fib Model Code [71], and the
hydration model of Section 3.3, will be used in the following, so as
to re-construct the evolution of the hydration degree during the herein
studied long-term creep tests on CEM II concretes.

In more detail, Eq. (8) together with Eqs. (6), (5), and (3), gives
the macroscopic elastic Young’s modulus of concrete as a function of
the phase volume fractions, which, via Eqs. (15), (16), (27), and (30),
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Fig. 6. Evolution of hydration degree in CEM II concretes tested (a) at KAT3
construction lot [29] and (b) by Dummer et al. [30].

depend on the hydration degree. This yields the macroscopic elastic
Young’s modulus as a function of the hydration degree, 𝐸𝑐 𝑜𝑛(𝜉).

In order to transform the relation 𝐸𝑐 𝑜𝑛(𝜉) into an evolution of the
hydration degree, 𝜉(𝑡), the evolution of the elastic modulus is needed.
For isothermal conditions at 20◦C, which do approximately prevail in
the presently investigated cases, the evolution of the elastic modulus
over time can be mathematically described by the fib Model Code [71]
ccording to

𝐸𝑐 𝑜𝑛(𝑡) = 𝐸𝑐 𝑜𝑛,28d
{

exp

(

𝑠

[

1 −
√

28 d
𝑡

])}0.5

, (39)

where 𝐸𝑐 𝑜𝑛,28d denotes the elastic Young’s modulus at a concrete age
of 28 day s and 𝑠 denotes a dimensionless parameter related to the
speed with which the 28-day stiffness is approached. It amounts to
𝑠 = 0.25 for cement type 42.5N and to 𝑠 = 0.2 for cement type
52.5N. As for the concrete investigated by Dummer et al. [30], the
xperimentally determined value of 𝐸𝑐 𝑜𝑛,28d = 30.3 GPa is directly re-
orted, while Razgordanisharahi et al. [29] reported an elastic modulus
eached after 144 days, 𝐸𝑐 𝑜𝑛,144d = 37.8 GPa for the CEM II concrete
sed at KAT 3 construction lot. Insertion of this value into Eq. (39)
ields a corresponding 28-day value of 𝐸𝑐 𝑜𝑛,28d = 35.7 GPa. Based on
hese 28-day moduli, both 𝐸𝑐 𝑜𝑛(𝑡), via Eq. (39), and 𝐸𝑐 𝑜𝑛(𝜉), via the
icroelastic model of Section 3.2 together with the hydration model of

ection 3.3 are known. Setting corresponding functional values equal to
ach other yields hydration degree values for different points in time;

mathematically, this reads as

𝐸𝑐 𝑜𝑛(𝑡) = 𝐸𝑐 𝑜𝑛(𝜉) → 𝜉(𝑡) , (40)

see Fig. 6 for an illustration of the respective evolutions of the hydration
egree during the creep tests analyzed herein.

4. Identification of creep properties of CEM II hydrates, via mul-
iscale aging viscoelastic modeling

4.1. Temperature-activated short-to-long-term creep of hydrates

Basic creep properties of concrete made from CEM I are governed
by the viscoelastic behavior of the hydrates [9–12], i.e., the products of
the chemical reaction between clinker and water. For the determination
of the hydrate creep properties, an experimental campaign consisting
of three-minute-long creep tests on CEM I cement pastes with differ-

ent initial water-to-cement mass ratios and different maturity degrees E

8 
turned out as very useful [72]. Over this short observation time, the
microstructure of the tested cement paste did not significantly change,
regardless of the actual progress of the hydration reactions [73]. The
corresponding short-term creep behavior of the tested cement pastes
was almost perfectly represented by a uniaxial power-law creep func-
tion [9,74]. This macroscopically determined non-aging creep function

as then implemented into a micro-viscoelastic model with phases as
seen in Fig. 3, while assigning viscoelastic properties to the hydrate
hases, the hydrate foam phase, and the cement paste phase. This
llowed for identification of a universal isochoric non-aging creep
ensor function of CEM I hydrates [9], reading as

Jℎ𝑦𝑑 (𝑡−𝜏) = 1
3 𝑘ℎ𝑦𝑑

I𝑣𝑜𝑙 +
1
2

[

1
𝜇ℎ𝑦𝑑

+ 1
𝜇𝑐 ,ℎ𝑦𝑑

(

𝑡 − 𝜏
𝑡𝑟𝑒𝑓

)𝛽
]

I𝑑 𝑒𝑣 , (41)

where 𝑘ℎ𝑦𝑑 and 𝜇ℎ𝑦𝑑 stand for the elastic bulk and shear modulus
of hydrates [26], and 𝜇𝑐 ,ℎ𝑦𝑑 = 20.93 GPa stands for the shear creep
modulus of CEM I hydrates [9]. The reference time is set equal to 𝑡𝑟𝑒𝑓 =
1 d with ‘‘d’’ standing for the physical unit ‘‘day’’. The power-law creep
xponent of hydrates 𝛽 has been shown to be virtually invariant for

widely varying cementitious mixtures, as well as across length scales,
all the way down to the hydrate scale [9]: 𝛽 = 0.25. This reflects the
ypical load-carrying behavior of concrete, where virtually no (micro-
load transfer takes place from the creeping hydrate phases to any of
he non-creeping material constituents, such as the cement grains or
he aggregates [55].

The non-aging creep tensor function of CEM I hydrates (41) is
erein extended towards (i) consideration of short-to-long-term creep

by means of a piecewisely defined function comprising a power law
for the short-term portion and a logarithmic law for the long-term
portion [8,29,72,75,76], towards (ii) consideration of the temperature
dependence of hydrate properties in the line of [55], and towards
(iii) consideration of the influence of (time-invariant, but test-specific)
relative humidity 𝜑 ∈ {0; 1} on the shear creep modulus of hydrates.
This extended version of Eq. (41) is applied to hydrates made from
CEM II/A-S 52.5 N, with the corresponding shear creep modulus being
denoted as 𝜇𝐼𝐼

𝑐 ,ℎ𝑦𝑑 (𝜑, 𝑇 ). The extended universal isochoric non-aging
reep tensor function of CEM II hydrates reads as

J𝐼𝐼ℎ𝑦𝑑 (𝑡−𝜏) =
1

3 𝑘ℎ𝑦𝑑 (𝑇 )
I𝑣𝑜𝑙 +

1
2

[

1
𝜇ℎ𝑦𝑑 (𝑇 )

+
𝐹 (𝑡−𝜏)

𝜇𝐼𝐼
𝑐 ,ℎ𝑦𝑑 (𝜑, 𝑇 )

]

I𝑑 𝑒𝑣 , (42)

with the piecewisely defined function 𝐹 (𝑡 − 𝜏) reading as

𝐹 (𝑡 − 𝜏) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

(

𝑡 − 𝜏
𝑡𝑟𝑒𝑓

)𝛽
… 𝜏 ≤ 𝑡 ≤ 𝜏 + 𝑡𝑡𝑠𝑡 ,

𝐶 ln
(

1 + 𝐵 𝑡 − 𝜏
𝑡𝑡𝑠𝑡

)

… 𝑡 ≥ 𝜏 + 𝑡𝑡𝑠𝑡 ,
(43)

where 𝑡𝑡𝑠𝑡 denotes the transition time instant, marking the shift from
power law type to logarithmic creep behavior. As for cement pastes,
𝑡𝑡𝑠𝑡 was identified to lie between 20 and 45 day s [72]. Given the absence
of (micro-)load transfer from the creeping hydrate phases to any of the
non-creeping material constituents [55], the transition time instant is
expected to be virtually invariant across length scales, so that we here
adopt a mean value of 𝑡𝑡𝑠𝑡 = 32 d for the concrete tested in Koralm
tunnel KAT3, see also [29] and Table 7. 𝐵 and 𝐶 are dimensionless
constants ensuring that 𝐹 (𝑡 − 𝜏) is a differentiable function at the
transition time instant. They depend only on the power law exponent
and the transition time. Accordingly, they are also invariant across the
length scales of the present multiscale mechanics model for concrete.
In mathematical terms, the continuity conditions at time 𝑡𝑡𝑠𝑡 read as

lim
→0

𝐹 (𝑡𝑡𝑠𝑡−𝜖) = lim
𝜖→0

𝐹 (𝑡𝑡𝑠𝑡+𝜖) , (44)

lim
→0

𝐹̇ (𝑡𝑡𝑠𝑡−𝜖) = lim
𝜖→0

𝐹̇ (𝑡𝑡𝑠𝑡+𝜖) , (45)

where a dot denotes derivation with respect to time. Insertion of
q. (43) into the conditions (44) and (45) yields the following relations
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Table 7
Parameters defining the piecewisely defined function 𝐹 (𝑡 − 𝜏), see Eq. (43).

Model parameter Symbols Values

Reference time 𝑡𝑟𝑒𝑓 1 d
Power law exponent 𝛽 0.25
Transition time 𝑡𝑡𝑠𝑡 32 d
Dimensionless parameter 𝐵 49.44
Dimensionless parameter 𝐶 0.6066

𝛽 = 𝐵
1 + 𝐵

1
ln(1 + 𝐵)

, (46)

𝐶 = 1
ln(1 + 𝐵)

(

𝑡𝑡𝑠𝑡
𝑡𝑟𝑒𝑓

)𝛽
. (47)

Insertion of the described values of 𝛽, 𝑡𝑟𝑒𝑓 , and 𝑡𝑡𝑠𝑡 into Eqs. (46) and
47) yields the dimensionless constants ensuring the smoothness of the

piecewisely defined function 𝐹 (𝑡− 𝜏) as: 𝐵 = 49.44 and 𝐶 = 0.6066, see
lso Table 7.

Elastic properties of CEM I cement pastes were shown to depend
linearly on temperatures ranging from 283.15 K to 323.15 K (i.e., 10◦C
to 50◦C) [55]. This dependence can be quantified through

𝐸ℎ𝑦𝑑 (𝑇 )
𝐸ℎ𝑦𝑑 (293 K ) = 1 + 0.46

(

1 − 𝑇
293.15 K

)

. (48)

where 𝑇 refers to the temperature given in Kelvin. Considering the
forementioned similarities between CEM I and CEM II, we adopt
he same linear temperature dependence for the elastic properties of
EM II, yielding

𝑘ℎ𝑦𝑑 (𝑇 ) = 18.69 GPa
(

1 + 0.46
(

1 − 𝑇
293.15 K

))

, (49)

ℎ𝑦𝑑 (𝑇 ) = 11.76 GPa
(

1 + 0.46
(

1 − 𝑇
293.15 K

))

,

The temperature activation of creep properties of the hydrates can
be considered through an Arrhenius law with an activation energy
being that of bulk water, i.e., 𝑄 = 17.57 k J∕mol [55]; and creep strains
cale linearly with the relative humidity 𝜑 [77]. Mathematically, these
elations imply the following format of the shear creep modulus of
EM II hydrates:

𝜇𝐼𝐼
𝑐 ,ℎ𝑦𝑑 (𝜑, 𝑇 ) =

𝜇̃𝐼𝐼
𝑐 ,ℎ𝑦𝑑
𝜑

exp
(

𝑄
𝑅

[ 1
𝑇

− 1
293.15 K

]

)

, (50)

where 𝑅 = 8.314 J∕(mol K) stands for the universal gas constant, and
𝜇̃𝐼𝐼
𝑐 ,ℎ𝑦𝑑 stands for the shear creep modulus prevailing at 20◦C and 100%
elative humidity.

4.2. Homogenization of non-aging viscoelastic material behavior, from the
scale of hydrates up to that of concrete

The hydrate phases depicted in Fig. 3(a), as well as the RVEs in
Fig. 3(b) and (c), are considered to exhibit non-aging, linear viscoelastic
ehavior. The latter is governed by Boltzmanns’s integro-differential
quation for ‘‘delayed elasticity’’, which reads as [78–80]

𝝈(𝑡) =
𝑡

∫
−∞

R(𝑡 − 𝜏) ∶ 𝜺̇(𝜏) d𝜏 , 𝜺(𝑡) =
𝑡

∫
−∞

J(𝑡 − 𝜏) ∶ 𝝈̇(𝜏) d𝜏 , (51)

where 𝝈 and 𝜺 denote the stress tensor and the linearized strain tensor,
associated with the hydrate phases depicted in Fig. 3(a) or with the

VEs in Fig. 3(b) and (c); 𝑡 denotes the recording time during the
reep and relaxation processes, while 𝜏 denotes the time instant of
oading events that cause delayed effects. The creep compliance tensor
J and the relaxation tensor R of each constituent fulfill the convolution
condition according to Schwarzl–Struik [81]:

𝑡

∫
∞

J(𝑡 − 𝜏) ∶ R(𝜏) d𝜏 =

𝑡

∫
−∞

R(𝑡 − 𝜏) ∶ J(𝜏) d𝜏 = 𝑡 I . (52)
9 
For the purely elastically behaving phases, i.e., the capillary pores
in Fig. 3(a), the clinker, slag, and limestone phases in Fig. 3(b), and
the aggregate phases in Fig. 3(c), the convolution integrals in Eq. (51)
are reduced to the standard ‘‘generalized Hooke’s law for elasticity’’:
R𝑖(𝑡 − 𝜏) = R𝑖(0) = C𝑖 with 𝑖 ∈ {𝑝𝑜𝑟, 𝑐 𝑙 𝑖, 𝑠𝑙 𝑔 , 𝑙 𝑖𝑚, 𝑑 𝑜𝑙 , 𝑔 𝑟𝑡, 𝑞 𝑧𝑡, 𝑏𝑙 𝑡, 𝑑 𝑏𝑠}
according to Eq. (4).

Upscaling of viscoelastic material behavior from the scale of the
ydrates up to that of concrete becomes particularly simple in the
aplace–Carson domain. The Laplace–Carson transform 𝑓 ∗(𝑝) of any
ime-dependent function 𝑓 (𝑡) is defined as [82]

𝑓 ∗(𝑝) = 𝑝

∞

∫
0

𝑓 (𝑡) exp(−𝑝𝑡) d𝑡 , (53)

with 𝑝 standing for the complex Laplace–Carson variable. Application
of the transformation rule (53) to Boltzmann’s superposition principle
(51) describing viscoelastic behavior (including the special case of
elastic behavior), yields algebraic quasi-elastic constitutive equations
for all constituents in the Laplace–Carson domain, reading as

𝝈∗(𝑝) = R∗(𝑝) ∶ 𝜺∗(𝑝) , 𝜺∗(𝑝) = J∗(𝑝) ∶ 𝝈∗(𝑝) . (54)

The convolution integral of the Schwarzl–Struik conditions (52) is
educed to a simple algebraic relation between the Laplace–Carson

transformed relaxation and creep tensor, which follows from Eq. (54),
s [13]

R∗(𝑝) ∶ J∗(𝑝) = I . (55)

The Laplace–Carson transformed creep tensor function of the hydrates
results from inserting the creep tensor function of Eq. (42) into the
ransformation rule of Eq. (53), as

J∗,𝐼𝐼ℎ𝑦𝑑 (𝑝, 𝜑, 𝑇 ) =
1

3 𝑘ℎ𝑦𝑑 (𝑇 )
I𝑣𝑜𝑙 +

1
2

{

1
𝜇ℎ𝑦𝑑 (𝑇 )

+ 1
𝜇𝐼𝐼
𝑐 ,ℎ𝑦𝑑 (𝜑, 𝑇 )

[

𝛤 (1 + 𝛽)
(𝑝 𝑡𝑟𝑒𝑓 )𝛽

−
𝛤 (1 + 𝛽 , 𝑝 𝑡𝑡𝑠𝑡)

(𝑝 𝑡𝑟𝑒𝑓 )𝛽
+ 𝐶 exp(−𝑝 𝑡𝑡𝑠𝑡) ln(1 + 𝐵) + 𝐶 exp

( 𝑝 𝑡𝑡𝑠𝑡
𝐵

)

× 𝐺 2,0
1,2

(

1
0,0

|

|

|

|

(1 + 𝐵) 𝑝 𝑡𝑡𝑠𝑡
𝐵

) ]}
I𝑑 𝑒𝑣 , (56)

with the gamma function 𝛤 and the Meijer G-function 𝐺. The Laplace–
arson transformed relaxation tensor follows, according to Eq. (55),

rom inversion of Eq. (56) yielding:

R∗,𝐼𝐼
ℎ𝑦𝑑 (𝑝, 𝜑, 𝑇 ) = 3 𝑘ℎ𝑦𝑑 (𝑇 )I𝑣𝑜𝑙 + 2

{

1
𝜇ℎ𝑦𝑑 (𝑇 )

+ 1
𝜇𝐼𝐼
𝑐 ,ℎ𝑦𝑑 (𝜑, 𝑇 )

[

𝛤 (1 + 𝛽)
(𝑝 𝑡𝑟𝑒𝑓 )𝛽

−
𝛤 (1 + 𝛽 , 𝑝 𝑡𝑡𝑠𝑡)

(𝑝 𝑡𝑟𝑒𝑓 )𝛽
+ 𝐶 exp(−𝑝 𝑡𝑡𝑠𝑡) ln(1 + 𝐵) + 𝐶 exp

( 𝑝 𝑡𝑡𝑠𝑡
𝐵

)

× 𝐺 2,0
1,2

(

1
0,0

|

|

|

|

(1 + 𝐵) 𝑝 𝑡𝑡𝑠𝑡
𝐵

) ]} −1
I𝑑 𝑒𝑣 . (57)

Noting that the Laplace–Carson transformed constitutive laws of Eq.
(54) are formally identical to those of linear elasticity, the upscaling
of viscoelastic properties can be realized in terms of a quasi-elastic
homogenization in the Laplace–Carson space. This strategy is known
as the correspondence principle [13,14,83]. In this line, the three-step
homogenization procedure for elastic material behavior of concrete
given in Eqs. (3)–(6) is now adapted for the viscoelastic homogeniza-
tion in the Laplace–Carson domain. Accordingly, the relaxation tensor
of the creeping hydrates (57) enters the Laplace–Carson transformed
relaxation tensor of the hydrate foam, such that the latter reads as

R∗
ℎ𝑓 (𝜉 , 𝑝, 𝜑, 𝑇 ) =

(

𝑓ℎ𝑓
𝑝𝑜𝑟 (𝜉)C𝑝𝑜𝑟 ∶

{

I + P∗
𝑠𝑝ℎ(𝑝) ∶

[

C𝑝𝑜𝑟 − R∗
ℎ𝑓 (𝜉 , 𝑝, 𝜑, 𝑇 )

]}−1

+ 𝑓ℎ𝑓
ℎ𝑦𝑑 (𝜉)

2𝜋

∫
0

𝜋

∫
0

R∗,𝐼𝐼
ℎ𝑦𝑑 (𝑝, 𝜑, 𝑇 ) ∶

{

I + P∗
𝑐 𝑦𝑙(𝑝, 𝜙, 𝜗)

∶
[

R∗,𝐼𝐼
ℎ𝑦𝑑 (𝑝, 𝜑, 𝑇 ) − R∗

ℎ𝑓 (𝜉 , 𝑝, 𝜑, 𝑇 )
]

} −1 sin 𝜗
4𝜋

d𝜗d𝜙
)

∶
(

𝑓ℎ𝑓
𝑝𝑜𝑟 (𝜉)

{

I + P∗ (𝑝) ∶
[

C𝑝𝑜𝑟 − R∗ (𝜉 , 𝑝, 𝜑, 𝑇 )
]}−1
𝑠𝑝ℎ ℎ𝑓
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+ 𝑓ℎ𝑓
ℎ𝑦𝑑 (𝜉)

2𝜋

∫
0

𝜋

∫
0

{

I + P∗
𝑐 𝑦𝑙(𝑝, 𝜙, 𝜗) ∶

[

R∗,𝐼𝐼
ℎ𝑦𝑑 (𝑝, 𝜑, 𝑇 )

− R∗
ℎ𝑓 (𝜉 , 𝑝, 𝜑, 𝑇 )

]

}−1 sin 𝜗
4𝜋

d𝜗d𝜙
) −1

, (58)

and subsequently, the Laplace–Carson transformed relaxation tensors
f cement paste and concrete follow as

R∗
𝑐 𝑝(𝜉 , 𝑝, 𝜑, 𝑇 ) =

(

𝑓 𝑐 𝑝
ℎ𝑓 (𝜉)R

∗
ℎ𝑓 (𝜉 , 𝑝, 𝜑, 𝑇 )

+ 𝑓 𝑐 𝑝
𝑐 𝑙 𝑖(𝜉)C𝑐 𝑙 𝑖 ∶

{

I + P∗
𝑠𝑝ℎ(𝑝)

[

C𝑐 𝑙 𝑖 − R∗
ℎ𝑓 (𝜉 , 𝑝, 𝜑, 𝑇 )

]

}−1

+ 𝑓 𝑐 𝑝
𝑠𝑙 𝑔(𝜉)C𝑠𝑙 𝑔 ∶

{

I + P∗
𝑠𝑝ℎ(𝑝)

[

C𝑠𝑙 𝑔 − R∗
ℎ𝑓 (𝜉 , 𝑝, 𝜑, 𝑇 )

]

}−1

+ 𝑓 𝑐 𝑝
𝑙 𝑖𝑚 C𝑙 𝑖𝑚 ∶

{

I + P∗
𝑠𝑝ℎ(𝑝)

[

C𝑙 𝑖𝑚 − R∗
ℎ𝑓 (𝜉 , 𝑝, 𝜑, 𝑇 )

]}−1
)

∶
(

𝑓 𝑐 𝑝
ℎ𝑓 (𝜉) I + 𝑓 𝑐 𝑝

𝑐 𝑙 𝑖
{

I + P∗
𝑠𝑝ℎ(𝑝)

[

C𝑐 𝑙 𝑖 − R∗
ℎ𝑓 (𝜉 , 𝑝, 𝜑, 𝑇 )

]}−1

+ 𝑓 𝑐 𝑝
𝑠𝑙 𝑔(𝜉)

{

I + P∗
𝑠𝑝ℎ(𝑝)

[

C𝑠𝑙 𝑔 − R∗
ℎ𝑓 (𝜉 , 𝑝, 𝜑, 𝑇 )

]}−1

+ 𝑓 𝑐 𝑝
𝑙 𝑖𝑚

{

I + P∗
𝑠𝑝ℎ(𝑝)

[

C𝑙 𝑖𝑚 − R∗
ℎ𝑓 (𝜉 , 𝑝, 𝜑, 𝑇 )

]}−1
) −1

, (59)

and

R∗
𝑐 𝑜𝑛(𝜉 , 𝑝, 𝜑, 𝑇 ) =

(

𝑓 𝑐 𝑜𝑛
𝑐 𝑝 (𝜉)R∗

𝑐 𝑝(𝜉 , 𝑝, 𝜑, 𝑇 ) +
∑

𝑗
𝑓 𝑐 𝑜𝑛
𝑗 C𝑎𝑔 𝑔 ,𝑗

∶
{

I + P∗
𝑠𝑝ℎ(𝑝) ∶

[

C𝑗 − R∗
𝑐 𝑝(𝜉 , 𝑝, 𝜑, 𝑇 )

]

}−1 )

∶
(

𝑓 𝑐 𝑜𝑛
𝑐 𝑝 (𝜉) I

+
∑

𝑗
𝑓 𝑐 𝑜𝑛
𝑗

{

I + P∗
𝑠𝑝ℎ(𝑝) ∶

[

C𝑗 − R∗
𝑐 𝑝(𝜉 , 𝑝, 𝜑, 𝑇 )

]}−1
) −1

,

(60)

with P∗
𝑐 𝑦𝑙(𝑝) and P∗

𝑠𝑝ℎ(𝑝) standing for the Laplace–Carson transformed
Hill tensor of cylindrical and spherical inclusions, respectively [9],
and where the volume fractions of the individual constituents inside
their corresponding RVEs can be obtained by inserting Eq. (40) into
Eqs. (16), (31), (32), (37), and (38) see also Figs. 7 and 8.

Eventually, the Laplace–Carson-transformed creep tensor function
of concrete is determined from the inversion relation between the
elaxation tensor and the creep tensor, given in Eq. (55). The cor-

responding tensor component 𝐽1111(𝜉 , 𝑝) represents hydration degree-
specific Laplace–Carson transformed uniaxial creep functions of the
isotropic material. When keeping the values for 𝜉, 𝜑, and 𝑇 fixed, the
creep functions associated with Eq. (60) can be approximated in a very
atisfactory fashion by functions with the creep modulus 𝐸𝑐 ,𝑐 𝑜𝑛(𝜉 , 𝜑, 𝑇 )

as fitting parameter, reading as

𝐽 ∗
𝑐 𝑜𝑛(𝜉 , 𝑝, 𝜑, 𝑇 ) =

1
𝐸𝑐 𝑜𝑛(𝜉 , 𝑇 )

+ 1
𝐸𝑐 ,𝑐 𝑜𝑛(𝜉 , 𝜑, 𝑇 )

[

𝛤 (1 + 𝛽)
(𝑝 𝑡𝑟𝑒𝑓 )𝛽

−
𝛤 (1 + 𝛽 , 𝑝 𝑡𝑡𝑠𝑡)

(𝑝 𝑡𝑟𝑒𝑓 )𝛽

+ 𝐶 exp(−𝑝 𝑡𝑡𝑠𝑡) ln(1 + 𝐵) + 𝐶 exp
( 𝑝 𝑡𝑡𝑠𝑡

𝐵

)

𝐺 2,0
1,2

(

1
0,0

|

|

|

|

(1 + 𝐵) 𝑝 𝑡𝑡𝑠𝑡
𝐵

) ]
,

(61)

with the power-law exponent 𝛽 = 0.25 and the transition time 𝑡𝑡𝑠𝑡 = 32 d.
q. (61) can be back-transformed to the time domain analytically, as

𝐽𝑐 𝑜𝑛(𝜉 , 𝑡 − 𝜏 , 𝜑, 𝑇 )

= 1
𝐸𝑐 𝑜𝑛(𝜉 , 𝑇 )

+

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1
𝐸𝑐 ,𝑐 𝑜𝑛(𝜉 , 𝜑, 𝑇 )

(

𝑡 − 𝜏
𝑡𝑟𝑒𝑓

)𝛽
…

{

𝑡 ≥ 𝜏 ,
𝑡 ≤ 𝜏 + 𝑡𝑡𝑠𝑡 ,

𝐶
𝐸𝑐 ,𝑐 𝑜𝑛(𝜉 , 𝜑, 𝑇 )

ln
(

1 + 𝐵 𝑡 − 𝜏
𝑡𝑡𝑠𝑡

)

… 𝑡 ≥ 𝜏 + 𝑡𝑡𝑠𝑡 ,

(62)

see the Appendix for corresponding details.
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Fig. 7. Evolution of RVE-specific volume fractions of the individual constituents inside
the concrete tested at KAT3 construction lot [29]: (a) hydrates and (b) pores in the
RVE of hydrate foam; (c) hydrate foam, (d) clinker, and (e) slag in the RVE of cement
paste.

4.3. Consideration of aging effects on concrete creep

The hydration degree of the concrete specimens increased contin-
uously during the creep tests, see Fig. 6. This hydration-dependent
aging motivates the use of a model for aging viscoelasticity [21], in
which the classical convolution integral of Boltzmann shown e.g. in
Eq. (51) is substituted by a hydration-degree-dependent convolution
integral relating the strain rate (rather than the total strain) to the stress
rate 𝝈̇, in the following form:

𝒅(𝑡) = ∫

𝑡

−∞
J𝑑

(

𝜉(𝑡), 𝑡 − 𝜏
)

∶ 𝝈̇(𝜏) d𝜏 , (63)

where 𝒅(𝑡) stands for the Eulerian strain rate tensor, 𝒅 ≈ 𝜺̇ in the case
f linearized strains, and where J𝑑 refers to the creep rate function
ensor [25], which depends on the current hydration degree. J𝑑 can be

approximated by the partial time derivative of a classical creep tensor
function J describing a non-aging material associated with a particular
hydration degree 𝜉 [21], according to
J𝑑

(

𝜉(𝑡), 𝑡 − 𝜏
)

≈ 𝜕
𝜕 𝑡J

(

𝜉(𝑡), 𝑡 − 𝜏
)

. (64)
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Fig. 8. Evolution of RVE-specific volume fractions of the individual constituents inside
the concrete tested by Dummer et al. [30]: (a) hydrates and (b) pores in the RVE of
ydrate foam; (c) hydrate foam, (d) clinker, and (e) slag in the RVE of cement paste.

As regards the macroscopic creep function (62), hydration-
dependent aging refers to the evolution of the elastic Young’s modulus
and the creep modulus, 𝐸(𝜉(𝑡), 𝑇 ) and 𝐸𝑐 (𝜉(𝑡), 𝜑, 𝑇 ), respectively, where
𝑡 refers to the material age. The uniaxial creep rate function 𝐽𝑑 is then
approximated as the partial time derivative of Eq. (62), as

𝐽𝑑
(

𝜉(𝑡), 𝑡 − 𝜏 , 𝜑, 𝑇 ) = 𝜕
𝜕 𝑡 𝐽𝑐 𝑜𝑛

(

𝜉(𝑡), 𝑡 − 𝜏 , 𝜑, 𝑇 ) = (65)

=
𝛿(𝑡 − 𝜏)

𝐸𝑐 𝑜𝑛
(

𝜉(𝑡), 𝑇 ) +

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐻(𝑡 − 𝜏)
𝐸𝑐 ,𝑐 𝑜𝑛

(

𝜉(𝑡), 𝜑, 𝑇 )
𝛽
𝑡𝑟𝑒𝑓

(

𝑡 − 𝜏
𝑡𝑟𝑒𝑓

)𝛽−1
…

{

𝑡 ≥ 𝜏 ,
𝑡 ≤ 𝜏 + 𝑡𝑡𝑠𝑡 ,

𝐻(𝑡 − 𝜏)𝐶 𝐵
𝐸𝑐 ,𝑐 𝑜𝑛

(

𝜉(𝑡), 𝜑, 𝑇 )
1

[

𝑡𝑡𝑠𝑡 + 𝐵 (𝑡 − 𝜏)
] … 𝑡 ≥ 𝜏 + 𝑡𝑡𝑠𝑡 ,

where 𝛿(𝑡 − 𝜏) refers to the Dirac delta function, and 𝐻(𝑡 − 𝜏) denotes
the Heaviside function.

The viscoelastic strains occurring during the creep tests are finally
obtained by inserting Eqs. (64) and (65) into the uniaxial form of
q. (63), and integrating the result over time, as [21,25]

𝜀(𝑡) =
𝜁=𝑡

∫

𝜏=𝜁

∫ 𝐽𝑑
(

𝜉(𝜁 ), 𝜁 − 𝜏 , 𝜑, 𝑇 ) ∶ 𝜕 𝜎(𝜏) d𝜏 d𝜁 , (66)

𝜁=−∞ 𝜏=−∞

𝜕 𝜏 u

11 
Fig. 9. Creep of concrete under uniaxial compression: experimentally determined creep
compliance from [29], see the blue data points and Fig. 1, and micromechanics-
predicted compliance according to Eq. (67), based on 𝜇̃𝐼𝐼

𝑐 ,ℎ𝑦𝑑 = 10.46 GPa, see the red
solid lines. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

where 𝜁 is a time integration variable for the summation of strain rates.
Normalizing these aging-affected strains yields a compliance

𝑆
(

𝑡; 𝜇̃𝐼𝐼
𝑐 ,ℎ𝑦𝑑

)

=
𝜀
(

𝑡; 𝜇̃𝐼𝐼
𝑐 ,ℎ𝑦𝑑

)

𝜎
, (67)

where the dependence of the creep compliance, via 𝐸𝑐 ,𝑐 𝑜𝑛, on the shear
creep modulus 𝜇̃𝐼𝐼

𝑐 ,ℎ𝑦𝑑 is emphasized.

4.4. Identification of the shear creep modulus of hydrates made from
CEM II/A-S 52.5 N

The micromechanical analysis leading to Eq. (62) shows that the
hydrates are the only creeping constituent inside concrete, and that the
creep behavior of the investigated concretes can be determined from
the creep exponent 𝛽 = 0.25 and the shear creep modulus of hydrates
made from CEM II/A-S 52.5 N, 𝜇̃𝐼𝐼

𝑐 ,ℎ𝑦𝑑 , prevailing at a temperature of
20◦C and a relative humidity of 100%. The latter is herein identified
by minimizing the error between the model-predicted creep compli-
ance, 𝑆

(

𝜇̃𝐼𝐼
𝑐 ,ℎ𝑦𝑑

)

, calculated according to Eqs. (65)–(67), together with
Eqs. (57)–(60), the volume fractions (16), (31), (32), (37), (38), the
ydration degrees given in Fig. 6 and the stress levels, temperature and

relative humidity given in Table 3; and the creep compliance obtained
during the creep experiments performed at KAT3, 𝑆𝑒𝑥𝑝, see Fig. 1.
Mathematically, this minimization process reads as:

 =

√

√

√

√
1

𝑁𝐾

𝑁𝐾
∑

𝑛=1

[

𝑆
(

𝜇̃𝐼𝐼
𝑐 ,ℎ𝑦𝑑 ; 𝑡𝑛

)

− 𝑆exp(𝑡𝑛)
]2

→ min ⇒ 𝜇̃𝐼𝐼
𝑐 ,ℎ𝑦𝑑 , (68)

where 𝑁𝐾 = 2471 is equal to the number of measurements taken during
the creep test, and where 𝑡𝑛 = 𝑛× 1 h for the initial 64 day s, followed by
an extension of the time span between two successive readings to six
hours [29]. The elastic response of the specimen at every time instant
is determined from Eq. (39), and ranges from 𝐸𝑐 𝑜𝑛 = 37.8 GPa at the
beginning of the test to 𝐸𝑐 𝑜𝑛 = 38.6 GPa at its end. The optimal value
for the shear creep modulus of hydrates made from CEM II/A-S 53.5 N
s thus obtained as

𝜇̃𝐼𝐼
𝑐 ,ℎ𝑦𝑑 = 10.46 GPa . (69)

This value allowed for a satisfactory reproduction of the experimental
data from creep testing at KAT3, see Fig. 9.

4.5. Model validation: Predicting creep of concrete made from CEM II/AM
(S-L) 42.5 N [30]

The micromechanical model of Eqs. (56)–(60) and (65)–(67) is now
sed to predict experimental data from creep tests on concrete made
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Fig. 10. Prediction of creep test data from Dummer et al. [30]. The red solid line
efers to the predictions based on Eq. (67), while the blue solid line and the light blue

shaded area refer to the mean value and standard deviation of the experimental data.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

from CEM II/AM (S-L) 42.5 N and limestone aggregates [30]. The
shear creep modulus of hydrates at the tested conditions, 𝜇𝐼𝐼

𝑐 ,ℎ𝑦𝑑 (𝜑 =
97%, 𝑇 = 20◦C), is obtained from (50) evaluated for 𝜑 = 97% and

= 20◦C, together with (69). This temperature-activated and relative
humidity-informed shear creep modulus is then used as an input for
the micro-viscoelastic model according to Eqs. (65)–(67), together with
qs. (57)–(60), the volume fractions (16), (31), (32), (37), (38), the

hydration degrees given in Fig. 6 and the stress levels, temperature
nd relative humidity given in Table 3. This model predicts, with
emarkable accuracy, both the short-term and the long-term creep
ehavior observed in the tests performed by Dummer et al. [30], as
uantified by the weighted mean of absolute values of relative errors
etween predicted and measured compliance values, according to

𝑊 =
𝑁𝐷
∑

𝑛=1

|

|

|

𝑆(𝑡𝑛) − 𝑆𝑒𝑥𝑝(𝑡𝑛)
|

|

|

𝑆𝑒𝑥𝑝(𝑡𝑛)
𝑡𝑛 − 𝑡𝑛−1
𝑡𝑁𝐷

− 𝑡0
= 0.3% , (70)

where 𝑁𝐷 = 59 refers to the total amount of time instants where
easurements are available, (𝑡𝑛 − 𝑡𝑛−1) refers to the weight of the error

btained at the time instant 𝑡𝑛, while 𝑆(𝑡𝑛) and 𝑆𝑒𝑥𝑝(𝑡𝑛) refer to the
model-predicted and the experimentally obtained compliance at the
ime instant 𝑡𝑛, respectively, see Fig. 10. The corresponding coefficient

of determination is also very high, namely 𝑅2 = 0.9965. Notably, both
tests were performed at different temperatures, relative humidities, and
maturities, while also lasting for a different amount of time. This shows
the robustness of the proposed creep model, which is able to account
for the effects of thermal activation, relative humidity, and aging.
Furthermore, both experiments were performed on different types of
slag-based CEM II cement pastes. This indicates that the shear creep

odulus from Eq. (69) is valid for both cement pastes, and may hence
e applicable for a wide variety of mature slag-based CEM II cement

pastes.

5. Discussion

The concretes used for the two investigated tests present very dif-
ferent microstructural properties at different scales of observation. As
regards the concrete of the KAT3 test [29], the cement type CEM II/A-
S 52.5 N was used, where ‘‘A-S’’ stands for a cement including slag with
a mass fraction ranging from 6% to 20%. Furthermore, the test was
started at an age of 144 days and lasted for over 356 days, referring
to a relatively mature cement with hydration degrees ranging from
85% to 90%. The aggregates interacting with the cement paste were
composed of a mixture of dolomite, limestone, granite, quarzite, basalt,
and diabase. The creep tests were further performed at a temperature
of 21◦C, and a relative humidity of 72%. As regards the concrete of the
12 
test by Dummer et al. [30], the cement type CEM II/AM (S-L) 42.5 N
as used, where ‘‘AM (S-L)’’ stands for a cement including a mixture
f slag and limestone with a mass fraction ranging from 12% to 20%.
urthermore, the test was started at an age of 28 days and lasted for

56 days, referring to a less mature cement with a hydration degree
ranging from 68% to 75%. The aggregates interacting with the cement
paste were composed of limestone only. The creep tests were further
performed at a temperature of 20◦C, and a relative humidity of 97%.

Despite the evident differences in the compositions of the two con-
cretes and the conditions under which they were tested, it is remarkable
that the same shear creep modulus of CEM II hydrates explained both
ests very accurately. This supports the interpretation that the found

shear creep modulus (69) is mixture- and maturity-independent.
The CEM II hydrates exhibit a much more pronounced creep activity

han those made from CEM I, as quantified by a shear creep modulus
that is, by a factor of two, smaller. This enhanced creep activity can
be explained by pozzolanic hydration reactions of slag in CEM II,
where non-creeping portlandite is consumed, leading to the production
of additional, creep-active, calcium-silicate-hydrates [84]. It is this
ncreased amount of C-S-H in the hydration products of the mixtures
hich leads to an increased creep response.

This increased creep response is quantified in terms of a largely
nvariant shear creep modulus of CEM II hydrates, holding for two
ifferent concretes and for a range of hydration degrees; and this
ppears as very remarkable, given the pronouncedly complex nature
f hydration products. Strictly speaking, hydrates do not dispose over
nvariant physical properties, but undergo significant densification dur-
ng hydration, as evidenced by proton nuclear magnetic resonance
1H NMR) tests on both white cement pastes [85–87] and on slag-
lended cement pastes [39,88], and the underlying chemical processes

can be suitably described by mathematical models resting on precipita-
tion, rather than overall hydration, quantities, such as the precipitation
space or the precipitation degree [40,89,90]. In addition, the water
ound in these hydration products is surprisingly mobile, migrating be-
ween interlayer, gel, and capillary spaces, not only upon temperature
hanges [91,92], but also due to external mechanical loading [93]. All
his seems at odds with the herein identified fairly invariant hydrate
hear creep modulus. Still, the latter can be explained by the quite high

maturity of the material systems investigated herein, with hydration
degrees ranging between 0.68 and 0.90: At this level of maturity,
densification and gel pore water migration effects are of only secondary
importance. More precisely, in this maturity interval, both white CEM I
hydrates and slag-based CEM II hydrates densify by only some 5% in ce-
ment paste with an initial water-to-cement mass ratio of 0.44 [40,89].
Still, for early age investigations, a dedicated poro-micromechanical
approach [54], which not only resolves the hydrate phases into finer
constituents such as gel pores and solid C-S-H, but also considers the
aforementioned mathematically modeled hydrate densification process,
may be adopted, in order to account for hydrate densification processes
governing mechanical properties and to get access to gel pore pressures
driving transport phenomena. However, this is beyond the scope of the
present paper.

The developed model was able to reproduce and predict experimen-
tal data of CEM II concrete creep with a very high level of accuracy,
ased on mixture and hydration degree-specific concrete creep moduli,
ppearing in Eqs. (61) and (62), depicted in Fig. 11. The explicit

consideration of microstructural properties of the investigated material
systems, as well as the environmental conditions of the tests, yields
a robust micromechanical model for temperature-activated, moisture-
ensitive, short-to-long term aging creep of concrete that can be used

for a variety of different conditions and concrete compositions. This
way, improved predictions of the creep behavior of cementitious ma-
terials can be achieved, leading to optimized mix designs that may be
adapted to fulfill specific performance requirements in the construction
sector.
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Fig. 11. Evolution of the concrete creep modulus, 𝐸𝑐 ,𝑐 𝑜𝑛, in CEM II concretes tested
a) in KAT3 construction lot [29] and (b) by Dummer et al. [30].

The developed powerful micromechanical model allows us to quan-
ify the impact of compositional and environmental quantities on the
reep behavior of CEM II material systems. We do this by means of a
arametric analysis where each of four key quantities plays the role of
n independent variable. These independent variables are, one by one,
apped onto the creep compliance (which is the dependent parameter),
hile keeping all other compositional and environmental quantities,
nd in particular so the initial water-to-cement mass ratio, constant.
s the four independent variables we choose: (i) the initial slag-to-
linker mass ratio, (ii) the volume fraction of aggregates in a volume
f concrete, (iii) the temperature, and (iv) the relative humidity.

In more detail, for investigation of the impact of slag content in
CEM II/A-S 52.5 N as used at the KAT3 construction lot, we resort
o the European regulation for slag-based CEM II binders [3], so that
e vary the initial slag-to-clinker mass ratio between 5% and 25%,
hile keeping the initial water-to-cement mass ratio constant at 0.44.

Accordingly, any variation of the initial slag-to-clinker mass ratio is
accompanied by a variation of the initial water-to-clinker mass ratio
according to
𝑚H2O

𝑚𝑐 𝑙 𝑖
= 0.44 ×

(

1 + 𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

. (71)

On the other hand, for investigation of the impact of slag content in
EM II/AM (S-L) 42.5 N as used by Dummer et al. [30], the European
egulation [3] allows the initial ratio between the sum of the slag and
imestone masses and the clinker mass to range from 14% to 25%,
hile the initial slag-to-limestone mass ratio remains unspecified. This
otivates us to keep the initial slag-to-limestone mass ratio constant at

he actual value, namely at 𝑚𝑠𝑙 𝑔∕𝑚𝑙 𝑖𝑚 = 1, while investigating the effect
f initial slag-to-clinker mass ratios ranging from 6% to 14%, with a
tep size of 4%. In order to keep the initial water-to-cement mass ratio
onstant at 0.44, the initial water-to-clinker mass ratio is updated as
ollows:
𝑚H2O

𝑚𝑐 𝑙 𝑖
= 0.44 ×

(

1 + 2 𝑚𝑠𝑙 𝑔
𝑚𝑐 𝑙 𝑖

)

. (72)

All other micromechanical properties of the investigated concretes
remain the same. This includes the creep properties of the hydrates,
the concrete-specific evolution of the hydration degree throughout the
simulated creep tests, the volume fractions of the aggregates in a
volume of concrete, the temperatures, and the relative humidities, see
also the first data line in the upper and lower portions of Table 8,
respectively. Under these conditions, the effect of the slag content on
the creep properties is more pronounced for the concrete tested by
13 
Table 8
Input values for the four parametric analyses concerning the concretes used at the
KAT3 construction lot [29] and by Dummer et al. [30].

KAT3 construction lot

𝑚𝑠𝑙 𝑔∕𝑚𝑐 𝑙 𝑖 [%] 𝑓 𝑐 𝑜𝑛
𝑎𝑔 𝑔 [%] 𝜑 [%] 𝑇 [◦C]

5−25 71.6 72 21
15 65.0−75.0 72 21
15 71.6 40−100 21
15 71.6 72 5−35

Concrete investigated by Dummer et al.

𝑚𝑠𝑙 𝑔∕𝑚𝑐 𝑙 𝑖 [%] 𝑓 𝑐 𝑜𝑛
𝑎𝑔 𝑔 [%] 𝜑 [%] 𝑇 [◦C]

6−14 71.3 97 20
10 65.0−75.0 97 20
10 71.3 40−100 20
10 71.3 97 5−35

Dummer et al. [30], as it was tested at a lower hydration degree where
the volume fraction of slag is correspondingly larger. Yet, also for this
oncrete the investigated slag content variations do not alter the creep
ompliance by more than ±3%, with increasing slag content amplifying
reep, see Fig. 12(b). By comparison, at a higher hydration degree, as
xperienced in the concrete tested at the KAT3 construction lot [29],

the variations on slag content are small, and hence, also the effect on
creep is almost negligible, see Fig. 12(a).

In order to assess the impact of aggregate content on the creep of
concrete, the volume fraction of the aggregates in a volume of concrete
is varied from 65% to 75%, with a step size of 2.5%. This requires the
following update of the volume fraction of the cement paste in a volume
of concrete:

𝑓 𝑐 𝑜𝑛
𝑐 𝑝 = 1 − 𝑓 𝑐 𝑜𝑛

𝑎𝑔 𝑔 . (73)

All other micromechanical properties of the studied concretes re-
main the same. This includes the creep properties of the hydrates,
the concrete-specific evolution of the hydration degree throughout
the simulated creep tests, the initial slag-to-clinker mass ratios, the
temperatures, and the relative humidities, see also the second data
line of the upper and lower portions of Table 8, respectively. The
considered variation of the aggregate content implies a variation in
creep compliance of 26% and 27%, with increasing aggregate content
attenuating the concrete creep, see Figs. 13(a) and 13(b), respectively.

In order to assess the impact of temperature on the isothermal creep
f concrete, the temperature is varied from 5◦C to 35◦C, with a step size
f 5◦C. Temperature rise implies increase of creep compliance of the
ydrates according to Eq. (50). With all other micromechanical prop-

erties remaining the same, see the third data line in the upper and lower
portions of Table 8, respectively, the hydrate compliance variations
are upscaled to the concrete scale, leading there to creep compliance
variations of 37% and 39%, see Figs. 14(a) and 14(b), respectively.
Similarly, hydrate creep is governed by the relative humidity, see again
q. (50). This becomes evident when varying the relative humidity

from 40% to 100%, with a step size of 10%, while keeping all other
icromechanical properties constant, see the fourth data line of the

upper and lower portions of Table 8. Corresponding creep compliance
variations at the concrete level amount to 45% and 36%, respectively,
see Figs. 15(a) and 15(b), respectively.

All these model predictions rest on the evolution of the hydration
egree, as assessed through Eq. (39), i.e., on the fib Model Code [71].

Hence, the question arises whether the determination of the hydration
degree from the fib Model Code [71] and the micromechanical model
f Pichler and Hellmich [26] is precise enough, when compared to

hydration degree determination based on calorimetric tests [70,94–
96]. In this context, the following is noteworthy: Ausweger et al. [97]
showed that the fib Model Code [71] can satisfactorily predict the
evolution of the elastic Young’s modulus of CEM II concretes under
isothermal conditions for ages larger than 7 days. This qualifies the fib
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Fig. 12. Parametric analysis: influence of the slag content of cement on the creep of concrete: (a) CEM II/A-S 52.5 N-based concrete tested at KAT3 [29], and (b) CEM II/AM (S-
L) 42.5 N-based concrete of Dummer et al. [30].
Fig. 13. Parametric analysis: influence of the aggregate content on the creep of concrete: (a) CEM II/A-S 52.5 N-based concrete tested at KAT3 [29], and (b) CEM II/AM (S-
) 42.5 N-based concrete of Dummer et al. [30].
Fig. 14. Parametric analysis: influence of the temperature on the creep of concrete: (a) CEM II/A-S 52.5 N-based concrete tested at KAT3 [29], and (b) CEM II/AM (S-L) 42.5 N-based
concrete of Dummer et al. [30].
t

Model Code, in addition to calorimetric tests, as a means for accessing
hydration evolutions in CEM II concretes. Actually, the fib Model Code
gives access to evolutions at high and very high maturation states,
while calorimetric tests can hardly provide hydration evolutions for
ages larger than three weeks [94,95]. For the transition from elastic
Young’s modulus to hydration degree, an experimentally validated
14 
micromechanical model is required: for the present application, we use
he model of Pichler and Hellmich [26].

One may also ask whether the currently adopted modeling approach
is restricted to isothermal conditions at 20◦C. The corresponding an-
swer is ‘‘no’’: In case of isothermal conditions at temperatures different
from 20◦C, or of non-isothermal conditions expressed through different
temperature values associated with different time intervals 𝛥𝑡 , the fib
𝑖
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Fig. 15. Parametric analysis: influence of the relative humidity on the creep of concrete: (a) CEM II/A-S 52.5 N-based concrete tested at KAT3 [29], and (b) CEM II/AM (S-
L) 42.5 N-based concrete of Dummer et al. [30].
a

a
C

Fig. 16. Chemical affinity for the concrete used at the KAT3 construction lot [29], see
he red solid line, and for the concrete investigated by Dummer et al. [30], see the

black solid line. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Model Code [71] refers to the concept of an equivalent age 𝑡𝑒𝑞 : The
latter, rather than to the actual age, enters the elasticity evolution
approximation of Eq. (39). Thereby, the equivalent age is computed
from [71]

𝑡𝑒𝑞 =
𝑛
∑

𝑖=1
𝛥𝑡𝑖 exp

[

13.65 − 4000
273 + 𝑇 (𝛥𝑡𝑖)

]

, with 𝑇 given in ◦C. (74)

Eq. (74) gives access to the temperature-dependent ‘‘equivalent age
reached after 28 days’’. The elastic Young’s modulus measured at
28 days would then be associated to the aforementioned equivalent age,
which, rather the real age, enters Eq. (39). This allows for determi-
nation of 𝐸𝑐 𝑜𝑛,28𝑑 . By example, considering that the KAT3-experiment
was realized isothermally at 21◦C rather than 20◦C, the equivalent age
reached at 144 days amounts to 151 days. Inserting this equivalent age,
together with the 144-day elastic Young’s modulus of 37.8 GPa, into
Eq. (39) allows one to compute 𝐸𝑐 𝑜𝑛,28𝑑 = 35.71 GPa. Once the value
for 𝐸𝑐 𝑜𝑛,28𝑑 is known, the hydration degree can be again determined
from Eq. (40). Such an access to the evolution of the hydration degree
ver time also allows for determination of the chemical affinity function

governing an Arrhenius-type description of the hydration process,
through [68]

𝐴̃(𝑡) = 𝜉̇(𝑡) exp
(

𝐸𝑎
𝑅 𝑇

)

, (75)

where 𝐸𝑎 = 33260 J∕mol is the activation energy [70,90,98], see Fig. 16
for the mixtures investigated in the present paper. The latter function
allows for thermochemomechanical anaylses of concrete structures [22,
 I

15 
99]. Further refinement of our approach towards concrete kinetics
pproximation may involve the determination of the chemical affinity

from calorimetric tests [68–70], or dedicated strength tests performed
t different ages [98]. Such tests are currently not available for the
EM II concretes reported here; and they go beyond the scope of the

present paper.
As a further limitation of the present approach, one may note

the experimental validation being restricted to uniaxial creep tests.
This limitation simply arises from the absence of biaxial and triaixal
creep tests for slag-based CEM II concretes; while such tests have
been reported for concretes based on ordinary Portland cement [100–
102]. Obviously, this motivates additional experimental activities to be
undertaken in the future.

6. Conclusion

The following conclusions are drawn:

• The identified shear creep modulus of hydrates made from CEM II
was shown to reproduce the behavior of two microstructurally
distinct concretes very accurately. This corroborates that the
identified modulus may be taken as a mixture- and maturity-
independent property, which is representative of the short-to-long
term creep behavior of slag-based CEM II concretes.

• Hydrates made from slag-based CEM II cement paste exhibit much
more pronounced creep than those made from CEM I, as quan-
tified by a shear creep modulus of CEM II hydrates that is by a
factor of two smaller than those from CEM I. This increased creep
activity can be explained by the consumption of non-creeping
portlandite to produce additional creeping CSH as a result of the
pozzolanic hydration reaction of slag.

• Concrete made from slag-based CEM II is noted to be espe-
cially suitable for structures under displacement-controlled condi-
tions, e.g. for the production of tunnel linings, because the larger
creep-activation readily implies a faster relaxation of stresses.

• A robust and flexible micromechanical model for temperature-
activated, moisture-sensitive, short-to-long term aging creep of
concrete was developed, leading to very accurate predictions
of the creep behavior of different mature CEM II cementitious
materials.
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Appendix. Back-transformation of the point-wisely resolved
onaging uniaxial creep function of concrete from the laplace–

carson space into the time domain

Key to the relevance of Eq. (61) for the precise description of
concrete creep in the Laplace–Carson domain is the similarity of creep
unctions at the hydrate scale and the concrete scale, as stress redis-
ributions between the creeping hydrate phases and the purely elastic
ement particles and aggregates are virtually absent [55]. Since the

mathematical structure of Eq. (61) is essentially that of Eq. (56), the
back-transformation of Eq. (61) into the time domain is simply an
xpression mimicking the creep function which was originally adopted
or the creep of the hydrate phases, i.e., Eqs. (42) and (43). This
xpression is given as Eq. (62). The only unknown in Eq. (61) is the

creep modulus of concrete, 𝐸𝑐 ,𝑐 𝑜𝑛. It is identified such that Eq. (61)
est reproduces the point-wisely computed solution of 𝐽 ∗

𝑐 𝑜𝑛(𝜉 , 𝑝, 𝜑, 𝑇 ),
see Fig. 17 for the virtually perfect performance of Eq. (61). The
orresponding mean relative fitting error is as low as 0.0061 (absolute
rrors between individual creep function values and values of the fitting
unction divided by average of LC-creep values), with a coefficient of
etermination reaching impressive 99.99%.

Fig. 17. Point-wisely resolved Laplace–Carson transformed homogenized nonaging
uniaxial creep function of the KAT3-concrete with 𝜉 = 0.845, 𝜑 = 72%, and 𝑇 = 21◦C,
see the black symbols, and its approximation by means of Eq. (61) yielding 𝐸𝑐 ,𝑐 𝑜𝑛 =
85.2 GPa, see the red graph. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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List of symbols

𝐴̃ Chemical affinity
𝐵 Dimensionless constant
𝐶 Dimensionless constant
C𝑏𝑙 𝑡 Elastic stiffness tensor of basalt
C𝑑 𝑏𝑠 Elastic stiffness tensor of diabase
C𝑑 𝑜𝑙 Elastic stiffness tensor of dolomite
C𝑔 𝑟𝑡 Elastic stiffness tensor of granite
C𝑙 𝑖𝑚 Elastic stiffness tensor of limestone
C𝑞 𝑧𝑡 Elastic stiffness tensor of quarzite
C𝑐 𝑙 𝑖 Elastic stiffness tensor of clinker
C𝑐 𝑜𝑛 Elastic stiffness tensor of concrete
C𝑐 𝑝 Elastic stiffness tensor of cement paste
Cℎ𝑦𝑑 Elastic stiffness tensor of hydrates
Cℎ𝑓 Elastic stiffness tensor of hydrate foam
C𝑙 𝑖𝑚 Elastic stiffness tensor of limestone
C𝑝𝑜𝑟 Elastic stiffness tensor of pores
C𝑠𝑙 𝑔 Elastic stiffness tensor of slag
𝐶𝑖𝑗 𝑘𝑙 Component of the elastic stiffness tensor C
𝐷 Characteristic length of the dimension or loading

of a structure built from the material defined on a
RVE

D𝑐 𝑜𝑛 Elastic compliance tensor of concrete
𝐷𝑖𝑗 𝑘𝑙 Component of the elastic compliance tensor D
𝒅 Eulerian strain rate tensor
𝑑 Characteristic length of inhomogeneities within a

RVE
𝐸𝑎 Activation energy of hydration
𝐸ℎ𝑦𝑑 Elastic Young’s modulus of hydrates
𝐸𝑐 𝑜𝑛 Elastic Young’s modulus of concrete
𝐸𝑐 𝑜𝑛,28d 28-day elastic Young’s modulus of concrete
𝐸𝑐 𝑜𝑛,144d 144-day elastic Young’s modulus of concrete
𝐸𝑐 ,𝑐 𝑜𝑛 Creep modulus of concrete
𝐸ℎ𝑦𝑑 Elastic Young’s modulus of CEM I hydrates
𝐹 Piecewisely defined function
𝑓ℎ𝑓
ℎ𝑦𝑑 Volume fraction of hydrates in the RVE of hydrate

foam
𝑓ℎ𝑓
𝑝𝑜𝑟 Volume fraction of pores in the RVE of hydrate

foam
𝑓 𝑐 𝑝
𝑐 𝑙 𝑖 Volume fraction of clinker in the RVE of cement

paste
𝑓 𝑐 𝑝
𝑠𝑙 𝑔 Volume fraction of slag in the RVE of cement

paste
𝑓 𝑐 𝑝
𝑙 𝑖𝑚 Volume fraction of limestone in the RVE of

cement paste
𝑓 𝑐 𝑝
H2O

Volume fraction of water in the RVE of cement
paste

𝑓 𝑐 𝑝
𝑎𝑖𝑟 Volume fraction of air in the RVE of cement paste

𝑓 𝑐 𝑝
𝑝𝑜𝑟 Volume fraction of pores in the RVE of cement

paste
𝑓 𝑐 𝑝
ℎ𝑦𝑑 Volume fraction of hydrates in the RVE of cement

paste
𝑓 𝑐 𝑝
ℎ𝑓 Volume fraction of hydrate foam in the RVE of

cement paste
𝑓 𝑐 𝑝
𝑟𝑒𝑎𝑐 Volume fraction of reactants in the RVE of

cement paste
𝑓 𝑟𝑒𝑎𝑐
𝑐 𝑙 𝑖 Volume fraction of clinker in the RVE of reactants

𝑓 𝑟𝑒𝑎𝑐
𝑠𝑙 𝑔 Volume fraction of slag in the RVE of reactants

𝑓 𝑐 𝑜𝑛
𝑐 𝑝 Volume fraction of cement paste in the RVE of

concrete
𝑓 𝑐 𝑜𝑛
𝑎𝑔 𝑔 Volume fraction of aggregates in the RVE of

concrete
𝑓 𝑐 𝑜𝑛
𝑏𝑙 𝑡 Volume fraction of basalt in the RVE of concrete
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𝑓 𝑐 𝑜𝑛
𝑑 𝑏𝑠 Volume fraction of diabase in the RVE of concrete

𝑓 𝑐 𝑜𝑛
𝑑 𝑜𝑙 Volume fraction of dolomite in the RVE of

concrete
𝑓 𝑐 𝑜𝑛
𝑔 𝑟𝑡 Volume fraction of granite in the RVE of concrete

𝑓 𝑐 𝑜𝑛
𝑙 𝑖𝑚 Volume fraction of limestone in the RVE of

concrete
𝑓 𝑐 𝑜𝑛
𝑞 𝑧𝑡 Volume fraction of quarzite in the RVE of

concrete
𝑓𝑐 ,28 28-day uniaxial compressive strength of concrete
𝑓 ∗(𝑝) Laplace–Carson transform of any time dependent

function 𝑓 (𝑡)
𝐺 Meijer G-function
I Fourth-order identity tensor
I𝑣𝑜𝑙 Volumetric part of the fourth-order identity tensor
I𝑑 𝑒𝑣 Deviatoric part of the fourth-order identity tensor
J Non-aging creep tensor function
J∗ Laplace–Carson-transformed creep tensor function
Jℎ𝑦𝑑 Universal isochoric non-aging creep tensor

function of CEM I hydrates
J𝐼𝐼ℎ𝑦𝑑 Universal isochoric non-aging creep tensor

function of CEM II hydrates
J∗,𝐼𝐼ℎ𝑦𝑑 Laplace–Carson-transformed universal isochoric

creep tensor function of CEM II hydrates
𝐽𝑐 𝑜𝑛 Uniaxial non-aging creep function of concrete
𝐽 ∗
𝑐 𝑜𝑛 = 𝐽1111 Laplace–Carson-transformed uniaxial creep

function of concrete
J𝑑 Creep rate tensor function
𝐽𝑑 Uniaxial creep rate function
𝑘𝑏𝑙 𝑡 Bulk modulus of basalt
𝑘𝑐 𝑙 𝑖 Bulk modulus of clinker
𝑘𝑐 𝑜𝑛 Bulk modulus of concrete
𝑘𝑑 𝑏𝑠 Bulk modulus of diabase
𝑘𝑑 𝑜𝑙 Bulk modulus of dolomite
𝑘𝑔 𝑟𝑡 Bulk modulus of granite
𝑘ℎ𝑦𝑑 Bulk modulus of hydrates
𝑘𝑙 𝑖𝑚 Bulk modulus of limestone
𝑘𝑝𝑜𝑟 Bulk modulus of pores
𝑘𝑞 𝑧𝑡 Bulk modulus of quarzite
𝑘𝑠𝑙 𝑔 Bulk modulus of slag
𝓁 Characteristic length of a RVE
𝑚𝑐 𝑙 𝑖 Mass of clinker
𝑚𝑟𝑒𝑎𝑐 Mass of reactants
𝑚H2O Mass of water
𝑚𝑙 𝑖𝑚 Mass of limestone
𝑚ℎ𝑦𝑑 Mass of hydrates
𝑚H2O∕𝑚𝑐 𝑙 𝑖 Initial water-to-clinker mass ratio
𝑚𝑙 𝑖𝑚∕𝑚𝑐 𝑙 𝑖 Initial limestone-to-clinker mass ratio
𝑚𝑠𝑙 𝑔∕𝑚𝑐 𝑙 𝑖 Initial slag-to-clinker mass ratio
𝑚𝑠𝑙 𝑔∕𝑚𝑙 𝑖𝑚 Initial slag-to-limestone mass ratio
𝑁𝐷 Number of readings from the creep test of

Dummer et al. [30]
𝑁𝐾 Number of readings from the creep test at KAT3
P𝑠𝑝ℎ, P𝑐 𝑦𝑙 Fourth-order Hill tensor for spherical and

cylindrical inclusions
P∗
𝑠𝑝ℎ, P∗

𝑐 𝑦𝑙 Laplace–Carson-transformed fourth-order
Hill tensor for spherical and cylindrical
inclusions

𝑝 Variable in the LC space
𝑄 Activation energy of bulk water
𝑅 Universal gas constant
R Relaxation tensor function
R∗ Laplace–Carson-transformed relaxation

tensor function
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R∗
𝑐 𝑜𝑛 Laplace–Carson-transformed relaxation

tensor function of concrete
R∗
𝑐 𝑝 Laplace–Carson-transformed relaxation

tensor function of cement paste
R∗,𝐼𝐼
ℎ𝑦𝑑 Laplace–Carson-transformed relaxation

tensor function of CEM II hydrates
R∗
ℎ𝑓 Laplace–Carson-transformed relaxation

tensor function of hydrate foam
 Minimum root-mean-squared error
𝑊 Weighted mean of absolute values of relative

errors
𝑆 Uniaxial creep compliance
𝑆𝑒𝑥𝑝 Uniaxial creep compliance from

experiments
𝑠 Dimensionless parameter
𝑇 Temperature
𝑡 Recording time
𝑡𝑒𝑞 Temperature-dependent equivalent concrete age
𝑡𝑛 Time of readings during the creep test
𝑡0 Start of the creep test
𝑡𝑟𝑒𝑓 Reference time
𝑡𝑡𝑠𝑡 Transition time instant
𝛥𝑡𝑖 Number of days where the temperature 𝑇 prevails
𝑉𝑐 𝑝 Volume of cement paste
𝑉𝑐 𝑙 𝑖 Volume of clinker
𝑉𝑠𝑙 𝑔 Volume of slag
𝑉𝑙 𝑖𝑚 Volume of limestone
𝑉H2O Volume of water
𝛽 Power-law creep exponent
𝜀𝑒𝑥𝑝 Basic creep strains from experiments
𝜺 Strain tensor
𝜺∗ Laplace–Carson-transformed strain tensor
𝜺̇ Strain rate tensor
𝛤 Gamma function
𝜇𝑏𝑙 𝑡 Shear modulus of basalt
𝜇𝑐 𝑙 𝑖 Shear modulus of clinker
𝜇𝑐 𝑜𝑛 Shear modulus of concrete
𝜇𝑑 𝑏𝑠 Shear modulus of diabase
𝜇𝑑 𝑜𝑙 Shear modulus of dolomite
𝜇𝑔 𝑟𝑡 Shear modulus of granite
𝜇ℎ𝑦𝑑 Shear modulus of hydrates
𝜇𝑙 𝑖𝑚 Shear modulus of limestone
𝜇𝑝𝑜𝑟 Shear modulus of pores
𝜇𝑞 𝑧𝑡 Shear modulus of quarzite
𝜇𝑠𝑙 𝑔 Shear modulus of slag
𝜇𝑐 ,ℎ𝑦𝑑 Shear creep modulus of CEM I hydrates at

𝜑 = 100% and 𝑇 = 20◦C
𝜇̃𝐼𝐼
𝑐 ,ℎ𝑦𝑑 Shear creep modulus of CEM II hydrates at

𝜑 = 100% and 𝑇 = 20◦C
𝜇𝐼𝐼
𝑐 ,ℎ𝑦𝑑 Shear creep modulus of CEM II hydrates

𝜈𝑐 𝑜𝑛 Poisson’s ratio of concrete
𝜌𝑐 𝑜𝑛𝑐 𝑝 (𝜉 = 0) Initial apparent mass density of cement paste in

concrete
𝜌𝑐 𝑜𝑛𝑐 𝑒𝑚𝐼𝐼 (𝜉 = 0) Initial apparent mass density of CEM II in

concrete
𝜌𝑐 𝑜𝑛H2O

(𝜉 = 0) Initial apparent mass density of water in concrete
𝜌𝑐 𝑝 Mass density of cement paste
𝜌𝑐 𝑙 𝑖 Mass density of clinker
𝜌𝑙 𝑖𝑚 Mass density of limestone
𝜌𝑠𝑙 𝑔 Mass density of slag
𝜌H2O Mass density of water
𝜌𝑟𝑒𝑎𝑐 Mass density of reactants
𝝈 Stress tensor
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𝝈∗ Laplace–Carson-transformed stress tensor
𝝈̇ Stress rate tensor
𝜎𝑒𝑥𝑝 Compressive normal stress from experiments
𝜏 Time instant of loading
𝜙, 𝜃 Polar angles
𝜑 Relative humidity
𝜉 Hydration degree
𝜉̇ Rate of the hydration degree
𝟏 Second-order identity tensor

Data availability

Data will be made available on request.
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