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A B S T R A C T

The stiffness of cementitious materials decreases with increasing temperature. Herein, macroscopic samples of
mature cement pastes are subjected at 20, 30, and 45 ◦C, respectively, to three-minutes-long creep compression
experiments. The test evaluation is based on the linear theory of viscoelasticity and Boltzmann’s superposition
principle. This yields macroscopic elastic and creep moduli as a function of temperature. A state-of-the-art
multiscale model for creep homogenization of cement paste is extended to account for temperature-dependent
elastic and creep moduli of the hydrate gel. This extension is based on results from published molecular
simulations. Temperature-independent stiffness is assumed for cement clinker. Upscaling to the macroscale of
cement paste yields elastic and creep moduli which agree well with the aforementioned experimental results.
The Arrhenius-type activation energy of the creep modulus is found to be independent of scale, composition,
and maturity, because of ineffective stress redistributions from creeping to non-creeping constituents.
1. Introduction

Stiffness of concrete, i.e. the mechanical stresses needed per de-
formation unit of the loaded material, is known to decrease with
increasing temperature. This refers to both the instantaneous elastic
stiffness [1,2], associated with zero dissipation [3], and to the de-
layed diminishing stiffness, standardly referred to as relaxation (under
constant strain) or creep (under constant stress) [4–9]. Restricting the
discussion to representative service conditions in civil engineering, say
up to 50 centigrades, the former, instantaneously elastic effect does not
exceed a few percent [1,2], while the latter, i.e. the relaxation-related
effect may entail a stiffness reduction of virtually two [4–9]. The creep
stiffness reduction is typically captured by means of an Arrhenius-type
activation law, with the corresponding activation energies known to be
close to that of water [9,10]. This indicates that nanoscopic processes
involving confined water are essential for the macroscopic response of
the material [11–13].

The present study aims at providing a precise experimental and
theoretical link between the effect of temperature on the elastic and
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creep stiffness at the molecular scale, as recently deciphered by a series
of molecular dynamics studies [14–19], and the macroscopic scale of
cement paste samples. Therefore, disturbing effects resulting from on-
going hydration or cracking, as often encountered during characteristic
time and loading regimes of conventional creep tests, are minimized.
More precisely, an experimental setup is used, which is based on creep
tests under uniaxial compression, lasting for three minutes [20–23]:
This setup gives direct access to the elastic and the creep response of
samples at a constant degree of hydration. They are only subjected to
mild loading, exceeding not more than 20% of the material strength.
As regards theory and material modeling, a state-of-the-art continuum
micromechanics model [24,25] is employed in order to provide a
scale bridge between latter macroscopic tests and former molecular
dynamics modeling results. It will allow for casting well-known trends
between stiffness and temperature into quantitative relations with a
clear chemo-physical meaning.

Accordingly, the paper is organized as follows: Section 2 deals with
the isothermal short-term creep tests. Section 3 is devoted to micro-
to-macro upscaling of temperature-dependent viscoelastic properties
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Table 1
Mass, height, and diameter of five specimens made of cement paste with
𝑤∕𝑐 = 0.42, three months after production.

specimen ID mass [g] height [mm] diameter [mm]

1 2450 309.3 70.93
2 2372 300.1 70.70
3 2358 298.4 70.38
4 2324 283.4 70.96
5 2340 295.2 70.81

and to a comparison of model predictions with experimental results.
Section 4 contains a discussion regarding the origin of the macroscopic
activation energy associated with the temperature-dependence of the
creep modulus. Section 5 contains the conclusions drawn from the
results of the present study.

2. Three-minutes creep tests under uniaxial compression

As for the present study, five cylinders of cement paste were pro-
duced (nominal height and diameter amounted to 300 mm and 70 mm,
respectively). Each one of them was tested at three different temper-
atures, resulting in a total of 15 individual tests. The specimens were
produced in three batches, using the same raw materials. A commercial
cement of type CEM I 42.5 N was mixed with distilled water. The
initial water-to-cement mass ratio, 𝑤∕𝑐, amounted to 0.42. The molds
containing the freshly-mixed material were sealed and stored in a
climatic chamber at 20 ◦C. One day later, the specimens were taken
ut of the molds. For the following three months, they were stored in
ime-saturated water at 20 ◦C. Before testing, the mass 𝑚, the height ℎ,
nd the diameter 𝑑 of the specimens were measured, see Table 1.

.1. Test setup, protocol, and results

In order to prepare the specimens for testing at different temper-
tures, they were stored for at least 20 h in lime-saturated water,
empered at the testing temperature of either 20, 30, or 45 ◦C. There-
fter, the samples were taken out of the water. They were covered by
everal layers of food preservation foil to avoid significant loss of water
uring subsequent creep testing.

The experimental setup was equal to the one developed in the
ontext of early-age characterization of cement pastes [26,27], mor-
ars [20], and concretes [20,22]. The tests were performed inside

thermally insulated chamber equipped with a temperature control
nit ‘‘Lauda RK8 KP’’. The chamber was integrated into an electrome-
hanical testing machine of type ‘‘Zwick-Roell Z050’’. The specimens
ere placed in between two metal cylinders equipped with so-called
ottlenecks, see Fig. 1. This allowed for fine-tuning the position of the
pecimens, such that they were subjected, in a close-to-perfect fashion,
o uniaxial compression, see [26,27] for details. Loading was carried
ut under force-control, using the load cell integrated into the testing
achine. The deformations of the specimens were recorded by means of

ive Linear Variable Displacement Transducers (LVDTs) of type ‘‘HBM
1/2 mm-T’’. Equally distributed around the specimen, they measured

he relative displacement between two aluminum rings. The latter were
ixed to the cylindrical specimens at a distance of some 70 mm from
heir top and bottom surfaces. The initial distance between the two
ings, referred to as the measurement length, amounted to 164 mm.
his central measurement region is practically free of undesired shear
tresses, see Fig. 2 of [26].

The normal stress component, 𝜎, and the normal strain component,
, both in the loading direction, are quantified as follows. The stress
istory, 𝜎(𝑡), is obtained by dividing the prescribed force history, 𝐹 (𝑡),
y the cross-sectional area 𝐴 = 𝑑2𝜋∕4 of the specimens, i.e.

(𝑡) =
𝐹 (𝑡)

, (1)
2

𝐴

Fig. 1. Test setup consisting of a cement paste sample, metal cylinders with bottle-
necks, and two aluminum rings holding five Linear Variable Displacement Transducers
(LVDTs), equally distributed around the specimen [20].

where 𝑡 denotes the time. The strain histories, 𝜀(𝑡), follow from dividing
the average of the changes of length measured by the five LVDTs, 𝛥𝓁𝑖(𝑡),
with 𝑖 = 1, 2, 3, 4, 5, by the measurement length given as 164 mm, i.e.

𝜀(𝑡) =
[

1
5

5
∑

𝑖=1
𝛥𝓁𝑖(𝑡)

]

× 1
164mm

. (2)

The following test protocol was used. Each specimen was placed
inside the thermally insulated chamber that was adjusted to the desired
testing temperature. The position of the specimens was fine-tuned.
Thereafter, the specimens were subjected to a small compressive force,
equal to 0.2 kN. This ensured good contact between the specimens and
the load application system. The specimens remained in this config-
uration for at least 12 h. This ensured that the contribution of the
time-dependent deformations of the specimens, resulting from the small
permanent load, to the deformations measured during the actual creep
tests was negligible. In these tests, the stress was increased with a
speed of 2 MPa/s up to 12 MPa. This is expected to be 15% of the
quasi-static uniaxial compressive strength of the material at the time of
testing [28,29]. This stress level was kept constant for three minutes,
see Fig. 2. On the one hand, the chosen load level is large enough
to obtain reliable deformation measurements. On the other hand, it is
small enough to ensure that the material is not damaged during the
test [30], and that testing is performed in the linear creep regime [31].
Therefore, the creep-testing-induced deformations of the specimens
were fully recoverable, see Fig. 18 of [27] for a comparable situation.
The recovery time allotted to every specimen between subsequent creep
tests was by far longer than the duration of the creep experiments.
Thus, also the second and the third creep test performed on the same
specimen were started from a fully recovered configuration. Therefore,
each creep experiment was independent of others, performed on the
same specimen.

The strain histories measured during testing of each one of the five
specimens at the three different temperatures are the central result
of the testing campaign. The repeatability of the tests is satisfactory,
because the graphs of the five strain histories, measured at the same
temperature, are rather close to each other, see the black solid lines in
Fig. 3. Comparing experimental results obtained with different temper-
atures, underlines that the measured strains are the larger, the higher
the temperature.
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Fig. 2. Stress history prescribed in the context of three-minutes creep tests: 𝑡𝑙𝑎𝑝 and
𝜎𝑙𝑎𝑝 label the end of the load application process.

2.2. Quantification of the elastic modulus and the creep modulus

The described creep experiments are evaluated in the framework
of the linear theory of viscoelasticity [32]. Boltzmann’s superposition
principle [33] is used to relate the prescribed stress history 𝜎(𝑡), see
Fig. 2, to the measured strain evolutions 𝜀(𝑡), see Fig. 3. This yields the
following convolution integral

𝜀(𝑡) =

𝑡

∫
0

𝐽 (𝑡 − 𝜏) 𝜕𝜎
𝜕𝜏

d𝜏 , (3)

here 𝐽 (𝑡 − 𝜏) denotes the uniaxial creep function, 𝜕𝜎∕𝜕𝜏 stands for
he stress rate, and 𝜏 denotes the time-like integration variable. A
ower-law type creep function is used, as proposed by Tamtsia and
eaudoin [34]. Such a creep function was successfully applied to
epeated minute-long creep tests on hydrating cement pastes [27],
ortars [20], and concretes [22]. Denoting the elastic modulus as
𝑒, the creep modulus as 𝐸𝑐 , the power-law exponent as 𝛽, and the

eference time as 𝑡𝑟𝑒𝑓 , the modeled creep function reads as [27]:

(𝑡 − 𝜏) = 1
𝐸𝑒

+ 1
𝐸𝑐

(

𝑡 − 𝜏
𝑡𝑟𝑒𝑓

)𝛽
. (4)

he first term on the right-hand-side of Eq. (4) refers to the elastic
ompliance of the material. It is associated with instantaneous (= ‘‘time-
ndependent’’) deformations which are non-dissipative and reversible.
he second term refers to the creep compliance. It is associated with
elayed (= ‘‘time-dependent’’) deformations which are still reversible,
lbeit not instantaneously, but dissipative. The corresponding thermo-
ynamic situation is the following [35, pages 264f]. At instantaneous
nloading of a sample, the elastic deformation is immediately recov-
red, performing work on the sample’s surroundings (i.e. on the testing
achine), while the creep deformation does not show an immediate

hange. However, the energy trapped inside the sample in terms of
icroelastic deformations, starts to trigger viscous processes within the

ample’s microstructure. With growing time, this leads to full recovery
f the creep deformations. For this to happen, the aforementioned
rapped energy is ‘‘consumed’’ by dissipation into heat.

The prescribed stress history of Fig. 2 is a bilinear function with
iecewise constant stress rates:

𝜕𝜎
𝜕𝜏

=

{

𝜎̇ = const. 0 ≤ 𝑡 ≤ 𝑡𝑙𝑎𝑝 ,
0 𝑡 > 𝑡𝑙𝑎𝑝 .

(5)

nserting Eqs. (4) and (5) into Eq. (3) yields a piecewise analytical
olution for the strains [22]:

(𝑡) = 𝜎̇ 𝑡
𝐸𝑒

+
𝜎̇ 𝑡𝑟𝑒𝑓

𝐸𝑐 (𝛽 + 1)

(

𝑡
𝑡𝑟𝑒𝑓

)𝛽+1
, 0 ≤ 𝑡 ≤ 𝑡𝑙𝑎𝑝 , (6)

(𝑡) =
𝜎̇ 𝑡𝑙𝑎𝑝 +

𝜎̇ 𝑡𝑟𝑒𝑓
[

(

𝑡
)𝛽+1

−
( 𝑡 − 𝑡𝑙𝑎𝑝

)𝛽+1
]

, 𝑡 ≥ 𝑡𝑙𝑎𝑝 . (7)
3

𝐸𝑒 𝐸𝑐 (𝛽+1) 𝑡𝑟𝑒𝑓 𝑡𝑟𝑒𝑓
Table 2
Values of the elastic modulus 𝐸𝑒 and the creep modulus 𝐸𝑐 identified at the three
investigated temperatures, and statistical values: arithmetic mean values, standard
deviations, 𝑚-parameters and 𝑠-parameters of log-normal distributions, see Eq. (9), and
uantiles according to Eq. (10).

Experimental data

Temperature: 20 ◦C 30 ◦C 45 ◦C

Specimen 𝐸𝑒 𝐸𝑐 𝐸𝑒 𝐸𝑐 𝐸𝑒 𝐸𝑐
ID [GPa] [GPa] [GPa] [GPa] [GPa] [GPa]

1 21.2 40.8 21.3 32.3 20.4 20.0
2 21.4 40.4 20.8 30.3 20.5 19.6
3 20.8 50.5 21.1 43.3 20.1 28.3
4 20.9 36.0 21.2 31.1 20.9 22.9
5 21.8 40.2 20.8 35.6 20.6 23.9

Statistical analysis

Arithmetic mean [GPa]: 21.3 41.6 21.0 34.6 20.5 22.9
Standard deviation [GPa]: 0.4 5.4 0.2 5.3 0.3 3.5

𝑚 – parameter [log(MPa)]: 9.9643 10.6294 9.9533 10.4408 9.9275 10.0309
𝑠 – parameter [log(MPa)]: 0.0190 0.1227 0.0083 0.1454 0.0150 0.1486
2.5% - quantile [GPa]: 20.48 32.50 20.68 25.74 19.90 16.98
97.5% - quantile [GPa]: 22.06 52.57 21.37 45.52 21.10 30.40

One central aim of the present contribution is to raise awareness
that deformations of cementitious materials, resulting from short load-
ing phases, contain both elastic and creep contributions. This provides
the motivation to evaluate Eq. (6) for the end of the load application
process, i.e. for 𝑡 = 𝑡𝑙𝑎𝑝:

𝜀(𝑡𝑙𝑎𝑝) =
𝜎̇ 𝑡𝑙𝑎𝑝
𝐸𝑒

+
𝜎̇ 𝑡𝑟𝑒𝑓

𝐸𝑐 (𝛽 + 1)

( 𝑡𝑙𝑎𝑝
𝑡𝑟𝑒𝑓

)𝛽+1
. (8)

Eq. (8) emphasizes that the strains, measured during a loading process,
contain ‘‘elastic’’ and ‘‘creep’’ contributions. It is important to con-
sider this fact when quantifying the elastic modulus 𝐸𝑒 and the creep
modulus 𝐸𝑐 based on the results of creep tests.

As for three-minutes creep tests of cementitious materials, the refer-
ence time is commonly set equal to one day, 𝑡𝑟𝑒𝑓 = 86400 s [20,22,24,
27,36,37]. The power-law exponent 𝛽 is assumed to be constant in the
investigated temperature range. It is set equal to 0.25 [22,24,36,37].
In the present study, the stress rate during loading, 𝜎̇, is equal to
2MPa∕s. Thus, there are only two remaining unknowns in Eqs. (6)
and (7): the elastic modulus 𝐸𝑒 and the creep modulus 𝐸𝑐 . They are
dentified such that the squared differences between the output of
qs. (6) and (7) and the measured strains illustrated in Fig. 3 become
minimum. The analysis is done iteratively, with progressively refined

earch grids [27]. The described identification procedure is applied to
ach one of the 15 measured strain evolutions. This results in 15 pairs
f values of 𝐸𝑒 and 𝐸𝑐 , see Table 2 and Appendix B. With increasing
emperature, the modulus of elasticity decreases slightly, whereas the
reep modulus decreases significantly, see Fig. 4.

.3. Statistical analysis

The statistical analysis of the identified moduli is based on log-
ormal distributions [38]. They take into account that stiffness moduli
re positive quantities. The probability density function (𝑃𝐷𝐹 ) of the
og-normal distribution reads as

𝐷𝐹 (𝐸𝑖) =
1

𝐸𝑖 𝑠𝑖
√

2𝜋
exp

[

−

(

log𝐸𝑖 − 𝑚𝑖
)2

2𝑠2𝑖

]

, 𝑖 ∈ {𝑒, 𝑐} , (9)

where 𝐸𝑖 represents the statistical variable, i.e. either the elastic mod-
ulus (𝑖 = 𝑒) or the creep modulus (𝑖 = 𝑐). The symbols 𝑚𝑖 and 𝑠𝑖
denote the expected value and the standard deviation, respectively, of
the natural logarithm of the moduli. They are quantified with Matlab
for the statistical samples of the elastic and creep moduli, obtained at

◦
20, 30, and 45 C, respectively, see Table 2. The identified values of 𝑚𝑖
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Fig. 3. Strain histories measured during three-minutes creep tests of five different specimens, carried out at three different temperatures: the black solid lines refer to measurements
obtained from testing of individual specimens, the gray area represents the 95% confidence interval of the strains, estimated by means of log-normal distributions of the elastic
modulus and the creep modulus, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 4. Identified values of (a) the elastic modulus, 𝐸𝑒, and (b) the creep modulus, 𝐸𝑐 , as functions of the testing temperature: the crosses refer to results from individual tests,
the circles to mean values of results from five tests performed at the same temperature.
and 𝑠𝑖 are the basis for quantifying the 2.5% and the 97.5% quantiles
of the moduli as

𝐸𝑖(𝑃 ) = exp
[

𝑚𝑖 + 𝑠𝑖
√

2 erf−1 (2𝑃 − 1)
]

,
{

𝑖 ∈ {𝑒, 𝑐} ,
𝑃 ∈ {0.025, 0.975} .

(10)

Based on the quantiles, 95% confidence intervals for the strains are
computed. The lower boundaries of the gray areas in Fig. 3 refer to total
strains, calculated with the 97.5% quantiles of the elastic and creep
moduli. The upper boundaries refer to the 2.5% quantiles.

3. Multiscale modeling

A continuum micromechanics model is used to describe the macro-
scopic behavior of the studied cement paste, based on the microscopic
behavior of its constituents: cement clinker, hydrate gel, and capillary
pores. The latter are referred to as material phases. The model accounts
for the hierarchical organization of the microstructure across separated
scales of observation, the characteristic type of interaction of the ma-
terial phases located at the same hierarchical level, ellipsoidal shapes
of the phases (Fig. 5), their volume fractions (Section 3.1), and their
elastic and creep properties (Sections 3.2 and 3.5).

Cement paste is hierarchically organized across two scales of ob-
servation, see Fig. 5. The microstructure of a representative volume
element (RVE) of the cement paste is represented as a matrix-inclusion
composite, consisting of a spherical cement clinker phase embedded in
a hydrate foam matrix [28]. In mature cement paste, the characteristic
size of the cement clinker grains ranges from single micrometers to
a few tens of micrometers. The RVE of cement paste is some three
times larger [39]. Its characteristic size amounts to some 100 μm, see
4

Fig. 5. The microstructure of an RVE of the hydrate foam is represented
as a disordered ‘‘polycrystalline’’ arrangement of isotropically oriented
hydrate gel needle phases, interacting with a spherical capillary pore
phase. As for young cement pastes, hydrate gel needles, growing into
the interstitial space and forming the first network of connected solid
constituents, are about 100 nm wide and a few micrometers long, see
Fig. 6 of [40]. The present focus, however, rests on the rather dense
microstructure of mature cement pastes. It mainly contains hydrate
gel needles which are several nanometers thick and some tens of
nanometers long, see Fig. 8 of [40] as well as Figs. 4 and 5 of [41],
and capillary pores with characteristic diameters of 25 nm [42]. The
RVE of hydrate foam is some three times larger [39]. Its characteristic
size amounts to some 100 nm, see Fig. 5.

3.1. Volume fractions of the constituents of cement paste

As for the cement paste, the volume fractions of the constituents
are functions of the initial water-to-cement ratio, 𝑤∕𝑐, and the degree
of hydration, 𝜉, as described by Powers’ hydration model [43–45].
Relative to an RVE of cement paste (index 𝑐𝑝), the volume fractions of
the cement clinker (index 𝑐𝑙𝑖) and the hydrate foam (index ℎ𝑓 ) read as
[28]

𝑓 𝑐𝑝
ℎ𝑓 =

20 𝜉 + 63𝑤∕𝑐
20 + 63𝑤∕𝑐

, 𝑓 𝑐𝑝
𝑐𝑙𝑖 = 1 − 𝑓 𝑐𝑝

ℎ𝑓 . (11)

Relative to an RVE of the hydrate foam, the volume fractions of
the capillary pores (index 𝑝𝑜𝑟) and the hydrate gel (index ℎ𝑦𝑑) read as
[28]

𝑓ℎ𝑓 =
43.15 𝜉

, 𝑓ℎ𝑓 = 1 − 𝑓ℎ𝑓 . (12)
ℎ𝑦𝑑 20 𝜉 + 63𝑤∕𝑐 𝑝𝑜𝑟 ℎ𝑦𝑑
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Fig. 5. Micromechanical representation of the microstructure of mature cement paste (after [28]); the two-dimensional sketches illustrate qualitative properties of three-dimensional
representative volume elements (RVEs).
Table 3
Elastic bulk and shear moduli of the constituents of cement paste at 20◦C.

Phase Bulk modulus Shear modulus

Pores 𝑘𝑒,𝑝𝑜𝑟 = 0GPa 𝜇𝑒,𝑝𝑜𝑟 = 0GPa [28]
Hydrate gel at 20◦C 𝑘𝑒,ℎ𝑦𝑑 = 18.69GPa 𝜇𝑒,ℎ𝑦𝑑 = 11.76GPa [28]
cement clinker 𝑘𝑒,𝑐𝑙𝑖 = 116.7GPa 𝜇𝑒,𝑐𝑙𝑖 = 53.8GPa [47]

3.2. Elastic properties of the constituents of the cement paste

Because the microstructural constituents (index 𝑞) of Fig. 5 are
sotropic, their elastic (index 𝑒) stiffness tensors C𝑞 can be expressed
.g. in terms of the bulk moduli, 𝑘𝑒,𝑞 , and the shear moduli, 𝜇𝑒,𝑞 :

𝑞 = 3𝑘𝑒,𝑞 I𝑣𝑜𝑙 + 2𝜇𝑒,𝑞 I𝑑𝑒𝑣 . (13)
𝑣𝑜𝑙 and I𝑑𝑒𝑣 are the volumetric and deviatoric parts, respectively, of
he symmetric fourth-order identity tensor I. Their components read as
𝑖𝑗𝑘𝑙 =

(

𝛿𝑖𝑘𝛿𝑗𝑙 + 𝛿𝑖𝑙𝛿𝑗𝑘
)

∕2, 𝐼𝑣𝑜𝑙𝑖𝑗𝑘𝑙 =
(

𝛿𝑖𝑗𝛿𝑘𝑙
)

∕3, and 𝐼𝑑𝑒𝑣𝑖𝑗𝑘𝑙 = 𝐼𝑖𝑗𝑘𝑙−𝐼𝑣𝑜𝑙𝑖𝑗𝑘𝑙, where
𝛿𝑖𝑗 is the Kronecker delta which is equal to 1 for 𝑖 = 𝑗, and equal to 0
therwise.

As regards the mechanical behavior of the pores and the water
herein, drained conditions are considered [24,46]. This implies a
anishing elastic stiffness of the pores: 𝑘𝑒,𝑝𝑜𝑟 = 𝜇𝑒,𝑝𝑜𝑟 = 0GPa, see
able 3. The elastic stiffness moduli of cement clinker, 𝑘𝑒,𝑐𝑙𝑖 and 𝜇𝑒,𝑐𝑙𝑖,
re assumed to be constant in the temperature interval from 10 to
0 ◦C, see Table 3 for numerical values. The elastic stiffness moduli
f the hydrate gel, 𝑘𝑒,ℎ𝑦𝑑 and 𝜇𝑒,ℎ𝑦𝑑 , listed in Table 3, refer to 20 ◦C.

They decrease with increasing temperature, as will be discussed in the
following paragraphs.

Molecular dynamics simulations coupled with a Grand Canonical
Monte-Carlo approach by Bonnaud et al. [14] have shown that the
water content of C-S-H building blocks decreases with increasing tem-
perature. This results in both a stiffening of the building blocks and
a decrease of their packing density within the C-S-H gel. Because the
latter effect dominates, the C-S-H gel effectively softens with increasing
temperature. These results were confirmed and extended to different
calcium-to-silicon ratios by Zhang et al. [18] using a reactive molecular
simulation model. The two previous studies focused on properties of C-
S-H after exposure to high temperatures. Xin et al. [16], in turn, also
investigated low temperatures, performing molecular dynamics simu-
lations to study the stiffness of the C-S-H gel at specific temperatures,
taken from the interval of 100 to 500K.

The moduli reported in [14,16,18] are normalized with respect to
heir values at 20 ◦C. They are illustrated as a dimensionless function
f the absolute temperature, 𝑇 , see Fig. 6. Provided that a data source
oes not specify a stiffness value at 20 ◦C, it is estimated based
n inter/extrapolation between/from the closest two adjacent moduli
eported.

The temperature interval of interest in the present study ranges from
0 to 50 ◦C. As for the absolute temperature, this implies 𝑇 ∕(293K) ∈
0.97 , 1.10 ]. Within this range, the elastic stiffness of C-S-H is approxi-
5

ated as a linear function of the temperature, see the solid black line in
Fig. 6. Dimensionless elastic moduli of C-S-H as a function of the absolute temperature;
points label results of molecular simulations: red points (X17) refer to tensile (T) and
compressive (C) loading from Xin et al. [16], blue points (B13) to LD and HD C-S-H
from Bonnaud et al. [14], and yellow points (Z21) to LD and HD C-S-H with different
calcium-to-silica ratios (C/S) from Zhang et al. [18]; in the temperature interval of
interest, the solid black line is used, see Eq. (14). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. The slope, 𝛼 = 0.46, is equal to that of a best linear fit of the X17-
data, noting that these data refer to a temperature interval containing
the one of the present study at its center. The identified slope is used
to model the temperature-dependence of the elastic modulus of the
hydrate gel

𝐸𝑒,ℎ𝑦𝑑 (𝑇 )
𝐸𝑒,ℎ𝑦𝑑 (293K)

= 1 + 0.46
(

1 − 𝑇
293K

)

. (14)

Poisson’s ratio of cementitious hydrates is virtually independent
of temperature, as shown by molecular simulations of mechanically
similar tobermorite (9 Å, 11 Å, and 14 Å) and jennite, see [48] and
Fig. 7. The bulk and shear moduli of the hydrate gel are related to its
elastic modulus and Poisson’s ratio as

𝑘𝑒,ℎ𝑦𝑑 (𝑇 ) =
𝐸𝑒,ℎ𝑦𝑑 (𝑇 )

3 (1 − 2𝜈𝑒,ℎ𝑦𝑑 )
, (15)

𝜇𝑒,ℎ𝑦𝑑 (𝑇 ) =
𝐸𝑒,ℎ𝑦𝑑 (𝑇 )

2 (1 + 𝜈𝑒,ℎ𝑦𝑑 )
. (16)

Eqs. (15) and (16) underline that the bulk and shear moduli depend on
the temperature in the same linear fashion as the elastic modulus; at
least in the temperature interval of interest,

𝑘𝑒,ℎ𝑦𝑑 = 18.69GPa ×
[

1 + 0.46
(

1 − 𝑇
293K

)]

, (17)

𝜇 = 11.76GPa ×
[

1 + 0.46
(

1 − 𝑇 )]

, (18)
𝑒,ℎ𝑦𝑑 293K
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Fig. 7. Poisson’s ratio of tobermorite (T9, T11, T14 Å) and jennite (Jen) as a function
of the temperature [48].

where 18.69GPa and 11.76GPa are the values of the bulk and the shear
modulus, respectively, at 20 ◦C, see Table 3.

3.3. Homogenization of the elastic modulus

Bottom-up homogenization from the scale of the isotropically ori-
ented hydrate gel needles and the capillary pores to the one of the
hydrate foam is performed by means of the self-consistent scheme [49,
50]. This scheme requires an iterative determination of the bulk and
the shear modulus of the hydrate foam, given as

𝑘𝑒,ℎ𝑓 =
𝑓ℎ𝑓
ℎ𝑦𝑑 𝑘𝑒,ℎ𝑦𝑑 𝐴

𝑣𝑜𝑙
∞,ℎ𝑦𝑑

𝑓ℎ𝑓
𝑝𝑜𝑟 𝐴𝑣𝑜𝑙

∞,𝑝𝑜𝑟 + 𝑓ℎ𝑓
ℎ𝑦𝑑 𝐴

𝑣𝑜𝑙
∞,ℎ𝑦𝑑

, (19)

𝑒,ℎ𝑓 =
𝑓ℎ𝑓
ℎ𝑦𝑑 𝜇𝑒,ℎ𝑦𝑑 𝐴

𝑑𝑒𝑣
∞,ℎ𝑦𝑑

𝑓ℎ𝑓
𝑝𝑜𝑟 𝐴𝑑𝑒𝑣

∞,𝑝𝑜𝑟 + 𝑓ℎ𝑓
ℎ𝑦𝑑 𝐴

𝑣𝑜𝑙
∞,ℎ𝑦𝑑

, (20)

here 𝐴𝑣𝑜𝑙
∞,𝑝𝑜𝑟, 𝐴𝑑𝑒𝑣

∞,𝑝𝑜𝑟, 𝐴
𝑣𝑜𝑙
∞,ℎ𝑦𝑑 , and 𝐴𝑑𝑒𝑣

∞,ℎ𝑦𝑑 are functions of 𝑘𝑒,ℎ𝑦𝑑 , 𝜇𝑒,ℎ𝑦𝑑 ,
𝑘𝑒,ℎ𝑓 , and 𝜇𝑒,ℎ𝑓 , see Appendix A.

Bottom-up homogenization from the scale of the hydrate foam and
the cement clinker to the one of the cement paste is performed by
means of the Mori–Tanaka–Benveniste scheme [51,52]:

𝑘𝑒,𝑐𝑝 =
𝑓 𝑐𝑝
𝑐𝑙𝑖 𝑘𝑒,𝑐𝑙𝑖

[

1 + 3(𝑘𝑒,𝑐𝑙𝑖−𝑘𝑒,ℎ𝑓 )
3 𝑘𝑒,ℎ𝑓+4𝜇𝑒,ℎ𝑓

]−1
+ 𝑓 𝑐𝑝

ℎ𝑓 𝑘𝑒,ℎ𝑓

𝑓 𝑐𝑝
𝑐𝑙𝑖

[

1 + 3(𝑘𝑒,𝑐𝑙𝑖−𝑘𝑒,ℎ𝑓 )
3 𝑘𝑒,ℎ𝑓+4𝜇𝑒,ℎ𝑓

]−1
+ 𝑓 𝑐𝑝

ℎ𝑓

, (21)

𝜇𝑒,𝑐𝑝 =
𝑓 𝑐𝑝
𝑐𝑙𝑖 𝜇𝑒,𝑐𝑙𝑖

[

1 + 6 (𝑘𝑒,ℎ𝑓+2𝜇𝑒,ℎ𝑓 ) (𝜇𝑒,𝑐𝑙𝑖−𝜇𝑒,ℎ𝑓 )
5𝜇𝑒,ℎ𝑓 (3 𝑘𝑒,ℎ𝑓+4𝜇𝑒,ℎ𝑓 )

]−1
+ 𝑓 𝑐𝑝

ℎ𝑓 𝜇𝑒,ℎ𝑓

𝑓 𝑐𝑝
𝑐𝑙𝑖

[

1 + 6 (𝑘𝑒,ℎ𝑓+2𝜇𝑒,ℎ𝑓 ) (𝜇𝑒,𝑐𝑙𝑖−𝜇𝑒,ℎ𝑓 )
5𝜇𝑒,ℎ𝑓 (3 𝑘𝑒,ℎ𝑓+4𝜇𝑒,ℎ𝑓 )

]−1
+ 𝑓 𝑐𝑝

ℎ𝑓

. (22)

The elastic modulus of the cement paste follows as

𝐸𝑒,𝑐𝑝 =
9 𝑘𝑒,𝑐𝑝 𝜇𝑒,𝑐𝑝
3𝑘𝑒,𝑐𝑝 + 𝜇𝑒,𝑐𝑝

. (23)

.4. Comparison of model predictions with experimental results

As for the application of the multiscale model to the experimentally
tudied cement paste, the volume fractions according to Eqs. (11) and
12) are evaluated for the initial water-to-cement mass ratio 𝑤∕𝑐 = 0.42.

The hydration degree 𝜉 is unknown. It is identified such that the model
reproduces the experimentally determined expected value of the elastic
modulus at 20 ◦C, 𝐸𝑒 = 21.3GPa, see Table 2. This results in 𝜉 = 0.80,
see Table 4 for the related volume fractions. Also the compressive
strength of the specimens is unknown. It is quantified by means of
a validated strength model [29]. For cement paste with 𝑤∕𝑐 = 0.42
6

s

Table 4
Volume fractions according to Eqs. (11) and (12),
evaluated for 𝑤∕𝑐 = 0.42 and 𝜉 = 0.80.
𝑓 𝑐𝑝
ℎ𝑓 = 0.9139 𝑓ℎ𝑓

ℎ𝑦𝑑 = 0.8125
𝑓 𝑐𝑝
𝑐𝑙𝑖 = 0.0861 𝑓ℎ𝑓

𝑝𝑜𝑟 = 0.1875

sum = 1.0000 sum = 1.0000

Fig. 8. Elastic modulus of the cement paste as a function of temperature: experimental
results, see the crosses and the circles, and predictions of the used multiscale model,
see the line.

Table 5
Creep properties of the hydrate gel.

Creep shear modulus at 20◦C 𝜇𝑐,ℎ𝑦𝑑 = 20.93GPa [24]
Power-law exponent 𝛽ℎ𝑦𝑑 = 0.25 [24]

and 𝜉 = 0.80 the model suggests a uniaxial compressive strength of
73.4MPa, see Eqs. (24)–(28) in [29]. Thus, the maximum stress applied
during creep testing reported in Section 2, i.e. max 𝜎 = 12MPa, is equal
to 16.4% of the uniaxial compressive strength. The small degree of
utilization underlines that testing was carried out in the linear creep
regime [31].

Model-predicted elastic moduli of the cement paste are computed by
means of Eqs. (19)–(23) for temperatures from 10 to 50 ◦C. Input values
are volume fractions from Table 4 and phase stiffnesses from Table 3,
Eq. (17), and Eq. (18). Model-predicted elastic moduli of the cement
paste decrease linearly with increasing temperature and agree well with
the experimental data, see Fig. 8. At 50 ◦C, the elastic modulus is by
some 4% smaller than at 20 ◦C.

3.5. Creep properties of the constituents of the cement paste

The hydrate gel is the only viscoelastic material phase. Based on its
elastic bulk modulus, 𝑘𝑒,ℎ𝑦𝑑 , its elastic shear modulus, 𝜇𝑒,ℎ𝑦𝑑 , the creep
hear modulus, 𝜇𝑐,ℎ𝑦𝑑 , and the power-law-exponent, 𝛽ℎ𝑦𝑑 , the creep

compliance tensor reads as [24]:

Jℎ𝑦𝑑 (𝑡 − 𝜏) = 1
3𝑘𝑒,ℎ𝑦𝑑

I𝑣𝑜𝑙 + 1
2

[

1
𝜇𝑒,ℎ𝑦𝑑

+ 1
𝜇𝑐,ℎ𝑦𝑑

(

𝑡 − 𝜏
𝑡𝑟𝑒𝑓

)𝛽ℎ𝑦𝑑
]

I𝑑𝑒𝑣 , (24)

ith 𝑡𝑟𝑒𝑓 = 86400 s, 𝑘𝑒,ℎ𝑦𝑑 and 𝜇𝑒,ℎ𝑦𝑑 given in Eqs. (17) and (18), and
𝜇𝑐,ℎ𝑦𝑑 and 𝛽ℎ𝑦𝑑 given in Table 5. The listed value of 𝜇𝑐,ℎ𝑦𝑑 refers to 20 ◦C.
t decreases with increasing temperature, as will be described next.

The influence of the temperature on the creep activity of cementi-
ious materials is usually described by an Arrhenius law. The activation
nergy of the creep compliance is close to that of unconfined bulk water,
ee e.g., [9]. This suggests that macroscopic creep of cementitious
aterials is governed by nanoscopic mechanisms involving water as a

ey player [13]. Water in nanoscopic pores, however, is known to be
onfined, hence the expressions ‘‘water in a liquid crystal state’’, ‘‘ad-
orbed water’’, ‘‘structured water’’, and ‘‘glassy water’’ [53]. While the
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absolute values of the viscosities of bulk water and of confined water
are expected to be different, their activation energy is virtually the same,
as demonstrated by means of molecular dynamics simulations [17].
This provides the motivation to set the activation energy equal to the
one of bulk water:

𝑄H2O = 17.57 kJ∕mol . (25)

This value is applicable in the temperature interval from 1 to 45◦C,
see [54]. Thus, the Arrhenius law for the creep shear modulus reads as

𝜇𝑐,ℎ𝑦𝑑 = 20.93GPa × exp
[𝑄H2O

𝑅

( 1
𝑇

− 1
293K

)

]

, (26)

where 20.93GPa is the creep shear modulus at 20 ◦C, see Table 5, and
= 8.314 J∕(molK) stands for the universal gas constant.

.6. Homogenization of the creep modulus

Micro-to-macro upscaling of the temperature-dependent viscoelastic
ehavior is performed in the theoretical framework of linear micro-
iscoelasticity [55,56], also referred to as the correspondence principle.
he time-dependent problem is transformed to the Laplace–Carson (LC)
pace, where a series of quasi-elastic upscaling problems are solved, fol-
owed by back-transformation to the time domain, as will be described
ext.

The present study is focused on the viscoelastic behavior of ce-
entitious materials under isothermal conditions. Thus, the temperature-
ependent moduli 𝑘𝑒,ℎ𝑦𝑑 , 𝜇𝑒,ℎ𝑦𝑑 , and 𝜇𝑐,ℎ𝑦𝑑 in Eq. (24) are constant with

respect to time. The only source of microscopic time-dependence is
the power-law-term of the compliance tensor of the hydrate gel, see
Eq. (24).

The LC-transform 𝜑𝐿𝐶 (𝑝) of any time-dependent function 𝜑(𝑡) is
defined as

𝜑𝐿𝐶 (𝑝) = 𝑝∫

∞

0
𝜑(𝑡) exp(−𝑝𝑡) d𝑡 , (27)

where 𝑝 ∈ R+ is the variable in the LC space [57]. The smaller 𝑝, the
onger the time interval from which information of the transformed
unction 𝜑(𝑡) is effectively conveyed to the LC space. This can be
uantified in terms of the exponential function exp(−𝑝𝑡) in Eq. (27),

which is equal to 0.998 for 𝑝𝑡 = 0.002 and equal to 0.002 for 𝑝𝑡 = 6.215.
ased on these values, the time range 𝑡 ≥ 0 is subdivided into three

ntervals:

• exp(−𝑝𝑡) is equal or at least very close to 1 for all 𝑡 ∈ [0 ; 0.002
𝑝 ].

From this time interval, virtually the full information of 𝜑(𝑡) is
conveyed to the LC space,

• exp(−𝑝𝑡) decays from almost 1 to almost 0 in the time range
𝑡 ∈ [ 0.002𝑝 ; 6.215

𝑝 ]. From this interval, information of 𝜑(𝑡) is partly
conveyed to the LC space, and

• exp(−𝑝𝑡) is equal or at least very close to 0 for time instants
𝑡 ≥ 6.215

𝑝 . From this time interval, virtually no information of 𝜑(𝑡)
is conveyed to the LC space, see also Fig. 9.

s for 𝑝 = 100/s, the three time intervals read as: 𝑡 ∈ [0 s ; 0.002 s],
𝑡 ∈ [0.002 s ; 6.215 s], and 𝑡 > 6.215 s. This underlines that information
f 𝜑(𝑡) from the first 2 ms is ‘‘fully’’ conveyed to the LC space and that
irtually no information of 𝜑(𝑡) from 𝑡 > 6 s arrives in the LC space. The
ull information of the first three minutes (= 180 seconds) is conveyed
o the LC space provided that the value of 𝑝 has decreased to 10−5/s.

For this value of 𝑝, the three time intervals read as: 𝑡 ∈ [0 s ; 200 s],
𝑡 ∈ [200 s ; 1week], and 𝑡 > 1week, see Fig. 9. Thus, the analysis of
hree-minutes creep tests will be based on values of 𝑝 in the interval
rom 10+5/s to 10−5/s.

The LC-transform of the stiffness tensor of an isotropic and linear
lastic phase with time-independent material properties, see Eq. (13),
imply yields
𝐿𝐶 𝑣𝑜𝑙 𝑑𝑒𝑣
7

𝑞 = 3𝑘𝑒,𝑞 I + 2𝜇𝑒,𝑞 I . (28) F
The LC-transform of the time-dependent creep compliance tensor of
the hydrate gel, see Eq. (24), yields

J𝐿𝐶ℎ𝑦𝑑 (𝑝) =
1

3𝑘𝑒,ℎ𝑦𝑑
I𝑣𝑜𝑙 + 1

2𝜇𝐿𝐶
ℎ𝑦𝑑 (𝑝)

I𝑑𝑒𝑣 , (29)

ith

1
2𝜇𝐿𝐶

ℎ𝑦𝑑 (𝑝)
= 1

2𝜇𝑒,ℎ𝑦𝑑
+

Γ
(

𝛽ℎ𝑦𝑑+1
)

2𝜇𝑐,ℎ𝑦𝑑

(

1
𝑡𝑟𝑒𝑓 𝑝

)𝛽ℎ𝑦𝑑
, (30)

here 𝛤 (𝛽ℎ𝑦𝑑+1) denotes the gamma function evaluated for 𝛽ℎ𝑦𝑑+1 =
.25. Inversion of J𝐿𝐶ℎ𝑦𝑑 (𝑝) yields the LC-transformed stiffness tensor of
he hydrate gel as
𝐿𝐶
ℎ𝑦𝑑 (𝑝) = 3𝑘𝑒,ℎ𝑦𝑑 I𝑣𝑜𝑙 + 2𝜇𝐿𝐶

ℎ𝑦𝑑 (𝑝) I
𝑑𝑒𝑣 . (31)

qs. (28) and (31) underline that a viscoelastic homogenization prob-
em manifests itself in the LC space as a (quasi-)elastic upscaling
hallenge. It has to be met for different values of the LC variable 𝑝.

Bottom-up homogenization from the scale of the isotropically ori-
nted hydrate gel needles and the capillary pores to the one of the
ydrate foam is performed based on Eqs. (19), (20), (A.1), and (A.2).
herein, 𝑘𝑒,ℎ𝑓 is replaced by 𝑘𝐿𝐶ℎ𝑓 (𝑝), 𝜇𝑒,ℎ𝑓 by 𝜇𝐿𝐶

ℎ𝑓 (𝑝), and 𝜇𝑒,ℎ𝑦𝑑 by
𝐿𝐶
ℎ𝑦𝑑 (𝑝).

Bottom-up homogenization from the scale of the hydrate foam and
he cement clinker to the one of the cement paste is performed based on
qs. (21) and (22). Therein, 𝑘𝑒,𝑐𝑝 is replaced by 𝑘𝐿𝐶𝑐𝑝 (𝑝), 𝜇𝑒,𝑐𝑝 by 𝜇𝐿𝐶

𝑐𝑝 (𝑝),
𝑒,ℎ𝑓 by 𝑘𝐿𝐶ℎ𝑓 (𝑝), and 𝜇𝑒,ℎ𝑓 by 𝜇𝐿𝐶

ℎ𝑓 (𝑝). The corresponding LC-transformed
olution for the uniaxial creep compliance reads as

𝐿𝐶
𝑐𝑝 (𝑝) =

3𝑘𝐿𝐶𝑐𝑝 (𝑝) + 𝜇𝐿𝐶
𝑐𝑝 (𝑝)

9 𝑘𝐿𝐶𝑐𝑝 (𝑝)𝜇𝐿𝐶
𝑐𝑝 (𝑝)

. (32)

𝐽𝐿𝐶
𝑐𝑝 (𝑝) is evaluated for a cement paste with 𝑤∕𝑐 = 0.42 and 𝜉 = 0.80, at

a specific absolute temperature 𝑇 , and for values of 𝑝, spanning over 10
orders of magnitude, namely, from 10+5/s to 10−5/s. The 𝑝-dependent
part of 𝐽𝐿𝐶

𝑐𝑝 (𝑝) is obtained by subtracting the elastic compliance, 1∕𝐸𝑒,𝑐𝑝.
Thereby, 𝐸𝑒,𝑐𝑝 is taken from Eq. (23). Illustrating 𝐽𝐿𝐶

𝑐𝑝 (𝑝) − 1∕𝐸𝑒,𝑐𝑝 as a
function of 𝑝 in a double logarithmic diagram underlines that the 𝑝-
dependent homogenization results in the LC space follow a virtually
linear trend, the slope of which amounts to −0.25, see Fig. 10. Thus,
homogenization results in the LC space can be approximated based on
the function

𝐽𝐿𝐶
𝑐𝑝 (𝑝) ≈ 1

𝐸𝑒,𝑐𝑝
+

Γ
(

𝛽𝑐𝑝 + 1
)

𝐸𝑐,𝑐𝑝

(

1
𝑡𝑟𝑒𝑓 𝑝

)𝛽𝑐𝑝
, (33)

ith 𝛽𝑐𝑝 = 0.25. This allows for identification of 𝐸𝑐,𝑐𝑝. The function (33)
an be analytically back-transformed to the time domain, yielding

𝑐𝑝(𝑡 − 𝜏) = 1
𝐸𝑒,𝑐𝑝

+ 1
𝐸𝑐,𝑐𝑝

(

𝑡 − 𝜏
𝑡𝑟𝑒𝑓

)𝛽𝑐𝑝
. (34)

hus, the microscopic power-law creep behavior of the hydrate gel
eedles manifests itself macroscopically as a power-law creep behavior
f the cement paste, with the same power-law exponent: 𝛽𝑐𝑝 = 𝛽ℎ𝑦𝑑 .

.7. Comparison of model predictions with experimental results

As for the application of the multiscale model to the experimentally
tudied cement paste, the volume fractions are taken from Table 4.
he macroscopic creep modulus of the cement paste is computed for
emperatures taken from the interval from 10 to 50 ◦C. The model-
redictions agree well with the experimental data, see Fig. 11. At 50 ◦C,
he creep modulus is by some 48% smaller than at 20 ◦C, i.e. the creep
ctivity at 50 ◦C is virtually twice as large as that at 20 ◦C.

The model-predicted strain evolutions also agree well with the
xperimental results, compare the dashed lines with the solid lines in

ig. 12. The residual error between the predicted strain evolutions,
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Fig. 9. Graphs of the exponential function exp(−𝑝𝑡) for different orders of magnitude of the LC variable 𝑝.
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Fig. 10. LC-transformed solution for the 𝑝-dependent part of the homogenized creep
ompliance function of a cement paste with 𝑤∕𝑐 = 0.42 and 𝜉 = 0.80, at 20 ◦C, as
function of the LC-variable 𝑝, spanning over 10 orders of magnitude, namely, from
0+5/s to 10−5/s.

Fig. 11. Creep modulus of the cement paste as a function of temperature: experimental
esults, see the crosses and circles, predictions of the used multiscale model, see the
lack solid line, and best macroscopic Arrhenius fit, see the dashed red line.

𝑚𝑜𝑑 (𝑡), and the measured strain evolutions, 𝜀(𝑡), see Eq. (2), is defined
as

𝜖 = 1
𝑛

𝑛
∑

𝑖=1

|

|

𝜀𝑚𝑜𝑑 (𝑡𝑖) − 𝜀(𝑡𝑖)|| , (35)

with 𝑛 = 1000 referring to 1000 equidistant time instants within the
investigated interval, ranging from zero to 𝑡𝑙𝑎𝑝 + 180 s. The prediction
errors amount to 1.5 × 10−6, 1.3 × 10−6, and 8.0 × 10−6, for 20 ◦C, 30 ◦C,

◦

8

nd 45 C, respectively.
. Discussion

.1. Origin of temperature-dependence of the stiffness moduli of the hydrate
el

In the investigated interval of temperatures ranging from 20 to
5 ◦C, irreversible microstructural changes (= thermal degradation
f cement paste) have unlikely taken place. Instead, there are two
eversible processes that have occurred. They are likely responsible
or the temperature-dependence of the elastic modulus as described by
q. (14) and illustrated in Fig. 8.

• Increasing the temperature of any solid results in an intensified
disordered motion of the atoms. It goes along with the reversible
increase of the average distance between them. This process mani-
fests itself macroscopically by ‘‘thermal expansion’’ [19]. Because
of the increased average distance, less force is required to push
the atoms closer to each other, compared to the situation at the
reference temperature. This results in a slightly decreasing elastic
stiffness [19].

• Increasing the temperature of calcium-silicate-hydrates leads to
quasi-instantaneous water migration from the interlayer spaces to
the surrounding pores. This process was predicted by molecular
simulations [14,16,18] as well as by multiscale poromechanical
modeling of the anomalous thermal expansion behavior of mature
cement paste [42]. Experimental evidence was obtained by means
of proton nuclear magnetic resonance relaxometry [58]. This
change in the composition of calcium-silicate-hydrates is likely
to exert an influence on their elastic stiffness.

t is expected that the two described phenomena exert an influence
n the creep modulus of the hydrates, with changes of the same order
f magnitude as the ones of the elastic stiffness, see Fig. 8. However,
hey are by one order of magnitude smaller than the decrease of
he creep modulus. This follows from the decrease of the viscosity of
ater, induced by an increase of temperature, as described by Eq. (26)
nd illustrated in Fig. 11. Thus, processes which likely govern the
emperature-dependence of the elastic modulus appear to have less
nfluence on the temperature-dependence of the creep modulus, at least
or the temperature range investigated herein.

.2. Activation energy of the homogenized creep modulus of the cement
aste

The upscaled creep modulus of the cement paste is used to quan-
ify the macroscopic activation energy 𝑄𝑐𝑝 occurring in the following
quation:

1 = 1 exp
[

−
𝑄𝑐𝑝

( 1 − 1 )

]

, (36)

𝐸𝑐,𝑐𝑝(𝑇 ) 𝐸𝑐,𝑐𝑝(293K) 𝑅 𝑇 293K
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Fig. 12. Comparison of model-predicted strains, see the black dashed lines, with experimentally measured strains, see the gray solid lines; the shaded domains represent the 95%
confidence interval of the experimentally measured strains, see Section 2.2.
The optimal value of 𝑄𝑐𝑝 amounts to 17.57 kJ∕mol, see the red dashed
line in Fig. 11. This underlines that the value of the activation energy
of the creep modulus is the same at the microscopic scale of the hydrate
gel needles and at the macroscopic scale of the cement paste, see
also Eq. (25). This result can be explained based on the analysis of
microstresses experienced by the hydrate foam and the cement clinker,
respectively.

4.3. Effectiveness of stress redistributions from creeping to non-creeping
constituents of the cement paste

A three-minutes creep test is simulated, using the multiscale model.
The test is idealized, given that the uniaxial stress state

𝝈𝑐𝑝 = 𝜎𝑧𝑧,𝑐𝑝 𝐞𝑧 ⊗ 𝐞𝑧 (37)

is imposed instantaneously (= step-wise loading) onto a sample of
cement paste with a temperature amounting to 20 ◦C. The volume-
averaged stresses experienced immediately after application of the
loading by the hydrate foam and the cement clinker, respectively, can
be computed based on the elastic stress downscaling relation

𝝈𝑞 =
(

𝐵𝑣𝑜𝑙
𝑞 I𝑣𝑜𝑙 + 𝐵𝑑𝑒𝑣

𝑞 I𝑑𝑒𝑣
)

∶ 𝝈𝑐𝑝 , 𝑞 = [ℎ𝑓 , 𝑐𝑙𝑖 ] , (38)

with the following volumetric and deviatoric components of the stress
downscaling tensors of the hydrate foam matrix,

𝐵𝑣𝑜𝑙
ℎ𝑓 =

[

𝑓 𝑐𝑝
ℎ𝑓 + 𝑓 𝑐𝑝

𝑐𝑙𝑖

𝑘𝑒,𝑐𝑙𝑖
𝑘𝑒,ℎ𝑓

(3𝑘𝑒,ℎ𝑓 + 4𝜇𝑒,ℎ𝑓
3𝑘𝑒,𝑐𝑙𝑖 + 4𝜇𝑒,ℎ𝑓

)]−1
, (39)

𝐵𝑑𝑒𝑣
ℎ𝑓 =

[

𝑓 𝑐𝑝
ℎ𝑓 + 𝑓 𝑐𝑝

𝑐𝑙𝑖

𝜇𝑒,𝑐𝑙𝑖
𝜇𝑒,ℎ𝑓

×

( 5𝜇𝑒,ℎ𝑓 (3𝑘𝑒,ℎ𝑓 + 4𝜇𝑒,ℎ𝑓 )
𝜇𝑒,ℎ𝑓 (8𝜇𝑒,ℎ𝑓 + 9𝑘𝑒,ℎ𝑓 ) + 6𝜇𝑒,𝑐𝑙𝑖 (2𝜇𝑒,ℎ𝑓 + 𝑘𝑒,ℎ𝑓 )

)]−1
, (40)

and of the cement clinker inclusions [59],

𝐵𝑣𝑜𝑙
𝑐𝑙𝑖 =

[𝑘𝑒,ℎ𝑓
𝑘𝑒,𝑐𝑙𝑖

𝑓 𝑐𝑝
ℎ𝑓

(

1 −
3𝑘𝑒,ℎ𝑓

3𝑘𝑒,ℎ𝑓 + 4𝜇𝑒,ℎ𝑓

)

+

(

𝑓 𝑐𝑝
𝑐𝑙𝑖 + 𝑓 𝑐𝑝

ℎ𝑓

3𝑘𝑒,ℎ𝑓
3𝑘𝑒,ℎ𝑓 + 4𝜇𝑒,ℎ𝑓

)]−1
, (41)

𝐵𝑑𝑒𝑣
𝑐𝑙𝑖 =

[𝜇𝑒,ℎ𝑓
𝜇𝑒,𝑐𝑙𝑖

𝑓 𝑐𝑝
ℎ𝑓

(

1 −
6(𝑘𝑒,ℎ𝑓 + 2𝜇𝑒,ℎ𝑓 )
5(3𝑘𝑒,ℎ𝑓 + 4𝜇𝑒,ℎ𝑓 )

)

+

(

𝑓 𝑐𝑝
𝑐𝑙𝑖 + 𝑓 𝑐𝑝

ℎ𝑓

6(𝑘𝑒,ℎ𝑓 + 2𝜇𝑒,ℎ𝑓 )
5(3𝑘𝑒,ℎ𝑓 + 4𝜇𝑒,ℎ𝑓 )

)]−1
. (42)

valuation of the Eqs. (37)–(42) for the studied cement paste yields

𝑧𝑧,ℎ𝑓 = 0.939 𝜎𝑧𝑧,𝑐𝑝 , (43)

𝜎𝑧𝑧,𝑐𝑙𝑖 = 1.647 𝜎𝑧𝑧,𝑐𝑝 . (44)

At the time-invariant macroscopic stress state of Eq. (37) the micro-
train of the hydrate foam increases with time because of creep of the
9

Fig. 13. Evolution of the volume-averaged normal stress components (aligned with
the direction of macroscopic loading) of the hydrate foam and the cement clinker in
a uniaxial creep test of cement paste (𝑤∕𝑐 = 0.42 and 𝜉 = 0.80), subjected to the
macrostress state of Eq. (37), at 20 ◦C, as a function of the LC-variable 𝑝, spanning
over 10 orders of magnitude: from 10+5/s to 10−5/s; the red lines refer to the elastic
solutions of the stress downscaling problem, see Eqs. (43) and (44).

hydrate gel needles at the next smaller scale of observation. One would
expect that progressively increasing deformations of the viscoelas-
tic hydrate foam tend to redistribute microstresses from the hydrate
foam to the elastic (= non-creeping) cement clinker. However, the
cement clinker particles are embedded in and supported by the hydrate
foam matrix, see Fig. 5. This renders redistributions of phase-volume-
averaged microstresses ineffective. Consequently, the volume-averaged
microstresses of both the hydrate foam and the cement clinker are vir-
tually constant. This can be quantified by computing, in the LC space,
the evolution of their volume-averaged microstresses. To this end,
𝑘𝑒,ℎ𝑓 is replaced by 𝑘𝐿𝐶ℎ𝑓 (𝑝) and 𝜇𝑒,ℎ𝑓 by 𝜇𝐿𝐶

ℎ𝑓 (𝑝) in Eqs. (38)–(42).
The LC-transformed solutions are computed for values of 𝑝, spanning
over 10 orders of magnitude: from 10+5/s to 10−5/s. The obtained
LC-transformed volume-averaged axial normal stresses of the two mi-
crostructural constituents are normalized with respect to the axial
macrostress imposed on the cement paste, see the dots in Fig. 13. The
red solid lines in this figure refer to the elastic stress downscaling
solutions of Eqs. (43) and (44). Fig. 13 underlines that the volume-
averaged microstresses of the hydrate foam matrix and of the cement
clinker inclusions are virtually constant throughout the studied creep
test. Notably, this does not imply that stress states are also virtually
constant at specific points of the microstructure.

Time-invariant volume-averaged microstresses of cement clinker go
along with time-invariant volume-averaged strains. The strain average
rule relates the progressively increasing macrostrain 𝜺𝑐𝑝 of the ce-
ment paste to the progressively increasing volume-averaged microstrain

𝜺ℎ𝑓 of the hydrate foam and to the time-invariant volume-averaged
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microstrain 𝜺𝑐𝑙𝑖 of the cement clinker, i.e.

𝜺𝑐𝑝(𝑡) = 𝑓 𝑐𝑝
ℎ𝑓 𝜺ℎ𝑓 (𝑡) + 𝑓 𝑐𝑝

𝑐𝑙𝑖 𝜺𝑐𝑙𝑖 . (45)

he functional arguments, indicating a dependence on time 𝑡, underline
hat the evolution of the macroscopic creep strain of the cement paste is
ffine to the evolution of the microscopic volume-averaged creep strain
f the hydrate foam. Therefore, also the creep kinetics of the hydrate
oam are affine to those of the cement paste.

For the sake of completeness, ineffective redistributions of phase-
olume-averaged stresses are also discussed at the next smaller scale of
bservation referring to the microstructure of the hydrate foam. The lat-
er is subjected, on average, to a time-invariant stress state, see Fig. 13.
he microstrains of the creeping hydrate gel needles increase with time.
gain, no significant stress-redistribution takes place, because (i) the
apillary pores cannot take over any share of the load and (ii) all
ydrate gel needles share the same linear viscoelastic behavior. Thus,
he stresses experienced by the hydrate gel needle phases, oriented in
pecific directions, are on average also virtually constant. This implies
hat the creep kinetics of the hydrate gel needles are affine to those of
he hydrate foam.

Summarizing, it is a direct consequence of the morphology of the
icrostructure of the cement paste that microstructural stress redistri-

utions are on average ineffective. This means that temperature-driven
hanges of the hydrates’ creep shear modulus, 𝜇𝑐,ℎ𝑦𝑑 , as described by
he Arrhenius law of Eq. (26), lead to very similar changes of the
omogenized creep modulus of the cement paste.

.4. Multiscale analysis of cement pastes with different compositions and
aturities

In the following, it will be demonstrated that the described results
lso hold for cement pastes with different initial water-to-cement mass
atios and hydration degrees. The corresponding sensitivity analysis
efers to 17 different values of 𝑤∕𝑐, ranging from 0.20 in steps of
.05 to 1.00, and to 18 different values of 𝜉, ranging from 0.05 in
teps of 0.05 to 0.90. Creep moduli of 284 different cement pastes, see
able 6, are homogenized for 9 different temperatures ranging from
0 ◦C in steps of 5 ◦C to 50 ◦C. Thus, a total of 2556 homogenized
reep moduli are computed. In order to illustrate the influence of the
emperature, the values 𝐸𝑐 (𝑇 ,𝑤∕𝑐, 𝜉) are illustrated in a normalized
ashion, see Fig. 14 where the ordinate refers to 𝐸𝑐 (𝑇 ,𝑤∕𝑐, 𝜉)∕𝐸𝑐 (𝑇 =
293K, 𝑤∕𝑐, 𝜉), i.e., the 2556 computed values of the creep moduli are
normalized with respect to the values of the creep moduli obtained
with the same composition and maturity, obtained at 20◦C. The 2556
omputed points, referring to a great variety of initial compositions
nd maturity, see Table 6, are located in the immediate vicinity of the
rrhenius law of Eq. (36), evaluated for 𝑄𝑐𝑝 = 𝑄𝐻2𝑂 = 17.57 kJ∕mol,

see the dashed line in Fig. 14. This demonstrates that neither the
investigated scale of observation, nor the initial water-to-cement ratio
(𝑤∕𝑐) or maturity (𝜉) alter the temperature activation behavior of the
creep compliance of ordinary Portland cement pastes. The temperature
activation law for the creep modulus of the cement paste reads as

𝐸𝑐 (𝑇 ) = 𝐸𝑐 (20 ◦C) × exp
[𝑄𝐻2𝑂

𝑅

( 1
𝑇

− 1
293.15K

)

]

. (46)

4.5. Implications for the activation energy of the homogenized creep moduli
of mortars and concretes

Mortars and concretes are matrix-inclusion composites. Aggregates
and sand are embedded, as inclusions, into a cement paste matrix.
The latter is a creeping material phase, while the inclusions are non-
creeping (purely elastic) constituents. This situation is reminiscent of
the microstructure of cement paste, consisting of non-creeping in-
clusions in a creeping matrix. Thus, it may be expected that stress
10

redistributions inside the concrete, from the creeping cement paste
Fig. 14. Normalized homogenized creep moduli of 284 different cement pastes (for
values of 𝑤∕𝑐 and 𝜉 see Table 6) obtained at 9 specific temperatures ranging from
10 ◦C in steps of 5 ◦C to 50 ◦C: the 2556 ordinate values refer to 𝐸𝑐 (𝑇 ,𝑤∕𝑐, 𝜉)∕𝐸𝑐 (𝑇 =
293K, 𝑤∕𝑐, 𝜉), see the text for details.

atrix to the non-creeping aggregates and the sand, are also ineffective.
his is particularly the case during three-minutes creep tests, but also
or longer-term loading as will be discussed in Section 4.6.

Aggregates and sand usually constitute 60 to 70% of the volume
f concrete. The remaining 40 to 30% of the volume are occupied by
ement paste. Thus, the volume fraction of the non-creeping inclusions
s larger than that of the creeping matrix. This is different from the
icrostructure of mature cement paste, where the volume fraction of

he non-creeping cement clinker inclusions is smaller than that of the
reeping hydrate foam matrix, see e.g. numerical values of 𝑓 𝑐𝑝

ℎ𝑓 and 𝑓 𝑐𝑝
𝑐𝑙𝑖

n Table 4. Still, in the sensitivity analysis presented in the preceding
ubsection, it was shown that creep-induced stress redistributions are
nsignificant also for 𝑤∕𝑐 = 0.20 and 𝜉 = 0.10. These properties refer to a
icrostructure of the cement paste, the volume of which is occupied to

ome 55% by the non-creeping clinker grains. Only the approximately
emaining 45% of the volume are occupied by the creeping hydrate
oam matrix. These volume fractions are comparable to those of con-
rete, see the beginning of this paragraph. Thus, the microstructure of
oncrete is both qualitatively and quantitatively similar to that of the
ement paste, for which the microscopic stresses in the creeping matrix
nd in the non-creeping inclusions were shown to be virtually constant.
his supports the expectation that creep-induced stress redistributions
re ineffective also within the microstructure of concrete and that the
ctivation energy of the viscosity of water is not only relevant to the
reep moduli of the hydrate gel, the hydrate foam, and cement paste,
ut also to the creep moduli of mortar and concrete. And indeed,
ctivation energies, suitable for explaining many experimental data
egarding creep of concrete with different compositions, amount e.g. to
6.0 kJ∕mol [1,60] and 16.6 kJ∕mol [9]. These values are close to the
nes observed herein and, thus, also close to the one of liquid water.

.6. Longer-term stress redistributions

In order to provide insight into stress redistributions during creep
ests which last much longer than the ones in the present study, the LC-
ransformed solutions are back-transformed to the time domain using
he Gaver–Wynn–Rho algorithm [61,62], see Fig. 15. Within the first
onth after loading, the average stress experienced by the clinker

rains only increases slightly, while the average stress experienced by
he hydrate foam decreases unnoticeably. The difference between the
bsolute values of the stress changes can be explained based on the
tress average rule,

𝑐𝑝 = 𝑓 𝑐𝑝
ℎ𝑓 𝝈ℎ𝑓 (𝑡) + 𝑓 𝑐𝑝

𝑐𝑙𝑖 𝝈𝑐𝑙𝑖(𝑡) , (47)

onsidering of the volume fractions of Table 4. The larger change of the
verage stress experienced by clinker, multiplied by the relatively small
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Table 6
Initial compositions and maturities of cement pastes analyzed by means of the developed multiscale model, see the cells marked with an
‘‘x’’, empty cells refer to substoichiometric initial compositions and hydration degrees larger than the maximum attainable hydration degree:
max 𝜉 = 𝑤∕𝑐

0.42
, see e.g. [28].

𝑤∕𝑐 = 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

𝜉 = 0.05 x x x x x x x x x x x x x x x x x
𝜉 = 0.10 x x x x x x x x x x x x x x x x x
𝜉 = 0.15 x x x x x x x x x x x x x x x x x
𝜉 = 0.20 x x x x x x x x x x x x x x x x x
𝜉 = 0.25 x x x x x x x x x x x x x x x x x
𝜉 = 0.30 x x x x x x x x x x x x x x x x x
𝜉 = 0.35 x x x x x x x x x x x x x x x x x
𝜉 = 0.40 x x x x x x x x x x x x x x x x x
𝜉 = 0.45 x x x x x x x x x x x x x x x x x
𝜉 = 0.50 x x x x x x x x x x x x x x x x
𝜉 = 0.55 x x x x x x x x x x x x x x x x
𝜉 = 0.60 x x x x x x x x x x x x x x x
𝜉 = 0.65 x x x x x x x x x x x x x x x
𝜉 = 0.70 x x x x x x x x x x x x x x x
𝜉 = 0.75 x x x x x x x x x x x x x x
𝜉 = 0.80 x x x x x x x x x x x x x x
𝜉 = 0.85 x x x x x x x x x x x x x
𝜉 = 0.90 x x x x x x x x x x x x x
Fig. 15. Time-evolution of the normal stress components (aligned with the direction of
acroscopic loading) of the hydrate foam (gray data points) and of the cement clinker

black data points) in a uniaxial creep test of cement paste according to Eq. (37):
∕𝑐 = 0.42, 𝜉 = 0.80, and 𝑇 = 20 ◦C.

volume fraction, is equal to the smaller change of the average stress
experienced by the hydrate foam, multiplied by the relatively large
volume fraction. The increase of the average clinker stress becomes
noticeable some 3 h after the start of the creep tests, see 𝑡 ≈ 104 s in
Fig. 15. Concerning creep predictions for even longer time periods, it
is important to note that power-law creep of cementitious materials
(as assumed herein for multiscale modeling) is only valid for creep
test durations up to some 1 or 2 months. Thereafter, a transition to
logarithmic creep takes place [20]. Logarithmic creep kinetics can
be upscaled from minutes-long microindentation tests [63]. Having
performed such tests at different temperatures, ranging from 10 to
60 ◦C, in a laboratory, conditioned to a relative humidity of 30%, it was
found that the contact creep modulus is virtually constant, see [64].
However, both long-term creep and partial saturation are beyond the
scope of this paper.

4.7. Nanoindentation study of DeJong and Ulm [65]

DeJong and Ulm [65] studied the decrease of the elastic stiffness
moduli of calcium-silicate-hydrates (C-S-H), resulting from an increase
of temperature, by means of grid nanoindentation of cement pastes at
material ages of 28 days. Each specimen was first heated to a specific
temperature between 25 and 700 ◦C, then cooled, followed by grid
nanoindentation at 200 positions. Testing after the return to room
temperature renders the direct comparability with the present study
(testing at elevated temperature) questionable. Still, it is interesting to
discuss characteristic sizes associated with nanoindentation testing and
to compare them with the characteristic sizes of the microstructure of
11
mature cement paste, discussed in the second paragraph of Section 3,
see also Fig. 5. The indentation depths amounted to some 200 nm [65].
Thus, the radius of the probed domain and the size of the characterized
RVEs amounted to some 4 μm and to some 100 nm, respectively [66].
This underlines that nanoindentation-derived stiffness values refer to
the hydrate foam (see Fig. 5) rather than to the hydrate gel.

5. Conclusions

Based on results obtained from testing in the range of temperatures
from 20 ◦C to 45 ◦C and from modeling in the range of temperatures
from 10 ◦C to 50 ◦C, the following conclusions are drawn:

• For the precise evaluation of quasi-static uniaxial compression
tests it is essential to separate the elastic and the creep parts dur-
ing the whole test. It must be considered that both instantaneous
elastic and time-dependent creep deformations are measured dur-
ing the short initial phase of loading. 2.9% to 7.1% of the total
strains that have developed during the loading phase were creep
strains, see Fig. B.16.

• Assuming that (i) the strains measured during loading were elastic
and (ii) the creep strains developed exclusively during the three-
minutes load plateau would result in an overestimation of the
elastic strains by 3.0% to 7.6%. This would lead to considerable
inaccuracies of the identified values of the elastic moduli as well
as to an underestimation of the creep strains by 34%, which
would result in significant inaccuracies of the identified values
of the creep moduli.

• The elastic modulus of mature cement paste decreases by 1.0%
and 3.6% if the temperature increases from 20 ◦C to 30 ◦C and
45 ◦C, respectively.

• The creep modulus decreases by 17% and 45% if the temperature
increases from 20 ◦C to 30 ◦C and 45 ◦C, respectively.

• Homogenized elastic and creep moduli agree well with the ex-
perimental results. This corroborates the possibility of micro-to-
macro upscaling, based on published molecular simulation results
concerning the temperature-dependent elastic stiffness of the hy-
dration products and the temperature activation of the viscosity
of water, respectively.

• The morphology of the microstructure of the cement paste (elastic
cement clinker particles embedded in a hydrate foam matrix,
and isotropically oriented hydrate gel needles, directly interacting
with capillary pores) renders microstructural stress redistribution
from creeping hydrates to non-creeping clinker grains ineffective.

This is particularly the case during three-minutes creep tests
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performed in the present study, but also for longer-term durations
of constant loading of up to a few weeks (= the range of validity
of the power-law creep kinetics analyzed herein).

• Time-invariant macroscopic loading leads to virtually constant
microstresses, experienced by the creeping hydrates for loading
durations of up to a few weeks, see Fig. 15. Therefore, the macro-
scopic measurable creep kinetics of cement paste is virtually equal
to the one of microscopic hydration products.

• Results from multiscale modeling suggest that the Arrhenius-type
activation energy of the creep modulus of cementitious materials
is virtually independent of the scale, the composition, and the
maturity. It may be set equal to the activation energy of bulk and
confined water [17]. This was experimentally verified for one
composition, tested at mature age.

he presented experimental study was limited to a maximum tem-
erature of 45 ◦C and focused on mature samples of water-saturated
ement paste (𝑤∕𝑐 = 0.42), subjected to three-minutes creep tests at
ome 16% of the uniaxial compressive strength of the material. This
eaves several interesting topics for future studies. The latter may cover
.g. different initial compositions, early age material testing, partial
aturation, longer creep test durations, higher degrees of utilization,
nd repeated testing at the reference temperature after an exposure to
levated temperature, in order to assess potential damage induced by
he heating and cooling cycle.

List of symbols and abbreviations
𝐴 Cross-sectional area of specimen
𝐴∞ Component of Eshelby-problem-related strain

downscaling tensor
𝐵 Component of stress downscaling tensor
C Stiffness tensor
C-S-H Calcium-silicate-hydrates
𝑐 Index, standing for ‘‘creep’’
𝑐𝑙𝑖 Index, standing for ‘‘cement clinker’’
𝑐𝑝 Index, standing for ‘‘cement paste’’
𝑑 Diameter of specimen
𝑑𝑒𝑣 Index, standing for ‘‘deviatoric part’’
𝑒 Index, standing for ‘‘elastic’’
𝐸𝑐 Creep modulus
𝐸𝑒 Elastic modulus
𝐸𝑖 Statistical variable
𝐞𝑧 Unit vector in the 𝑧-direction
𝐹 Axial force
𝑓 Volume fraction
H2O Index, standing for ‘‘water’’
ℎ Height of specimen
ℎ𝑓 Index, standing for ‘‘hydrate foam’’
ℎ𝑦𝑑 Index, standing for ‘‘hydrate gel’’
I Symmetric fourth-order identity tensor
𝐼𝑖𝑗𝑘𝑙 𝑖𝑗𝑘𝑙-th component of I
J Creep compliance tensor
𝐽 Uniaxial creep function
𝑘 Bulk modulus
LC Laplace-Carson
LVDTs Linear Variable Displacement Transducers
𝑚 Mass of specimen
𝑚𝑖 Expected value of the natural logarithm of the

statistical variable
𝑚𝑜𝑑 Index, standing for ‘‘modeling’’
𝑛 Number of time steps
𝑃 Quantile of the statistical variable
𝑃𝐷𝐹 Probability density function
𝑝 Variable in the LC space
𝑝𝑜𝑟 Index, standing for ‘‘capillary pores’’
𝑄 Activation energy
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𝑅 Universal gas constant
RVE Representative volume element
𝑠𝑖 Standard deviation of the natural logarithm of the

statistical variable
𝑇 Absolute temperature
𝑡 Time variable
𝑡𝑟𝑒𝑓 Reference time
𝑡𝑙𝑎𝑝 Time instant, marking the end of the load application

process
𝑤∕𝑐 Initial water-to-cement mass ratio
𝑣𝑜𝑙 Index, standing for ‘‘volumetric part’’
𝑧 Cartesian coordinate
𝛼 Slope of the linear regression function
𝛽 Power-law exponent
𝛥𝓁𝑖 Change of length of LVDT (𝑖 = 1, 2, 3, 4, 5)
𝛿𝑖𝑗 Kronecker delta
𝜖 Residual error
𝜀 Axial strain component
𝜺 Strain tensor
𝛤 Gamma function
𝜇 Shear modulus
𝜈 Poisson’s ratio
𝜎 Axial stress component
𝜎̇ Rate of 𝜎
𝝈 Stress tensor
𝜎𝑙𝑎𝑝 Normal stress, marking the beginning of the load

plateau
𝜏 Time-like integration variable
𝜑(𝑡) Time-dependent function
𝜑𝐿𝐶 (𝑝) LC-transform of 𝜑(𝑡)
𝜉 Degree of hydration
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Fig. B.16. Strain histories of the 15 creep tests: the gray dashed lines refer to measurements, the black solid lines to Eqs. (6) and (7), see Table 2 for the identified values of the
elastic modulus and the creep modulus, respectively, 𝜖 denotes the residual error between the measured and the modeled strain histories according to Eq. (35).
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Appendix A. Homogenization of isotropic properties of the hy-
drate foam

The quantities 𝐴𝑣𝑜𝑙
∞,𝑝𝑜𝑟 and 𝐴𝑑𝑒𝑣

∞,𝑝𝑜𝑟 as well as 𝐴𝑣𝑜𝑙
∞,ℎ𝑦𝑑 and 𝐴𝑑𝑒𝑣

∞,ℎ𝑦𝑑 , which
are part of the Eqs. (19) and (20), read as [24]

𝐴𝑣𝑜𝑙
∞,𝑝𝑜𝑟 =

[

1 −
3 𝑘𝑒,ℎ𝑓

3 𝑘𝑒,ℎ𝑓 + 4𝜇𝑒,ℎ𝑓

]−1

,

𝑑𝑒𝑣
∞,𝑝𝑜𝑟 =

[

1 − 6
5

𝑘𝑒,ℎ𝑓 + 2𝜇𝑒,ℎ𝑓
3 𝑘𝑒,ℎ𝑓 + 4𝜇𝑒,ℎ𝑓

]−1

,

(A.1)

and

𝐴𝑣𝑜𝑙
∞,ℎ𝑦𝑑 =

3 𝑘𝑒,ℎ𝑓 + 𝜇𝑒,ℎ𝑦𝑑 + 3𝜇𝑒,ℎ𝑓
3 𝑘𝑒,ℎ𝑦𝑑 + 𝜇𝑒,ℎ𝑦𝑑 + 3𝜇𝑒,ℎ𝑓

,

𝑑𝑒𝑣
∞,ℎ𝑦𝑑 =

{

9 𝑘𝑒,ℎ𝑦𝑑
[

𝜇𝑒,ℎ𝑦𝑑
]2 𝑘𝑒,ℎ𝑓 + 64

[

𝜇𝑒,ℎ𝑓
]4 +

[

63 𝑘𝑒,ℎ𝑦𝑑 + 84 𝑘𝑒,ℎ𝑓 + 184𝜇𝑒,ℎ𝑦𝑑
] [

𝜇𝑒,ℎ𝑓
]3 +

[

156 𝑘𝑒,ℎ𝑦𝑑 𝜇𝑒,ℎ𝑦𝑑 + 120 𝑘𝑒,ℎ𝑓 𝜇𝑒,ℎ𝑦𝑑

+72
[

𝜇𝑒,ℎ𝑦𝑑
]2 + 81 𝑘𝑒,ℎ𝑦𝑑 𝑘𝑒,ℎ𝑓

]

[

𝜇𝑒,ℎ𝑓
]2 +

[

36 𝑘𝑒,ℎ𝑓
[

𝜇𝑒,ℎ𝑦𝑑
]2 + 21 𝑘𝑒,ℎ𝑦𝑑

[

𝜇𝑒,ℎ𝑦𝑑
]2

+90 𝑘𝑒,ℎ𝑓 𝑘𝑒,ℎ𝑦𝑑 𝜇𝑒,ℎ𝑦𝑑
]

𝜇𝑒,ℎ𝑓
}

(

5
{

[

𝜇𝑒,ℎ𝑓
]2 +

[

7𝜇𝑒,ℎ𝑦𝑑 + 3 𝑘𝑒,ℎ𝑓
]

𝜇𝑒,ℎ𝑓 + 3 𝑘𝑒,ℎ𝑓 𝜇𝑒,ℎ𝑦𝑑
}

[

𝜇𝑒,ℎ𝑓 + 𝜇𝑒,ℎ𝑦𝑑
] [

3 𝑘𝑒,ℎ𝑦𝑑 + 𝜇𝑒,ℎ𝑦𝑑 + 3𝜇𝑒,ℎ𝑓
]

)−1
.

(A.2)

Appendix B. Identification of the elastic and creep moduli from
strain evolutions measured in the 15 creep tests

See Fig. B.16.
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