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A B S T R A C T

In this study, hourly three-minute creep testing is used to elucidate the evolution of the viscoelastic behavior
of cement pastes produced with ordinary Portland cement (OPC), limestone Portland cement (LPC), and
limestone calcined clay cement (LC3), from 1 to 7 days after production. An innovative test evaluation protocol,
accounting for shrinkage, is used to identify values of the elastic modulus, the creep modulus, and the creep
exponent, without making assumptions. The S-shaped shrinkage evolution of the LC3 paste is explained by
Portlandite dissolution and the associated redistribution of chemical shrinkage-induced compressive stresses
to the remaining solid skeleton. The evolution of the elastic stiffness of the LC3 paste is explained by space
filling by C-A-S-H phases. The small creep compliance of the LC3 paste is explained by C-A-S-H which creeps
less than C-S-H, and by AFm phases which precipitate in nanoscopic slit pores between C-S-H structures, gluing
viscous interfaces.
1. Introduction

Limestone calcined clay cements (LC3) are an eco-friendly alterna-
tive to ordinary Portland cements (OPC) [1,2]. LC3 allows for clinker
contents below 50% [3,4]. This saves some 30% to 40% of CO2 emis-
sions [5,6]. Kaolinitic clays were shown to have the highest potential
for activation of pozzolanic reactivity [7]. A test method for quantifying
the reactivity of calcined clay was developed [8]. As regards binder
design, the clay calcination temperature, sulfate content, and alkali
content count to the main impacting factors [9,10]. As regards fresh
mixing, the increased water demand resulting from the calcined clay
is frequently managed by means of superplasticizer dosages which are
larger than those of OPC reference materials [11–13].

Several mechanical properties of LC3 materials were characterized
at early and mature ages and compared with those of OPC reference
materials. The compressive strength of LC3 mortars [1,14,15] and con-
cretes [14,16,17] is (i) smaller than that of OPC references during the
first week after production, and (ii) comparable or even larger than that
of OPC references at the material age of 28 days. The elastic stiffness
of an LC3 paste reached some 90% of that of the OPC reference some
3 days after material production [18]. The elastic stiffness of mature
LC3 mortars [9] and concretes [17] is similar to that of the OPC ref-
erence materials. LC3 materials exhibit a delayed early-age shrinkage
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compared to OPC reference materials [9]. Shrinkage of well-hydrated
LC3 mortars [9] and concretes [17] is slightly larger or comparable
to that of the OPC references. The compressive creep behavior of LC3
pastes was characterized starting 28 days after production and found
to be smaller than that of OPC pastes [9]. A multiscale Finite Element
analysis suggested that the C-A-S-H gel of LC3 pastes creeps less than
the C-S-H gel of OPC pastes [19]. To the best of the authors’ knowledge,
no early-age compressive creep testing campaign on an LC3 paste is
documented in the literature. The present study closes this research gap
by performing hourly three-minute creep testing on an LC3 paste from
1 to 7 days after paste production.

Hourly three-minute creep testing allows for quantitative charac-
terization of the early-age evolution of non-aging creep properties of
cementitious materials [20]. Every single test characterizes a virtually
constant microstructure, because hydration cannot make a significant
progress in a few minutes. Subsequent tests, in turn, characterize
different microstructures, because the tests are separated by one hour,
and this is enough time for hydration to make a significant progress.
Repeated minute-long creep testing was applied to (i) OPC pastes [20,
21], allowing for identification of the creep properties of microscopic
OPC hydrates [22], (ii) polymer-modified cement pastes, allowing for
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identification of the creep properties of microscopic polymer parti-
cles [23], (iii) alkali-activated slag mortars, showing that such materials
creep more than OPC reference materials [24], (iv) OPC mortars and
oncretes, to demonstrate that water migrates during mixing into the
orosity of oven dried aggregates, and at later stages back to the
ement paste matrix driven by self-desiccation [25], (v) OPC and CEM II
oncretes, to develop correlation equations allowing for translating
he 28 days value of the compressive strength into the corresponding
8 days value of the creep modulus, as well as an evolution function

explaining how the creep modulus increases during the first four weeks
after production to approach the 28 days value [26].

Minute-long creep tests were also applied for characterization of ma-
ture cementitious materials. This includes creep testing of miniaturized
cantilever beams made of pure and slag blended OPC pastes, subjected
to a point load at the free end of the cantilever, in order to study the
flexural creep behavior of C-S-H [27] as well as creep recovery [28].
Macroscopic three-minute creep tests of mature OPC pastes showed
that, with increasing temperature, the elastic stiffness of OPC hydrates
decreases slightly and that their creep increases significantly, according
to an Arrhenius law containing the activation energy of the viscosity of

ater [29].
As regards the evaluation of minute-long creep tests, identification

f three viscoelastic properties, i.e. the elastic modulus, the creep
odulus, and the creep exponent, is a challenging task, because creep

trains already develop during the initial load application phase. Ex-
sting test evaluation protocols are relying on assumptions regarding
ither the elastic modulus [20,21,23,24,27] or the creep exponent [26,

29]. This calls for an advanced test evaluation protocol which works
ithout assumptions.

The aim of the present study is twofold: (i) the development of an
dvanced evaluation protocol for hourly-performed three-minute creep
ests, and (ii) quantitative insight into the early-age shrinkage, elastic

stiffness, and creep behavior of an LC3 paste. As regards aim (i), the
here-presented creep test evaluation protocol extends that by Ausweger
et al. [26], because shrinkage strains are explicitly taken into account,
nd because the elastic modulus, the creep modulus, and the creep
xponent are identified without making assumptions about one of
hem. As regards aim (ii), cement pastes produced with ordinary Port-

land cement, limestone Portland cement (LPC), and limestone calcined
clay cement are characterized by means of hourly three-minute creep
testing from 1 to 7 days after production. Creep testing is accompanied
y three other experimental methods. Quasi-isothermal calorimetry
rovides access to the heat of hydration and allows for demonstrating
he pozzolanic reaction in the LC3 paste. Ultrasonic pulse velocimetry
rovides access to the elastic stiffness and allows for validation of the
lastic moduli identified from hourly three-minute creep testing. Uniax-
al compressive strength tests provide access to the strength evolution
nd allow for selecting load levels for hourly three-minute creep testing,
hich do not damage the specimens.

The manuscript is organized as follows: Section 2 introduces the
tested materials and the methods used for sample preparation, test
execution, and test evaluation. This section contains the advanced
protocol for the evaluation of hourly-performed three-minute creep
tests. Section 3 is focused on the test results and their description,
without interpretation. Section 4 refers to aim (i) of the present study.
It is devoted to the discussion of the advanced creep test evaluation
protocol and the associated strain modeling approach. It addresses
particularly the quantification of the contribution of shrinkage to the
strains measured during the three-minute load plateau, the quantifica-
tion of the relative contribution of the creep deformation developing
during the loading phase to the creep deformation accumulated until
the end of the three-minute load plateau, and the determination of
viscoelastic quantities being invariant with respect to the reference
ime. Section 5 refers to aim (ii) of the present study. It is devoted to
he discussion of the macroscopic material behavior observed during

hourly three-minute creep testing. The specific behavior of the LC3
2 
Table 1
Composition of the three binders used.

Binder CEM I 52.5 R Limestone Calcined clay

OPC 100%mass 0%mass 0%mass
LPC 70%mass 30%mass 0%mass
LC3 70%mass 15%mass 15%mass

Table 2
Chemical composition of the calcined clay.

Calcined clay

SiO2 53–54%mass
Al2O3 41–44%mass
Fe2O3 < 1.2%mass
K2O < 1.3%mass

Table 3
Chemical composition of the CEM I 52.5 R.

CEM I 52.5 R
Alite (C3S) 65.0%mass
Belite (C2S) 16.1%mass
Ferrite (C4AF) 10.0%mass
Aluminate (C3A cub.) 2.2%mass
Aluminate (C3A orth.) 3.0%mass
Lime 2.4%mass
Portlandite 0.1%mass
Periclase 0.8%mass
Arcanite 0.2%mass
Aphtithalite 0.1%mass
Ca-Langbeinite 0.1%mass

Table 4
Results of particle size analysis of binder constituents: 10%, 50%, and 90% quantiles
of particle size distributions, see also Fig. 1.

Constituent 𝑑10 𝑑50 𝑑90
CEM I 52.5 R 2.9 μm 13.1 μm 30.7 μm
Limestone 2.4 μm 30.8 μm 146.0 μm
Calcined clay 1.4 μm 6.1 μm 18.2 μm

paste is related to microstructural effects resulting from the pozzolanic
reaction: dissolution of Portlandite and precipitation of both C-A-S-H
nd AFm phases. In Section 6, the paper is closed with conclusions

drawn from the results of the presented study.

2. Materials and methods

2.1. Materials

Three cementitious binders are used to produce cement pastes:

1. an ordinary Portland cement (OPC) of type CEM I 52.5 R,
2. a limestone Portland cement (LPC) containing 70 percent by

mass (%mass) OPC and 30%mass limestone,
3. a limestone calcined clay cement (LC3) containing 70%mass

OPC, 15%mass limestone, and 15%mass calcined clay of type
Metaver K [30],

see also Table 1. The calcined clay is a mostly amorphous, reactive
Aluminum-Silicate obtained from the calcination of clay with a kaolin-
ite content of 95%. The chemical compositions of the calcined clay and
the CEM I 52.5 R are given in Tables 2 and 3, respectively.

Particle size distributions (PSD) are determined by means of a
Mastersizer 3000 laser diffraction particle size analyzer, see Fig. 1. The
0% quantile of the PSD, 𝑑10, its median, 𝑑50, and its 90% quantile, 𝑑90,

are listed in Table 4. Calcined clay is the finest of the raw materials and
CEM I 52.5 R is the intermediate, see Fig. 1. The finer 40 percent by vol-
ume (%vol) limestone fraction is comparable to that of the CEM I 52.5 R,
while the remaining 60%vol limestone fraction is coarser than that of
the CEM I 52.5 R, see Fig. 1.
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Fig. 1. Cumulative particle size distribution functions of binder constituents.

Fig. 2. Setup for quasi-isothermal differential calorimetry.

Cement pastes are produced from the three binders and deionized
water, with an initial water-to-solid mass ratio amounting to 𝑤∕𝑠 =
.45. This value ensures both sufficient workability to mix a homoge-
eous paste and no bleeding after casting. Still, it is noted that the used
alcined clay and limestone increases and decreases, respectively, the
iscosity of the freshly mixed binder. During both curing and testing,
he samples were conditioned at 25 ◦C and protected against drying.

2.2. Quasi-isothermal differential calorimetry

The used calorimeter of type ToniCal Trio 7339 (Toni Technik
mbH in Berlin, Germany) hosts three measuring cells for simultaneous

esting of three samples. Each of the cells provides space for two test
ubes: one contains the material to be tested and the other is filled with
 well-hydrated, quasi-inert reference sample, see Fig. 2.

Test preparation includes inserting 10 g of a homogenized binder
owder into a test tube and compacting it to a filling height of 56 mm.

4.5 g of deionized water are drawn up in a syringe. It is inserted into
n injection module which is placed on top of the test tube, see Fig. 2.

Thereafter, the cell is closed, followed by a waiting period of some 5 h
o reach stationary conditions inside the cell, at 25 ◦C.

At test start, the water is injected onto the binder-powder using
 plunger which runs through the cap of the cell, see Fig. 2. Mixing
3 
is performed by means of a hand-guided four-footed plastic paddle
which also runs through the cap of the cell. The heat released from the
exothermic binder hydration reaction results in a very subtle increase
in temperature of the test specimen above 25 ◦C. Therefore, the test
method is referred to as ‘‘quasi-isothermal’’.

The specific heat release rate 𝑄̇(𝑡) is recorded automatically. Every
est lasts for 168 h (= seven days). 𝑄̇(𝑡) is integrated using the trape-
oidal rule, in order to quantify the accumulated heat release 𝑄(𝑡) as

𝑄(𝑡𝑖+1) = 𝑄(𝑡𝑖) +
𝑄̇(𝑡𝑖+1) + 𝑄̇(𝑡𝑖)

2
×
[

𝑡𝑖+1 − 𝑡𝑖
]

, (1)

where 𝑡𝑖 and 𝑡𝑖+1 refer to two successive time instants.
Throughout this manuscript, (round) parentheses are used to show

functional arguments. (Square) brackets and (curled) braces, in turn,
are used to clarify the order of mathematical operations in algebraic
expressions.

2.3. Production of cement paste cylinders for mechanical testing

The homogenized binder powder is mixed with deionized water
sing a lab stirrer. The obtained paste is vibrated to release entrapped
ir and then filled into a cylindrical plastic mold. As for protection

against drying, two layers of cling film, fixed with a tape to the mold,
are used to seal the specimen. Thereafter, it is stored in a climate
chamber at 25 ◦C. Specimens are demolded some 20 h after production.
The circular ends of every cylinder are manually shaved to co-planar
surfaces using a utility knife [20,31,32]. The finalized specimens are
either tested immediately, or they are stored under sealed conditions
in the climate chamber for later testing.

2.4. Ultrasonics-based characterization of the elastic modulus

Ultrasonic pulse velocimetry enables non-destructive characteriza-
tion of the isotropic elastic stiffness of cement paste [33]. Cylindrical
specimens with a nominal height of 60 mm and a nominal diameter
of 30 mm are tested. The actual height ℎ, the actual diameter 𝑑, and
the mass 𝑚 are measured right before testing using a digital sliding
caliper and a precision scale, respectively. The tests are performed
with ultrasonic square wave pulser/receiver units of type Panametrics
PR5077 and an oscilloscope of type Lecroy WaveRunner 62Xi. The
tests are performed once every day during the first week after material
production.

The experimental setup consists of a serial arrangement of an ultra-
onic pulser, a honey layer, a cling film, the specimen, another cling
ilm, another honey layer, and an ultrasonic receiver, see Fig. 3. The
oney layers ensure that ultrasonic waves are well transmitted across
he interfaces between the ultrasonic heads and the specimen. The cling
ilm prevents the honey from penetrating into the open porosity of the
ement paste.

Longitudinal (index 𝐿) and transversal (index 𝑇 ) ultrasonic waves
with a central frequency of 5 MHz are sent through the serial test
etup. Corresponding total times of flight, 𝛥𝑡𝐿 and 𝛥𝑡𝑇 , are measured.
ubtracting the delay time 𝛥𝑡𝐷 which represents the time of flight
hrough the serial test setup without the specimen, yields the net time of
light through the tested specimen. Longitudinal and transversal wave
elocities, 𝑣𝐿 and 𝑣𝑇 , are quantified based on the net time of flight:

𝑣𝐿 = ℎ
𝛥𝑡𝐿 − 𝛥𝑡𝐷

, (2)

𝑣𝑇 = ℎ
𝛥𝑡𝑇 − 𝛥𝑡𝐷

. (3)

The theory of elastic wave propagation through isotropic media
allows for converting wave velocities into components 𝐶1111 and 𝐶1212
of the fourth-order elastic stiffness tensor [34–36]:

𝐶1111 = 𝜌 𝑣2𝐿 , (4)
2
𝐶1212 = 𝜌 𝑣𝑇 , (5)
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Fig. 3. Setup for ultrasonic pulse transmission velocimetry.

where 𝜌 = 𝑚∕𝑉 denotes the mass density. The volume 𝑉 is equal to
 𝑑2𝜋∕4. The elastic modulus 𝐸 is eventually quantified as [33]:

𝐸 =
𝐶1212

[

3𝐶1111 − 4𝐶1212
]

𝐶1111 − 𝐶1212
. (6)

2.5. Uniaxial compressive strength tests

Uniaxial compressive strength tests are performed on samples which
were subjected to non-destructive ultrasonic testing. The nominal
height-to-diameter ratio of the cylinders amounts to 2:1. This is slender
nough to ensure that friction-induced shear stresses, activated in the

interfaces between the specimen and the load platens, do not have
a significant influence on the results of the experiments [31]. The
ests are performed on an electromechanical universal testing machine,
ontrolled by the software testXpert of Zwick/Roell. The tests are
erformed 1 day, 3 days, and 7 days after material production.

The experimental setup consists of a serial arrangement of the lower
load plate, a rubber pad, a metallic cylinder, two layers of Teflon,
the specimen, another two layers of Teflon, another metallic cylinder,
another rubber pad, and the upper load plate, see Fig. 4. The rubber
ads facilitate the application of central loading by compensating for
naccuracies in the co-planarity of the loaded surfaces of the specimen.

The metallic cylinders allow for imposing close-to-homogeneously dis-
tributed normal stresses on the specimens. The Teflon layers decrease
friction, thus reducing the undesired, self-equilibrated shear stresses.

Prescribing a force rate of 0.5 k N∕s, the maximum force sustained by
he material, max𝐹 , is recorded. Its compressive strength 𝑓𝑐 is equal to
ax𝐹 divided by the cross-sectional area of the specimen, 𝐴 = 𝑑2𝜋∕4:

𝑓𝑐 =
max𝐹
𝑑2𝜋∕4

. (7)

2.6. Hourly three-minute creep testing

Three-minute creep tests are used to track the early-age devel-
pment of the elastic stiffness and the creep behavior [20,26]. The
ested cement paste cylinders have a nominal height of 300 mm, and a
ominal diameter of 70 mm. The actual height ℎ, the actual diameter 𝑑,
nd the mass 𝑚 are measured right before testing using a digital sliding
aliper and a precision scale, respectively. Testing is carried out inside
 temperature chamber. It is conditioned to 25 ◦C and integrated into

n electromechanical universal testing machine of type Zwick/Roell

4 
Fig. 4. Setup for uniaxial compressive strength tests.

50 kN. The specimen is wrapped into several layers of cling film to
avoid drying. Tests are performed once every hour from 24 h after
material production to a material age of 7 days. Thus, every specimen
is subjected to a series of 145 creep tests.

The test setup consists of a serial arrangement of two metallic
cylinders (one with and one without a bottleneck), the specimen, and
another set of two metallic cylinders, see Fig. 5. The bottlenecked
cylinders allow for both a near-central loading and a near-homogeneous
distribution of the normal stresses imposed on the specimen. The
bottlenecks make it necessary to apply a small permanent compressive
normal force

𝐹𝑝𝑒𝑟𝑚 = 0.2 k N (8)

to the specimen to keep it in an upright position. Six inductive dis-
placement sensors of type ‘‘HBM WI/2 mm-T’’ measure the change of
distance between two aluminum rings which are clamped by means
of three screws each to the central part of the specimen. The initial
distance between the aluminum rings amounts to
𝓁0 = 164 mm . (9)

The sensors are evenly positioned around the specimen (spacing = 60◦).
Their readings are amplified by means of an HBM Quantum X device
and recorded using the software Catman.

For each three-minute creep test, a specific force history is pre-
scribed (Fig. 6), which is controlled by the force cell integrated into the
testing machine. The specimen is loaded with a nominal compressive
force rate of 7.70 kN/s, referring to a nominal stress rate of 2 MPa/s, to
the target load level. The latter increases from test to test and refers to
15% of the compressive strength of the material at the time of testing,
following the example of [20]. The target load is kept constant for
three minutes. Thereafter, the load is decreased to the permanent load
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Fig. 5. Setup for hourly three-minute creep testing.

Fig. 6. History of loading prescribed in three consecutive creep tests performed at
tep-wisely increasing load levels; the diagram specifically shows data from tests 3, 4,

and 5 of sample 1 of the OPC paste.

according to Eq. (8) with a nominal force rate of 3.85 kN/s, referring to
 nominal stress rate of 1 MPa/s. The permanent load is kept constant
or 57 min. The force, the shortening of the specimen between the two

aluminum rings, and the temperature are measured, from 10 s before
loading to 180 s after unloading, with a data acquisition rate of 100 Hz.

2.7. Time variables resolving the material age and the creep tests

The material age is resolved by means of the variable 𝑡. It runs from
 to 168 h and resolves the first seven days after material production.

The particular material age during the 𝑘t h three-minute creep test is
denoted by

𝑡𝑘 = 24 h + [

𝑘 − 1] × 1 h , (10)

where ‘‘h’’ stands for the physical unit ‘‘hour’’, and with
𝑘 = 1, 2,… , 145 . (11)

5 
The creep tests are resolved by means of the variable 𝜏. It runs
rom 0 to 365 s and resolves the load application phase, the three-

minute load plateau, the unloading phase, and some three minutes after
unloading. Specific time instants at which readings of measurement
sensors were captured are denoted as

𝜏𝑗 = 𝑗 × 0.01 s , (12)

where ‘‘s’’ stands for the physical unit ‘‘second’’, and with

𝑗 = 0, 1, 2,… , 𝑛 , (13)

as well as

𝑛 = 36500 . (14)

2.8. Quantification of shrinkage based on measured strains

Effective shrinkage (index 𝑠ℎ𝑟) is quantified once every hour and
relative to the situation right before the first creep test:

𝜀𝑠ℎ𝑟(𝑡𝑘) = 1
6

6
∑

𝑖=1

𝑢𝑖(𝑡𝑘, 𝜏= 0) − 𝑢𝑖(𝑡1, 𝜏= 0)
𝓁0

, (15)

where 𝑢𝑖 stands for the length change measured by the 𝑖t h sensor, with
𝑖 ∈ 1, 2,… , 6. The six values 𝑢𝑖(𝑡1, 𝜏 = 0) and the six values 𝑢𝑖(𝑡𝑘, 𝜏 = 0)
refer to displacement measurements recorded right before the loading
phases of the first creep test and of the 𝑘t h creep test, respectively.

Effective shrinkage according to Eq. (15) includes hydration-
induced shrinkage (historically referred to as ‘‘autogenous shrink-
age’’ [37] and more recently as ‘‘self-desiccation shrinkage’’ [38]),
nrecovered creep strains from previous creep tests, ongoing creep due
o the small permanent force imposed on the specimen, and possibly
rying shrinkage due to slightly imperfect sealing of the specimens.

For the sake of brevity, effective shrinkage will be simply referred to
as shrinkage in the following.

To quantify the shrinkage rate during the 𝑘t h creep test, the shrink-
age strains measured at the beginning of three consecutive creep tests,
i.e. at material ages 𝑡𝑘−1, 𝑡𝑘, and 𝑡𝑘+1, are approximated by means of a
quadratic polynomial, and its first derivative is evaluated at the central
ime instant 𝑡𝑘. This yields

̇ 𝑠ℎ𝑟(𝑡𝑘) =
𝜀𝑠ℎ𝑟(𝑡𝑘+1) − 𝜀𝑠ℎ𝑟(𝑡𝑘−1)

𝑡𝑘+1 − 𝑡𝑘−1
, (16)

where

𝑡𝑘+1 − 𝑡𝑘−1 = 2 × 3600 s . (17)

The shrinkage rate according to Eq. (16) is virtually constant through-
ut the short duration of the 𝑘t h creep test. Thus, the evolution of
hrinkage during every test, quantified relative to the situation at the
tart of the creep test, is virtually linear and reads as

𝜀𝑠ℎ𝑟(𝑡𝑘, 𝜏) = 𝜀̇𝑠ℎ𝑟(𝑡𝑘) × 𝜏 . (18)

2.9. Identification of viscoelastic properties based on measured stresses and
strains

An advanced protocol for the evaluation of hourly-performed three-
minute creep tests is presented below. It is applicable to any cementi-
tious material, because it contains two original features: (i) shrinkage
strains are explicitly considered, and (ii) three viscoelastic quanti-
ties, i.e. the elastic modulus, the creep modulus, and the creep ex-
ponent, are robustly identified without making assumptions about any
of these properties. The relations of these innovative features to the
state-of-the-art will be discussed in Section 4.
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As for the identification of viscoelastic properties, each three-minute
reep test is evaluated individually. The stresses imposed on the spec-
men during testing are equal to the forces measured by the force cell
f the testing machine, 𝐹 (𝑡𝑘, 𝜏𝑗 ), divided by the cross-sectional area of
he specimen, 𝐴 = 𝑑2𝜋∕4:

𝜎(𝑡𝑘, 𝜏𝑗 ) =
𝐹 (𝑡𝑘, 𝜏𝑗 )
𝑑2𝜋∕4

, (19)

with 𝜏𝑗 according to Eqs. (12)–(14). The strains developing in the
entral part of the specimen between the two aluminum rings are equal
o the average of the length changes measured by the six displacement
ensors divided by the initial distance between the two aluminum rings,
ee Eq. (9),

𝜀𝑒𝑥𝑝(𝑡𝑘, 𝜏𝑗 ) = 1
6

6
∑

𝑖=1

𝑢𝑖(𝑡𝑘, 𝜏𝑗 ) − 𝑢𝑖(𝑡𝑘, 𝜏= 0)
𝓁0

. (20)

These strains contain contributions from the viscoelastic behavior in-
duced by the 𝑘t h test and from shrinkage. The viscoelastic strains
index 𝑣𝑒𝑙) are obtained by subtracting the shrinkage strains according
o Eq. (18) from the total strains according to Eq. (20):

𝜀𝑣𝑒𝑙(𝑡𝑘, 𝜏𝑗 ) = 𝜀𝑒𝑥𝑝(𝑡𝑘, 𝜏𝑗 ) − 𝜀𝑠ℎ𝑟(𝑡𝑘, 𝜏𝑗 ) . (21)

To keep the nomenclature reasonably simple, the age of the material at
he time of testing, 𝑡𝑘 according to Eq. (10), is omitted in the following.

The linear theory of viscoelasticity [39] is used to evaluate the
stresses and strains of Eqs. (19) and (21). The corresponding integro-
differential equation of hereditary mechanics, also referred to as ‘‘Boltz-
mann’s superposition principle’’, provides access to the modeled strain
history 𝜀𝑚𝑜𝑑 (𝜏) as [40–42]

𝜀𝑚𝑜𝑑 (𝜏) =
𝜏

∫
−∞

𝐽 (𝜏 − 𝜃)
d𝜎(𝜃)
d𝜃

d𝜃 , (22)

where 𝐽 is the creep function, d𝜎(𝜃)∕d𝜃 is the stress rate history, and 𝜃
s an auxiliary time variable.

A power law is an appropriate creep function for modeling creep
f cementitious materials with a characteristic duration from a few
econds to a few weeks [20,22,43–45]:

𝐽 (𝜏 − 𝜃) = 1
𝐸

+ 1
𝐸𝑐

[

𝜏 − 𝜃
𝜏𝑟𝑒𝑓

]𝛽
, (23)

where 𝐸, 𝐸𝑐 , and 𝛽 stand for the elastic modulus, the creep modulus,
and the creep exponent, respectively. The reference time, 𝜏𝑟𝑒𝑓 , renders
the argument inside the brackets of Eq. (23) dimensionless. It is set
equal to 86400 seconds (= 1 day), following the example of [20,26].

The stress rate history is represented as a piece-wise constant func-
ion of time, using the Heaviside step function with 𝐻(𝜃 ≥ 𝜏𝑖) = 1 and
(𝜃 < 𝜏𝑖) = 0:

d𝜎(𝜃)
d𝜃

=
4
∑

𝑖=1
𝜎̇𝑖 𝐻(𝜃 − 𝜏𝑖) , (24)

see Fig. 7. Load application starts at time instant 𝜏1 = 0 s, at stress
ate 𝜎̇1 = const. At time instant 𝜏2, the load application ends and the
oad plateau starts. The vanishing stress rate during the load plateau
s described by means of 𝜎̇2 = −𝜎̇1 = const. At time instant 𝜏3, the
oad plateau ends and the unloading starts at stress rate 𝜎̇3 = const.
t time instant 𝜏4, the unloading ends and the phase of creep recovery
tarts. The vanishing stress rate after completed unloading is described
y means of 𝜎̇4 = −𝜎̇3 = const. Quantification of 𝜎̇1, 𝜎̇3, and 𝜏1, 𝜏2, 𝜏3,
nd 𝜏4 is explained in Appendix A.

Modeled strains follow from inserting Eqs. (23) and (24) into
Eq. (22) and from solving the integral as

𝜀𝑚𝑜𝑑 (𝐸 , 𝐸𝑐 , 𝛽; 𝜏) =
4
∑

𝑖=1

𝜎̇𝑖 ⟨𝜏 − 𝜏𝑖⟩
𝐸

+
𝜎̇𝑖 𝜏𝑟𝑒𝑓

𝐸𝑐 (𝛽 + 1)
[

⟨𝜏 − 𝜏𝑖⟩
𝜏𝑟𝑒𝑓

]𝛽+1
, (25)

where
[ ]
⟨𝜏 − 𝜏𝑖⟩ = 𝜏 − 𝜏𝑖 ×𝐻(𝜏 − 𝜏𝑖) . (26)

6 
Fig. 7. Stress history used for the evaluation of three-minute creep tests, see the top
iagram; the second diagram shows the corresponding stress rate history which can be
ecomposed into four stress rate steps, see the four bottom-most diagrams and Eq. (24).

The goal of the test evaluation is to find values of 𝐸, 𝐸𝑐 , and
such that the modeled strain history according to Eq. (25) best

reproduces the viscoelastic strain history according to Eq. (21). This
task is accomplished in two newly proposed steps. The first refers to the
identification of 𝐸𝑐 and 𝛽. The second step refers to the identification
of 𝐸.

Step 1: 𝐸𝑐 and 𝛽 are identified such that the modeled strains run
as parallel as possible to the viscoelastic strains during the three-
minute load plateau. The elastic modulus is set infinitely large (𝐸 =
∞), such that modeled strains contain creep strains only, see Fig. 8.
Mathematically, the identification task is formulated as an optimization
problem

(𝐸𝑐 , 𝛽) =
√

√

√

√

1
𝑚

𝑚
∑

𝑗=1

[

𝐷(𝐸𝑐 , 𝛽; 𝜏𝑗 ) −𝐷(𝐸𝑐 , 𝛽)
]2

→ min , (27)

with

𝐷(𝐸 , 𝛽; 𝜏 ) = 𝜀 (𝐸= ∞, 𝐸 , 𝛽; 𝜏 ) − 𝜀 (𝜏 ) , (28)
𝑐 𝑗 𝑚𝑜𝑑 𝑐 𝑗 𝑣𝑒𝑙 𝑗
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Fig. 8. Identification of viscoelastic properties: (a) Step 1: identification of the creep
modulus 𝐸𝑐 and the creep exponent 𝛽 according to Eqs. (27)–(31) such that the modeled
strains run as parallel as possible to the viscoelastic experimental strains during the
hree-minute load plateau; (b) Step 2: identification of the elastic modulus 𝐸 such that
he mean difference between modeled and viscoelastic experimental strains vanishes
uring the three-minute load plateau, see Eq. (33); illustration for test 49 on OPC
aste sample 1, performed at the material age of 72 h.

𝐷(𝐸𝑐 , 𝛽) = 1
𝑚

𝑚
∑

𝑗=1
𝐷(𝐸𝑐 , 𝛽; 𝜏𝑗 ) , (29)

and with

𝜏𝑗 = 𝜏𝐼 + 𝑗 × 0.01 s , ∀ 𝑗 = 0, 1, 2,… , 𝑚 , (30)

𝑚 =
𝜏𝐼 𝐼 − 𝜏𝐼
0.01 s , (31)

where 𝜏𝐼 and 𝜏𝐼 𝐼 refer to the first and the last time instant, respectively,
at which the measured stress was equal to (or slightly larger than) the
average stress of the load plateau, see Appendix B for details.

The optimization starts with defining search intervals, e.g. 𝐸𝑐 ∈
[10 GPa , 100 GPa] and 𝛽 ∈ [0.1 , 0.5]. Both of them are discretized into
7 equidistant values. Combining 7 values of 𝐸𝑐 with 7 values of 𝛽 yields
49 pairs of values. Modeled strains are computed for each of these pairs
according to Eq. (25), and the error function according to Eqs. (27)–
(31) is evaluated. The specific pair of values of 𝐸𝑐 and 𝛽, which yields
he smallest error, is treated as a near-optimal solution. A new iteration
tep is started. To define new search intervals, the ones previously used
re either shifted, provided that the near-optimal solution is at the
imit of the previous search interval, or refined, see [20] for details.

The iteration is stopped once the search intervals are so small that all
seven values of the search interval have the same first four significant
igits. The pair of values delivering the smallest error according to
 o

7 
Fig. 9. Calorimetry results: heat release rate, normalized to the initial mass of the
CEM I contained in the binder (see Table 1), as a function of material age; symbols
are provided for better readability; differences between the three tested materials are
clearly visible in the cumulative heat evolutions of Fig. 10.

Eqs. (27)–(31) at the end of the last iteration step is treated as the
optimal solution. The identified values of 𝐸𝑐 and 𝛽 are denoted as 𝐸∗

𝑐
and 𝛽∗. They are kept constant throughout the following step 2, during
which the value of the elastic modulus is identified.

Step 2: 𝐸 is identified such that the mean difference between mod-
eled and viscoelastic experimental strains vanishes during the three-
minute load plateau:

(𝐸) = 1
𝑚

𝑚
∑

𝑗=1

[

𝜀𝑚𝑜𝑑 (𝐸 , 𝐸∗
𝑐 , 𝛽∗; 𝜏𝑗 ) − 𝜀𝑣𝑒𝑙(𝜏𝑗 )

]

→ 0 . (32)

The solution of Eq. (32) reads as

𝐸∗ =
|

|

|

|

𝐷(𝐸∗
𝑐 , 𝛽∗)

𝜎̇1
[

𝜏2 − 𝜏1
]

|

|

|

|

, (33)

where 𝜎̇1
[

𝜏2−𝜏1
]

denotes the stress increment imposed on the specimen
during load application.

In order to assess the significance of the identified values of 𝐸∗, 𝐸∗
𝑐 ,

and 𝛽∗, the root mean square error between modeled and viscoelastic
xperimental strains is quantified during the entire time interval from
he start of the loading phase to 180 s after completed unloading,

(𝐸∗, 𝐸∗
𝑐 , 𝛽∗) =

√

√

√

√

1
𝑛

𝑛
∑

𝑗=1

[

𝜀𝑚𝑜𝑑 (𝐸∗, 𝐸∗
𝑐 , 𝛽∗; 𝜏𝑗 ) − 𝜀𝑣𝑒𝑙(𝜏𝑗 )

]2, (34)

with 𝜏𝑗 and 𝑛 according to Eqs. (12)–(14).
In order to verify the robustness of the described identification

procedure, it was repeated several times, starting from different initial
earch intervals for 𝐸𝑐 and 𝛽, for each one of the here described 870

three-minute creep tests. The results obtained were always very similar.
This underlines that they are virtually independent of the initial search
intervals.

3. Experimental results

3.1. Hydration kinetics

The heat release rate obtained from quasi-isothermal differential
calorimetry is normalized with respect to the initial mass of the CEM I
contained in the binder, see Table 1. Three nominally identical tests
per material are represented by separated graphs in Fig. 9. The exper-
imental dispersion is small. Test repeatability is satisfactory.

The acceleration period of both the LPC and LC3 pastes starts some
 h and 25 min after material production. That of the OPC paste follows
ome 25 min later. The main peak of hydration is reached some seven
ours after production of the LPC and LC3 pastes. That of the OPC paste
ollows some 45 min later. The LC3 paste shows the largest peak value
f the specific heat release rate. The OPC paste shows the smallest peak
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Fig. 10. Calorimetry results: cumulative heat release, normalized to the initial mass of
he CEM I contained in the binder (see Table 1), as a function of material age; ordinate
alues are computed by inserting data from Fig. 9 into Eq. (1); symbols are provided

for better readability.

Fig. 11. Ultrasonic testing results: longitudinal (𝑣𝐿) and transversal (𝑣𝑇 ) ultrasonic
wave velocities as a function of material age; ordinate values are computed by means
of Eqs. (2) and (3).

value. That of the LPC paste is in between. After the main hydration
eak, a characteristic ‘‘shoulder’’ illustrates that the aluminate reactions

contribute measurably to the hydration reactions. This shoulder is more
ronounced for the LC3 paste than for the OPC and LPC pastes, because
f the larger aluminum content [46].

The evolution of the cumulative specific heat is obtained from
nserting the data of Fig. 9 into Eq. (1), see Fig. 10. Already 12 h

after material production, the LC3 paste shows the largest values of
he cumulative heat release per initial mass of cement. The OPC paste
hows the smallest values. Those of the LPC paste are in between. The
ydration of the LPC paste is accelerated relative to the hydration of the
PC paste, because the limestone particles provide preferred nucleation

ites for the growth of C-S-H [47–49]. The LC3 paste initially shows a
imilar behavior as the LPC paste. The LC3 paste exhibits a significantly

larger heat release than the LPC paste, from a material age of 2 days
nward, indicating the pozzolanic reaction which is a characteristic

part of LC3 hydration [8,50].

3.2. Evolution of ultrasonics-derived elastic stiffness

Three cylindrical specimens of each of the three materials were
tested. Their heights amount to 60.0 ± 0.3 mm. Their diameters amount
o 29.4 ± 1.2 mm. The measured times of flight and delay times are
onverted by means of Eqs. (2) and (3) to longitudinal and transversal

wave velocities, see Fig. 11.
The elastic modulus is quantified by means of evaluating Eqs. (4)–

(6) for the wave velocities from Fig. 11 and the mass densities of the
8 
Table 5
Mass densities of the tested materials.

Material Mass density

OPC paste 1.89 ± 0.01 g∕cm3

LPC paste 1.85 ± 0.01 g∕cm3

LC3 paste 1.85 ± 0.01 g∕cm3

Fig. 12. Ultrasonic testing results: elastic moduli as a function of material age.

tested materials from Table 5, see Fig. 12. The elastic stiffness of all
three materials increases monotonically with increasing material age.
The elastic modulus of the LPC paste is virtually 25% smaller than
that of the OPC paste, during the testing period from 1 to 7 days after
material production. This is consistent with results presented in [51]
where LPC systems with clinker replacement ratios up to 45% showed
n elastic stiffness which was by up to 33% smaller than that of the
PC reference. At a material age of 1 day, the elastic stiffness of the
C3 paste is in between those of the LPC and OPC pastes. Subsequently,
he stiffness increase of the LC3 paste is larger than that of the OPC
aste, such that both materials have virtually the same stiffness some
 days after material production. The results of Fig. 12 will be used

for validation of the elastic moduli identified from hourly three-minute
creep testing, see Section 3.7.

3.3. Evolution of uniaxial compressive strength

The maximum force recorded in the destructive uniaxial compres-
sion tests and the cross-sectional area of the specimens (𝐴 = 6.80 ±
0.06 cm2) are converted by means of Eq. (7) into the uniaxial com-
ressive strength, see Fig. 13. The uniaxial compressive strength of all

three materials increases monotonically with increasing material age.
7 days after material production, the compressive strength of the LC3
nd LPC pastes amounts to about 81% and 57% of that of the OPC

paste, respectively.
Prescribing 15% of the strength during every three-minute creep

test requires a continuous mathematical description of the strength
evolution. To this end, a power-law is introduced:

𝑓𝑐 (𝑡) = 𝑎
[

𝑡
1 day

]𝑏
. (35)

The parameters 𝑎 and 𝑏 are optimized using the curve fitting tool of
atLab, see Table 6 for the results. The coefficients of determina-

tion, 𝑅2, range from 92.6% to 97.5%, see Table 6. The fitted power
laws slightly underestimate the strength of the OPC and LC3 pastes
3 days after production. Thus, the compressive loads prescribed during
three-minute creep testing are even slightly smaller than 15% of the
actual material strength. This underlines that the materials remained
undamaged throughout the creep testing campaign.
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Fig. 13. Evolution of the uniaxial compressive strength as a function of material age:
ymbols label experimental results; the solid lines show the power law of Eq. (35) with

parameters of Table 6.

Table 6
Values of parameters according to Eq. (35), allowing for the reproduction of experi-

entally obtained strength values.
Material 𝑎 𝑏 𝑅2

OPC paste 30.42 MPa 0.338 0.926
LPC paste 16.95 MPa 0.351 0.975
LC3 paste 22.97 MPa 0.374 0.941

Fig. 14. Result of a three-minute creep test: the change of distance between two
aluminum rings clamped to the specimen, measured by means of six displacement
sensors; the differences of the sensor measurements result from eccentric loading by
.2 mm which is significantly smaller than the diameter of the specimen (= 70 mm);
llustration for test 49 on OPC paste sample 1, performed at the material age of 72 h.
For interpretation of the references to color in this figure legend, the reader is referred
o the web version of this article.).

3.4. Length changes and strains measured during individual creep tests

The length changes measured by the six displacement sensors during
one three-minute creep test show a parallel evolution, see e.g. Fig. 14.
The differences result from the slightly eccentric application of the
oad. The load eccentricity, i.e. the lateral distance between the axis of
oading and the axis of the specimen, is exemplarily quantified for the
est shown in Fig. 14. Following Eqs. (3)–(6) of [32], the eccentricity

amounts to some 1.2 mm. This is a very small and therefore tolerable
eccentricity, when compared with 70 mm (= the nominal diameter of
he specimens).

The average of the six measurements delivers the average shorten-
ng of the measured part of the specimen, see the black line in Fig. 14.
9 
Fig. 15. Result of hourly three-minute creep testing: effective shrinkage of OPC, LPC,
nd LC3 pastes as a function of material age; effective shrinkage includes hydration-

induced shrinkage, unrecovered creep strains from previous creep tests, ongoing creep
due to the small permanent force imposed on the specimen, and possibly drying
shrinkage due to slightly imperfect sealing of the specimens.

Experimental strains are quantified by means of Eq. (20), see also the
ight ordinate in Fig. 14.

3.5. Shrinkage of specimens subjected to creep testing

Shrinkage strains quantified for all three tested materials according
to Eq. (15) increase monotonically with increasing material age, see
Fig. 15. Test repeatability is satisfactory, noting the small experimental
variation obtained with two nominally identical samples of each one
of the three tested materials. The shrinkage curves of the OPC and LPC
pastes show a negative curvature. That of the LC3 paste starts with
a positive curvature, shows an inflection point about 3.5 days after
material production, and then shows a negative curvature. These results
will be discussed in Section 5.2.

3.6. Creep-testing-derived evolution of elastic stiffness and creep

The elastic modulus, the creep modulus, and the creep exponent are
quantified according to Eqs. (19)–(33), using the actual dimensions of
the specimens. Their heights amount to 30.00 cm ± 0.01 cm and their
diameters to 7.08 cm ± 0.03 cm, respectively. The minimum duration
of the load application phase amounts to 1.2 s and refers to test 1 of
the LPC paste. Thus, the minimum duration of the unloading phase
amounts to 2.4 s. The maximum duration of the load application phase
amounts to 4.2 s and refers to test 145 of the OPC paste. Thus, the

aximum duration of the unloading phase amounts to 8.4 s.
The elastic modulus increases monotonically with increasing mate-

rial age for all three tested materials, see Fig. 16(a). The results are
reminiscent of the ones obtained from ultrasonic testing. For the direct
comparison of Figs. 12 and 16(a) see Section 3.7.

The creep modulus of all three materials increases monotonically
ith increasing material age, see Fig. 16(b). The creep modulus of the
PC paste is larger than that of the LPC paste throughout the creep

esting campaign from 1 to 7 days. During the first 3 days, the creep
modulus of the LC3 paste evolves in a very similar way to that of the
LPC paste. Thereafter, the creep modulus of the LC3 paste increases
faster than that of the OPC paste, such that the LC3 paste has the largest
creep modulus among all three tested materials from some 4 days after
production.

The creep exponent of all three materials decreases monotonically
with increasing material age, see Fig. 16(c). The creep exponent of the
OPC paste is larger than that of the LPC paste throughout the creep
testing campaign. Notably, the creep exponent evolutions of the OPC
and LPC pastes show a positive curvature, while that of the LC3 paste
shows two inflection points.
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Fig. 16. Hourly performed three-minute creep testing results: (a) elastic modulus 𝐸∗,
b) creep modulus 𝐸∗

𝑐 , and (c) creep exponent 𝛽∗ as functions of the material age.

The interpretation of the creep modulus and the creep exponent is
the topic of Section 4.7. The corresponding discussion of the experimen-
al results illustrated in Fig. 16(b) and (c) is provided in Section 5.4.

Here, it is worth mentioning that the root mean square errors between
modeled and experimental strains according to Eq. (34) are, except for
single outliers, smaller than 1.5 × 10−6, see Fig. 17. These values are
y three orders of magnitude smaller than the characteristic strains
easured during the three-minute load plateau, see e.g. the right

rdinate in Fig. 14. This underlines the very satisfactory accuracy with
hich the modeling approach reproduces the viscoelastic strains.
10 
Fig. 17. Root mean square errors (RMSE) between modeled and viscoelastic experi-
mental strains, quantified according to Eq. (34) for every three-minute creep test, under
consideration of shrinkage strains according to Eq. (15).

Fig. 18. Comparison of the elastic stiffness evolutions obtained from ultrasonic testing,
see Fig. 12, and from creep testing, see Fig. 16(a).

3.7. Comparison of the elastic stiffness evolutions obtained from ultrasonic
nd creep testing

The ultrasonic tests, see Fig. 12, and the creep tests, see Fig. 16(a),
rovide independent access to the evolution of the elastic modulus
f the three tested materials. Illustrating the results of both char-
cterization methods in one diagram underscores that virtually the
ame stiffness evolutions are obtained, Thus, both methods mutually
orroborate each other, see Fig. 18.

4. Discussion of the test evaluation protocol and of the associated
strain modeling approach

4.1. Differences between existing test evaluation strategies and the here-
proposed protocol

Herein, a further improved strategy for the evaluation of three-
inute creep tests was presented. It is the successor of two preceding

est evaluation strategies.
Irfan-ul-Hassan et al. [20] used a two-step strategy. In step 1, the

elastic modulus was estimated based on the unloading modulus and
improved such as to avoid modeling of nonphysical tensile creep strains
at the very beginning of the load application phase. In step 2, the creep
modulus and the creep exponent were identified such as to minimize
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the differences between modeled and measured strains during both the
load application phase and the subsequent 180 s of constant loading.

Ausweger et al. [26] set the creep exponent equal to 0.25. This was
otivated by a multiscale continuum micromechanics model for non-

ging basic creep of ordinary Portland cement pastes [22]. Therein, the
microstructure of cement paste was resolved down to capillary pores
nd microscopic hydrate gel needles. Their isochoric creep behavior
as described by means of a creep shear modulus and a creep exponent.
he values of these two material constants were identified such as to
est reproduce the macroscopic creep behavior of ordinary Portland
ement pastes with initial water-to-cement mass ratios amounting to
.42, 0.45, and 0.50, measured in some 500 three-minute creep tests
erformed at material ages from 1 to 8 days [20]. The identified

hydrate gel needle-related creep exponent amounts to 0.25. Upscal-
ing by means of the multiscale model delivered the corresponding
macroscopic creep exponent of cement paste, which was also equal to
0.25.1 This value was taken over by Ausweger et al. [26] who used a
single-step strategy for the identification of the elastic modulus and the
creep modulus, such as to minimize the differences between modeled
and measured strains both during the load application phase and the
subsequent 180 s of constant loading.

Herein, a new two-step strategy for the evaluation of three-minute
reep tests was used. In step 1, the creep modulus and the creep
xponent are identified to maximize the parallelism between modeled
nd measured strains during the 180 s of constant loading. In step 2,
he elastic modulus is identified such that the mean difference between
odeled and experimental strains vanishes during the 180 s of constant

oading. This approach was the result of the following arguments:

• The creep exponent is constant during individual three-minute
tests, but it is allowed to vary from one test to another. The
underlying rational is twofold. (i) Since the creep behavior of the
LC3 paste is unknown, it would be unjustified to assume that the
creep exponent has always the same value. (ii) All creep tests of
all three materials shall be identified by means of the same method
to ensure comparability of the results.

• Identification of the creep modulus and the creep exponent was
based on strains measured during the 180 s of constant loading.2
The underlying rational is that the viscoelastic strain increases
during the load plateau exclusively due to creep, because the
elastic deformation is constant.

• The identification of the elastic modulus was also based on strains
measured during the 180 s of constant loading. The quality of the
identification results was quantified by means of the root mean
square error evaluated during the entire time interval from the
start of the load application to some 180 s after completed unload-
ing, see Eq. (34). This assessment is meaningful, given that strains
measured during the phases of load application, unloading, and
creep recovery had to be predicted, as they were not used as input
for the preceding identification task.

Another innovative aspect of the here-proposed test evaluation strat-
gy is that identification of viscoelastic material properties was based
n viscoelastic strains which were quantified by subtracting shrinkage
trains from measured strains. Notably, measured strains were used
s input for the identification of viscoelastic material properties in
he two preceding test evaluation strategies [20,26]. This provides

the motivation to discuss the significance of shrinkage strains in the
following two Subsections.

1 The equality of microscopic and macroscopic creep exponents is a result
of inefficient stress redistribution from creeping hydrate gel needles to purely
elastic (non-creeping) cement grains [29].

2 Still, creep strains developing during the short phase of fast load
application were also included in the modeling approach.
11 
Fig. 19. Ratio between shrinkage increments and total strain increments measured
during three-minute load plateaus of individual creep tests, as a function of material
ge.

4.2. Contribution of shrinkage to strains measured during load plateaus

The load plateau-related ratio of the shrinkage-strain-increment and
the measured-strain-increment reads, for the 𝑘t h creep test, as:

(𝑡𝑘) =
𝜀̇𝑠ℎ𝑟(𝑡𝑘) ×

[

𝜏3 − 𝜏2
]

𝜀𝑒𝑥𝑝(𝑡𝑘, 𝜏3) − 𝜀𝑒𝑥𝑝(𝑡𝑘, 𝜏2)
. (36)

Eq. (36) expresses that the increment of shrinkage strains developing
during the load plateau is equal to the shrinkage rate multiplied with
the duration of the load plateau, see the numerator of Eq. (36). The
ncrement of measured strains developing during the load plateau is
qual to the difference of the strains measured at the end and at the

start of the load plateau, see the denominator of Eq. (36).
Eq. (36) is evaluated for all six tested specimens and for all three-

minute creep tests, except the first and the last tests for which the
shrinkage rate 𝜀̇𝑠ℎ𝑟(𝑡𝑘) according to Eq. (16) cannot be evaluated. The
obtained values of the load plateau-related ratio of shrinkage-strain
ncrements and measured-strain increments are smaller than 3%, see

Fig. 19. The largest values are obtained for the LC3 paste during
the fourth day after production, see the green symbols in Fig. 19.
Notably, the steeper the slope of the shrinkage strain evolution in
Fig. 15, the larger is the ratio in Fig. 19. This underlines that shrinkage
does contribute to the strains measured during a three-minute creep
test. The fact that shrinkage was disregarded in the preceding test
valuation strategies [20,24,26,29] provides the motivation for the next
ubsection.

4.3. Identification of viscoelastic properties from measured rather than
viscoelastic strains

Herein, identification of 𝐸, 𝐸𝑐 , and 𝛽 is repeated for all three-minute
creep tests. This time, modeled strains shall reproduce the measured
strains. Therefore, the viscoelastic strains 𝜀𝑣𝑒𝑙(𝜏𝑗 ) are replaced by the

easured strains 𝜀𝑒𝑥𝑝(𝜏𝑗 ) in Eqs. (28) and (32). This yields:

𝐷(𝐸𝑐 , 𝛽; 𝜏𝑗 ) = 𝜀𝑚𝑜𝑑 (𝐸𝑐 , 𝛽; 𝜏𝑗 ) − 𝜀𝑒𝑥𝑝(𝜏𝑗 ) (37)

and

(𝐸) = 1
𝑚

𝑚
∑

𝑗=1

[

𝜀𝑚𝑜𝑑 (𝐸 , 𝐸𝑐 , 𝛽; 𝜏𝑗 ) − 𝜀𝑒𝑥𝑝(𝜏𝑗 )
]

→ 0 . (38)

All other Eqs. (27)–(33) remain the same. Solving the modified min-
imization problem yields newly identified values of 𝐸, 𝐸𝑐 , and 𝛽,
referred to as 𝐸⋆, 𝐸⋆

𝑐 , and 𝛽⋆. The corresponding root mean square
error follows from replacing 𝜀𝑣𝑒𝑙(𝜏𝑗 ) in Eq. (34) by 𝜀𝑒𝑥𝑝(𝜏𝑗 ):

(𝐸⋆, 𝐸⋆
𝑐 , 𝛽⋆) =

√

√

√

√

1
𝑛

𝑛
∑

[

𝜀𝑚𝑜𝑑 (𝐸⋆, 𝐸⋆
𝑐 , 𝛽⋆; 𝜏𝑗 ) − 𝜀𝑒𝑥𝑝(𝜏𝑗 )

]2 . (39)

𝑗=1
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Table 7
Comparison of root mean square errors between modeled and experimentally quantified
strains, which are averaged over all 145 tests per specimen according to two different
est evaluation strategies: avg

[

(𝜀𝑚𝑜𝑑 − 𝜀𝑣𝑒𝑙)
]

refers to identification of viscoelastic prop-
erties from viscoelastic strains, see Section 2.9; avg

[

(𝜀𝑚𝑜𝑑−𝜀𝑒𝑥𝑝)
]

refers to identification
f viscoelastic properties from measured strains.

avg
[

(𝜀𝑚𝑜𝑑−𝜀𝑣𝑒𝑙)
]

avg
[

(𝜀𝑚𝑜𝑑−𝜀𝑒𝑥𝑝)
]

OPC-s1 0.30 × 10−6 0.37 × 10−6
OPC-s2 0.61 × 10−6 0.67 × 10−6
LPC-s1 0.36 × 10−6 0.36 × 10−6
LPC-s2 0.30 × 10−6 0.31 × 10−6
LC3-s1 0.76 × 10−6 0.85 × 10−6
LC3-s2 0.59 × 10−6 0.69 × 10−6

Identifying viscoelastic properties either from viscoelastic strains,
see Section 2.9 and Fig. 16, or from measured strains, see above and
Fig. C.29, yields very similar results in terms of the elastic modulus,
he creep modulus, and the creep exponent. As for a quantitative

comparison, the 145 values of the root mean square error, referring
to the 145 tests per specimen, are averaged. Averaging over the er-
rors according to Eqs. (34) and (39) yields quantities referred to as
avg

[

(𝜀𝑚𝑜𝑑 −𝜀𝑣𝑒𝑙)
]

and as avg
[

(𝜀𝑚𝑜𝑑 −𝜀𝑒𝑥𝑝)
]

, respectively, see Table 7.
Identifying viscoelastic properties from viscoelastic strains yields aver-
age strain reproduction errors avg

[

(𝜀𝑚𝑜𝑑−𝜀𝑣𝑒𝑙)
]

which are smaller than
he average strain reproduction errors avg

[

(𝜀𝑚𝑜𝑑−𝜀𝑒𝑥𝑝)
]

obtained when
identifying viscoelastic properties from measured strains, see Table 7.

It is concluded that it is preferable to subtract shrinkage strains from
easured strains in order to obtain viscoelastic strains and to use these

iscoelastic strains for the identification of viscoelastic properties. It is
lso concluded that the alternative of identifying viscoelastic properties
imply from measured strains, as done e.g. in [20,24,26,29], delivers

also very meaningful results, because the contribution of shrinkage to
measured strains is small, see Fig. 19.

4.4. Creep deformation during load application and load plateau

In the idealized scenario of infinitely fast loading, only elastic defor-
ation develops during load application. In real testing, however, load

pplication cannot be infinitely fast. This provides the motivation to
uantify the creep deformation developing during load application. The
train at the end of the load application phase follows from evaluating
q. (25) for 𝜏 = 𝜏2:

𝜀𝑚𝑜𝑑 (𝜏)
|

|

|𝜏=𝜏2
=

𝜎̇1
[

𝜏2 − 𝜏1
]

𝐸
+

𝜎̇1 𝜏𝑟𝑒𝑓
𝐸𝑐

[

𝛽 + 1]
[

𝜏2 − 𝜏1
𝜏𝑟𝑒𝑓

]𝛽+1
. (40)

The first term on the right-hand-side of Eq. (40) refers to the elastic
deformation, and the following term to creep deformation.

The strain at the end of the three-minute load plateau follows from
valuating Eq. (25) for 𝜏 = 𝜏3. Simplifying the obtained expression

under consideration of 𝜎̇2 = −𝜎̇1 yields

𝜀𝑚𝑜𝑑 (𝜏)
|

|

|𝜏=𝜏3
=

𝜎̇1
[

𝜏2 − 𝜏1
]

𝐸

+
𝜎̇1 𝜏𝑟𝑒𝑓

𝐸𝑐
[

𝛽 + 1]
{

[

𝜏3 − 𝜏1
𝜏𝑟𝑒𝑓

]𝛽+1
−
[

𝜏3 − 𝜏2
𝜏𝑟𝑒𝑓

]𝛽+1
}

.
(41)

The first term on the right-hand-side of Eq. (41) refers to the elastic
deformation, and the following term to creep deformation.

Dividing the creep deformation at the end of the load application
hase according to Eq. (40) by the creep deformation at the end of the

three-minute load plateau according to Eq. (41) delivers the portion of
reep deformation developing during fast load application:

𝑐 𝑟𝑒𝑒𝑝 =

[

𝜏2 − 𝜏1
𝜏𝑟𝑒𝑓

]𝛽+1

[

𝜏3 − 𝜏1
]𝛽+1

−
[

𝜏3 − 𝜏2
]𝛽+1

. (42)
𝜏𝑟𝑒𝑓 𝜏𝑟𝑒𝑓

12 
Fig. 20. Creep strains developing during the loading phase relative to creep strains
developing up to the end of the load plateau.

Evaluation of Eq. (42) for all three-minute creep tests shows that some
0% to some 60% of the creep deformation developing until the end
f the 180 s load plateau are already induced during the short phase
f fast loading, see Fig. 20. On the one hand, this is a result of the
hort duration of the creep tests and the very steep initial slope of the
reep function. On the other hand, the increasing trends in Fig. 20 are

influenced by the fact that the speed of load application was always
the same, while the level of the load plateau was increased from test
o test. Thus, the load application phase of tests at higher material age
asted longer than those at lower material age, and a longer duration
f the load application phase allowed the materials to develop more
reep strains. Fig. 20 also implies that only some 40% to some 80% of

the creep deformation develop during the three-minute load plateau.
t is concluded that Eq. (42) and Fig. 20 underscore the importance
f accounting for creep strains developing already during fast load

application when it comes to the evaluation of a creep test with a
characteristic duration of a few minutes or less.

Disregarding creep deformation developing during load application,
.e. treating the entire deformation measured during load application
s elastic deformation, results in an overestimation of the elastic de-
ormation and in an underestimation of the creep deformation. The
ncorrect estimation is the larger the smaller the speed of loading, i.e.
he more time is provided for creep strains to develop during the load

application. As for the here-used loading stress rate of 2 MPa/s, the
misestimation of the elastic modulus and the creep modulus can be
quantified as follows:

• The underestimation of the elastic modulus is rather moderate.
It amounts to a few percent, because the elastic deformation
developing during load application [see the first term on the
right-hand-side of Eq. (40)] is significantly larger than the creep
deformation developing during load application [see the last term
of Eq. (40)], i.e.
𝜎̇1

[

𝜏2 − 𝜏1
]

𝐸
≫

𝜎̇1 𝜏𝑟𝑒𝑓
𝐸𝑐

[

𝛽 + 1]
[

𝜏2 − 𝜏1
𝜏𝑟𝑒𝑓

]𝛽+1
. (43)

• The overestimation of the creep modulus is significant. It amounts
to a multiplicative factor of up to 2.5, because the creep strain de-
veloping during load application [see the last term in Eq. (40)] is
responsible for 20% to 60% of the creep deformation developing
until the end of the 180 s load plateau [see the second line of
Eq. (41)], i.e.
[

𝜏2 − 𝜏1
𝜏𝑟𝑒𝑓

]𝛽+1


[

𝜏3 − 𝜏1
𝜏𝑟𝑒𝑓

]𝛽+1
−
[

𝜏3 − 𝜏2
𝜏𝑟𝑒𝑓

]𝛽+1
. (44)
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Fig. 21. Interpretation of the elastic modulus, the creep modulus, the creep exponent,
and the reference time.

4.5. Mechanical interpretation of the creep modulus, the creep exponent,
and the reference time

As for the interpretation of 𝐸𝑐 , 𝛽, and 𝜏𝑟𝑒𝑓 , it is useful to consider
an idealized scenario. It consists of imposing a uniaxial stress 𝛥𝜎
infinitely fast at time 𝜏0 on a material sample with a chemically inert
microstructure, such that the same creep properties 𝐸𝑐 and 𝛽 remain
valid even if the load plateau lasts for a time period of more than 𝜏𝑟𝑒𝑓 ;
note that 𝜏𝑟𝑒𝑓 = 1 day was used herein and in [20,26,29]. The imposed
stress history reads as

𝜎(𝜏) = 𝛥𝜎 𝐻(𝜏 − 𝜏0) , (45)

see also Fig. 21. The corresponding stress rate history reads as
d𝜎(𝜃)
d𝜃

= 𝛥𝜎 𝛿(𝜃 − 𝜏𝑗 ) , (46)

where 𝛿(𝜃−𝜏𝑗 ) denotes the Dirac delta function. Inserting Eqs. (23) and
(46) into Eq. (22), and solving the integral yields the strain history as

𝜀(𝜏) =
{

𝛥𝜎
𝐸

+ 𝛥𝜎
𝐸𝑐

[

𝜏 − 𝜏0
𝜏𝑟𝑒𝑓

]𝛽
}

𝐻(𝜏 − 𝜏0) , (47)

see also Fig. 21.
The infinitely fast loading at the time 𝜏0 does not provide a time

span that is necessary for the creep deformation to develop. Thus, the
material develops an elastic strain only. It amounts to the stress step
divided by the elastic modulus:

𝜀(𝜏)||
|𝜏=𝜏+0

= 𝛥𝜎
𝐸

, (48)

see Fig. 21 and note that 𝜏+0 is equal to lim
𝜖→0

[

𝜏0 + 𝜖
]

.
At the time instant 𝜏 = 𝜏0+𝜏𝑟𝑒𝑓 , the term in the brackets of Eq. (47)

is equal to 1. This implies:

𝜀(𝜏)||
|𝜏=𝜏0+𝜏𝑟𝑒𝑓

= 𝛥𝜎
𝐸

+ 𝛥𝜎
𝐸𝑐

, (49)

see also Fig. 21. Eq. (48) clarifies that 1∕𝐸 is the spontaneous elastic
compliance of the material. Eq. (49) clarifies 1∕𝐸𝑐 is the additional
creep compliance, a time period of 𝜏𝑟𝑒𝑓 after load application. It is
concluded that the interpretation of the creep modulus depends on the
chosen reference time. This will be further clarified in Section 4.6.
13 
The value of the creep exponent 𝛽 determines the nonlinearity with
which the creep strain develops in the interval from infinitely fast
loading at time 𝜏0 to the time instant 𝜏0+ 𝜏𝑟𝑒𝑓 . The smaller the value of
𝛽, the larger the creep rate remains right after the load is applied, and
the smaller the creep rate becomes when approaching the time instant
𝜏0 + 𝜏𝑟𝑒𝑓 , and vice versa, see Fig. 21.

4.6. Robustness of the test evaluation protocol with respect to different
choices of the reference time

The present Subsection refers to the effects of changing the refer-
ence time from 𝜏𝑟𝑒𝑓 = 1 day to any other positive value 𝜏⋄𝑟𝑒𝑓 . Repeating
the identification of the viscoelastic properties yields corresponding
values of the elastic modulus, the creep modulus, and the creep expo-
nent referred to as 𝐸⋄, 𝐸⋄

𝑐 , and 𝛽⋄. Since the creep behavior of cement
paste is independent of its mathematical description, the creep function
described by means of 𝜏𝑟𝑒𝑓 , 𝐸, 𝐸𝑐 , and 𝛽 must be identical to that
described by means of 𝜏⋄𝑟𝑒𝑓 , 𝐸⋄, 𝐸⋄

𝑐 , and 𝛽⋄:

1
𝐸

+ 1
𝐸𝑐

[

𝜏 − 𝜏0
𝜏𝑟𝑒𝑓

]𝛽
= 1

𝐸⋄ + 1
𝐸⋄
𝑐

[

𝜏 − 𝜏0
𝜏⋄𝑟𝑒𝑓

]𝛽⋄

. (50)

Eq. (50) implies three conditions that must be fulfilled when replacing
𝜏𝑟𝑒𝑓 by 𝜏⋄𝑟𝑒𝑓

𝐸 = 𝐸⋄ , (51)
𝛽 = 𝛽⋄ , (52)

𝐸𝑐
[

𝜏𝑟𝑒𝑓
]𝛽 = 𝐸⋄

𝑐
[

𝜏⋄𝑟𝑒𝑓
]𝛽⋄ . (53)

And indeed, replacing 𝜏𝑟𝑒𝑓 = 86,400 s (= 1 day ) in Eq. (23) by 𝜏⋄𝑟𝑒𝑓 =
180 s (= 3 min) and repeating the creep test evaluation according to
Eqs. (27)–(33) yields updated values of the elastic modulus, the creep
modulus, and the creep exponent. The virtually perfect correlation
plots between the elastic modulus, the creep modulus, and the creep
exponent according to Fig. 16 and their updated values, underline
that Eqs. (51)–(53) are indeed fulfilled, see Fig. 22. This provides the
exemplary proof, that the results obtained from the evaluation of three-
minute creep tests are very robust with respect to different choices of
the reference time.

4.7. Stress-specific creep strain rate at the end of the three-minute load
plateau

The stress-specific creep strain rate at the end of the three-minute
load plateau is introduced as a quantity which is independent of the
stress imposed during creep testing, and indirectly proportional to
𝐸𝑐 [𝜏𝑟𝑒𝑓 ]𝛽 , which renders it invariant with respect to changes of the
reference time, see Eq. (53) and Fig. 22(b). It is equal to the slope of the
creep strain history right before unloading, i.e. at 𝜏 = 𝜏−3 , see Fig. 23,
divided by the stress increment applied during the three-minute creep
test:

𝐽 3 min =
𝜀̇(𝜏−3 )

𝜎(𝜏2) − 𝜎(𝜏1)
, (54)

note that 𝜏1 and 𝜏2 denote the time instants at the beginning and at the
end of the loading process. In order to express 𝜀̇(𝜏−3 ) in Eq. (54) as a
function of 𝐸𝑐 , 𝛽, and 𝜏𝑟𝑒𝑓 , Eq. (25) is derived with respect to 𝜏, and
the obtained expression is evaluated for 𝜏 = 𝜏−3 . Inserting the result
into Eq. (54) and accounting for 𝜎̇2 = −𝜎̇1 as well as for 𝜎̇1 [𝜏2 − 𝜏1] =
𝜎(𝜏2) − 𝜎(𝜏1) yields the stress-specific creep strain rate at the end of the
three-minute load plateau as

𝐽 3 min =
1

𝐸𝑐 [𝜏2 − 𝜏1]

{

[ 𝜏−3 − 𝜏1
𝜏𝑟𝑒𝑓

]𝛽
−
[ 𝜏−3 − 𝜏2

𝜏𝑟𝑒𝑓

]𝛽
}

. (55)

𝐽 3 min according to Eq. (55) is evaluated for all of the performed
three-minute creep tests, using the creep moduli and the creep ex-
ponents documented in Section 3.6, see Fig. 24. The values of 𝐽
 3 min
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Fig. 22. Correlation of identified values of (a) the elastic modulus, (b) the creep
modulus, and (c) the creep exponent, when comparing results obtained with 𝜏𝑟𝑒𝑓 =
86,400 s and with 𝜏⋄𝑟𝑒𝑓 = 180 s, respectively.

decrease monotonically with increasing material age. The largest values
are those of the LPC paste throughout the entire testing period. This
implies that the LPC paste creeps more than the OPC and LC3 pastes
at the same material age. The values of 𝐽 3 min of the OPC paste are
some 15% smaller than that of the LPC paste. The LC3 paste exhibits
arger values of 𝐽 3 min than the OPC paste during the first 3.25 days
f hydration, and smaller values thereafter. This implies that the LC3

paste creeps less than the OPC paste already during the second half of
he first week after production.
r

14 
Fig. 23. Creep strain rate at the end of the three-minute load plateau.

Fig. 24. Stress-specific creep strain rate at the end of the three-minute load plateau
as a function of material age.

5. Discussion of the influence of the pozzolanic reaction on the
volution of shrinkage, elastic stiffness, and creep of the LC3 paste

The early-age evolution of macroscopic mechanical properties of
cementitious materials is a result of the hydration-driven evolution
of their microstructures. This provides the motivation to discuss the
elation between the macroscopic shrinkage, elastic stiffness, and creep
f the LC3 paste, as determined by means of hourly three-minute creep

testing, and their microstructural phase assemblage, including both the
solid constituents and the pores. As references, OPC and LPC pastes are
discussed first.

All here-studied macroscopic properties of the OPC and LPC pastes
evolve in a qualitatively similar fashion, because of the chemical simi-
larity of both materials. Quantitative difference can be explained by the
arger porosity of the LPC paste, resulting from a larger initial water-to-
cement mass ratio [52,53]. From 1 to 7 days after paste production, the
olume fraction of capillary pores of the OPC paste decreases from 0.32

to 0.23, and that of the LPC paste from 0.37 to 0.29, see Appendix D.
The evolution of the macroscopic properties of the LC3 paste is

ualitatively and quantitatively different to those of the OPC and LPC
pastes. This is the result of the pozzolanic reaction and the associated
reduction of the porosity.

Mercury Intrusion Porosimetry (MIP) was used to analyze pore entry
radii and the total porosity of LC3 and OPC pastes [1,15,54,55]. The

ork of Zunino et al. [55] provides specifically valuable insight into the
porosity development during the first week after material production.
Therein, it is shown that the total porosity of LC3 pastes is significantly
larger than that of an OPC reference paste at a material age of 1 day,
nd that this difference decreases progressively, such that the total
orosity of LC3 pastes is only slightly larger than that of an OPC
eference some 7 days after paste production.
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Due to the pozzolanic reaction, the hydration products of the LC3
paste are more diverse than those of the OPC and LPC pastes. The re-
action consumes Portlandite, Aluminum-Silicate, limestone, and water
to produce C-(A-)S-H [56] and AFm phases (= alumina, ferric oxide,
monosubstituted phases) [1,57,58]. The AFm phases include (calcium)
hemi- or mono-carboaluminates, hydroxy-AFm, and strätlingite [58–
60]. In order to gain deeper insight into LC3 hydration, thermodynamic
modeling by means of CemGEMS [61] is performed.

5.1. Evolution of the phase assemblage of OPC, LPC, and LC3 pastes:
thermodynamic modeling using CemGEMS

CemGEMS [61] is a tool for thermodynamic modeling of cemen-
titious materials. It computes chemical speciation by Gibbs energy
minimization (GEM) [62]. OPC, LPC, and LC3 recipes according to
Tables 1, 2, and 3 are input for CemGEMS computations. Limestone
is considered as CaCO3. Calcined clay is defined based on mean val-
ues of the weight percentages listed in Table 2. Cement hydration
is modeled using the modified Parrot Killoh (mPK) model [63,64].
This provides the microstructural phase assemblage of OPC, LPC, and
LC3 pastes as a function of the CemGEMS-simulated material age,
see Fig. 25. For the sake of simplicity, several material phases are
grouped together: ‘‘CEM I’’ is the group name for Alite, Belite, Alumi-
nate, Ferrite, Periclase, Calcite, Fluorite, and Gypsum. ‘‘Other hydrates’’
is the group name for Hydrogarnet, Apatite, Titanite, Hydrotalcite,
Brucite, and Manganite. In addition, ‘‘AFm’’ is the abbreviation for
MonocarbonateH11.

The CemGEMS-simulated material age is distinguished from the
actual material age, because the simulated reaction kinetics do not nec-
essarily reproduce the experimental ones with very high accuracy. The
following discussion of CemGEMS results is focused on relative amounts
of Portlandite and AFm phases, which are significantly different in OPC
and LPC pastes on the one hand, and the LC3 paste on the other hand.

The Portlandite content of the OPC and LPC pastes increases mono-
tonically with the CemGEMS-simulated material age, see Fig. 26. Both
binders exhibit virtually the same amount of Portlandite per 100 g of
initial OPC. The LC3 paste develops the smallest amount of Portlandite.
It increases until the CemGEMS-simulated material age of 2 days, and
decreases thereafter, emphasizing the consumption of Portlandite in the
pozzolanic reaction.

The content of AFm phases of all three materials increases monoton-
ically with the CemGEMS-simulated material age, see Fig. 27. The LC3
paste develops the largest amount of AFm phases per 100 g of initial
OPC. The OPC and LPC pastes exhibit a significantly smaller amount of
AFm phases.

These CemGEMS results underline that the microstructural phase
composition of the LC3 paste differs significantly from that of the
OPC/LPC pastes. The dissolution of Portlandite, the precipitation of
AFm phases, and space filling (= reduction of porosity) due to the pro-
duction of C-(A-)S-H phases, all resulting from the pozzolanic reaction,
manifest themselves macroscopically in the LC3-specific shrinkage,
elastic stiffness, and creep evolutions.

5.2. Microstructural origins of the macroscopic shrinkage evolution of the
LC3 paste

The S-shaped evolution of macroscopic shrinkage of the LC3 paste
differs qualitatively from the negatively curved macroscopic shrinkage
of the OPC and LPC pastes, see Fig. 15. This difference can be traced
back to the dissolution of Portlandite, as explained in the remainder of
this subsection.

Chemical shrinkage refers to the fact that reaction products occupy
a smaller volume than the reactants [65]. Once a solid skeleton is
formed, progressive chemical shrinkage leads to a monotonically in-
creasing negative pressure in the pore water [53]. This is balanced
15 
Fig. 25. CemGEMS-computed evolution of the volumetric microstructural phase assem-
blage per 100 g of initial binder: (a) OPC, (b) LPC, and (c) LC3. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.).

by compressive stresses of the solid skeleton. These pre-stresses are
heterogeneously distributed, as explained next.

Portlandite crystals precipitate free of stresses. Therefore, their pore
pressure-related pre-stress is the larger, the earlier they have precipi-
tated, and the larger the negative pressure of the pore water, i.e. the
larger the degree of hydration.
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Fig. 26. CemGEMS-computed evolution of the mass of Portlandite per 100 g of initial
OPC, for the OPC, LPC, and LC3 pastes.

Fig. 27. CemGEMS-computed evolution of the mass of the AFm phases per 100 g of
nitial OPC, for the OPC, LPC, and LC3 pastes.

Portlandite crystals dissolve in the pozzolanic reaction. The asso-
iated chemical potential increases with increasing mechanical stress
66], i.e. the likeliness of dissolution of higher-stressed crystals is larger
han of lower-stressed crystals [67]. Once a pre-stressed Portlandite

crystal dissolves, its pre-stresses are re-distributed. This increases the
compressive stress level of the surrounding solid skeleton, which re-
ults in increased compressive deformation and, thus, in additional
hrinkage.

The precipitation of AFm phases does not counteract this process,
because they are formed free of stresses. This line of arguments sug-
gests that the pozzolanic reaction manifests itself macroscopically as a
hrinkage-amplifying effect, as illustrated in Fig. 15 and documented
n [68] where LC3 mortars were found to exhibit larger shrinkage

rates than OPC mortars. Notably, strain increase resulting from Port-
landite dissolution was also discussed in [69,70], but from different
perspectives and in the context of different material systems.

5.3. Microstructural origins of the macroscopic elastic stiffness evolution of
the LC3 paste

The elastic modulus of the LC3 paste is virtually equal to that of the
LPC paste one day after production, and it increases thereafter faster
than those of the OPC and LPC pastes, such that it is virtually equal
o that of the OPC paste seven days after production, see Fig. 18. The

loss of elastic stiffness due to the dissolution of Portlandite is virtually
balanced by the gain of elastic stiffness due to precipitation of AFm
phases, as is explained next.

Both Portlandite and AFm crystals have virtually the same elastic
stiffness [71], see Table 8. They have the same platy hexagonal shape,
s shown in SEM images, see [55,72–74], respectively. In addition, the
16 
Table 8
Elastic stiffness, shape, and mass density of Portlandite and AFm crystals.

Portlandite AFm phases

Elastic modulus 42.3 GPa [71] 42.3 GPa [71]
Shape Platy hexagonal [72,73] Platy hexagonal [55,74]
Mass density 2.23 g∕cm3 [76] 2.17 g∕cm3 [77]

micrographs show that both Portlandite and AFm phases precipitate
as micron-sized crystals provided that sufficient precipitation space
is available. This is the case in very dilute systems or at very early
stages of hydration. At later stages, hydration-driven porosity reduc-
tion (= space filling) and pore refinement (= pore subdivision) have
decreased the available precipitation space, such that smaller crystals
are produced. A combined nanoindentation/SEM-EDS study has shown
that Portlandite precipitates even in nanoscopic pores [75]. Therefore,
ortlandite crystals in OPC pastes exhibit a size distribution spanning
ver two to three orders of magnitude. A similar but slightly smaller
ize-distribution is expected for AFm crystals in LC3 pastes, because
he pozzolanic reaction starts later than the CEM I reaction, and this
mplies that the first AFm phases have less space for precipitation
ompared to the first Portlandite crystals. Still, the volume of dissolved
ortlandite appears to be virtually equal to the volume of precipitated
Fm phases, compare Figs. 26 and 27 and note the similarity of the

mass densities of Portlandite and AFm phases [76,77], see Table 8.
Thus, the precipitating AFm phases virtually replace the dissolved
Portlandite due to the described volume balance and the equivalence
of their elastic stiffness and crystal shape.

The specific stiffness increase of the LC3 paste from day 1 to day 7
after production is, therefore, rather related to another feature of the
pozzolanic reaction, namely the reduction of the porosity due to space
filling by C-A-S-H phases [56]. In this context, it is also noteworthy that

-A-S-H phases have virtually the same elastic stiffness as C-S-H [19].

5.4. Microstructural origins of the macroscopic creep evolution of the LC3
pastes

The stress-specific creep strain rate of the LC3 paste is smaller than
those of the OPC and LPC pastes, starting some 3.25 days after material
production, see Fig. 24. This result can be explained by two effects
esulting from the pozzolanic reaction.

Effect 1: The pozzolanic reaction results in additional space filling
due to production of C-A-S-H phases. They creep less than C-S-H, as
demonstrated in creep tests on concretes made from binary cements
containing CEM I and metakaolin [78,79] or calcined clay [79], re-
spectively. Thus, the macroscopic creep compliance of the LC3 paste
is reduced relative to the theoretical alternative that the space would
have been filled by C-S-H.

Effect 2: The pozzolanic reaction results in the production of AFm
hases. In order to explain their creep reducing role, it is recalled that
hear sliding of electrically charged C-S-H surfaces, along nanoscopic

interfaces filled and lubricated by confined water, is a frequently
discussed microstructural mechanism for macroscopic creep of cemen-
titious materials, see e.g. [80–82] and Fig. 28(a). We envision that
hese interfaces get partly filled by newly formed AFm phases in LC3

materials, see Fig. 28(b), as is explained next. AFm phases exhibit a
layered structure [83]. It consists of calcium-aluminate-hydrate plates
separated by layers of water and negatively charged ions [59,60]. Also
C-S-H exhibit a layered structure [84,85]. It consists of calcium-silicate
plates separated by layers of water and positively charged calcium
ons, see e.g. [86–88]. Because of these similarities and differences,

(i) AFm phases have also been referred to as a ‘‘charge-symmetric
version of C-S-H’’ [89], and (ii) it was suggested that AFm phases
preferably precipitate on the surface of C-S-H [90,91]. From this chain
of arguments, it follows that nanoscopic slit pores between neighboring
C-S-H structures are particularly preferred precipitation sites for AFm
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Fig. 28. C-S-H-containing part of the nanostructure of the LC3 paste (a) before and
b) after precipitation of AFm phases resulting from the pozzolanic reaction; (a):
he nanostructure contains several viscous interfaces between neighboring C-S-H layer
tacks, which are lubricated by confined water and develop gliding dislocations upon
acroscopic shear loading; (b): some of these interfaces have been filled and, therefore,

lued by the precipitation of AFm phase layer stacks, reducing the macroscopic creep
ompliance; 2D sketch showing a local detail of a 3D isotropic structure.

phases, see Fig. 28. This mode of precipitation of AFm phases fills
nd, thus, glues formerly viscous interfaces, which contributes to the
eduction of the macroscopic creep compliance.

5.5. Limitations and future outlook

The present study includes the following limitations. The examined
aterials were produced from one type of CEM I, one type of limestone,

nd one type of calcined clay. All pastes were produced with the same
nitial water-to-binder mass ratio. The clinker replacement ratio in the
PC and LC3 pastes was always equal to 30%mass. Mechanical tests were
erformed from 1 to 7 days after material production. Testing of chem-
cally more diverse materials, production of materials with different
nitial water-to-binder mass ratios and clinker replacement ratios, the
etailed characterization of the microstructural phase assemblage, and
ultiscale modeling remain topics for future research.

6. Conclusions

As regards the here-proposed protocols for hourly three-minute
reep testing and evaluation, the following conclusions are drawn:
17 
• Using six displacement sensors during hourly three-minute creep
testing (rather than three sensors as suggested by standard pro-
tocols, e.g. [92], or five sensors as used e.g. in [20]) results in
a redundant setup. Provided that one sensor fails, the affected
group of three sensors has to be discarded, but the remaining
group of three sensors still provides enough measurements for
rigorous test evaluation.

• Numerically efficient and reliable quantification of viscoelastic
properties, without need to make assumptions, was made possi-
ble through an identification procedure organized in two newly
proposed steps. Step 1: The creep modulus and the creep expo-
nent are identified such that the modeled strains run as parallel
as possible to the experimental strains during the three-minute
load plateau. Step 2: The elastic modulus is identified such that
the mean difference between modeled and experimental strains
vanishes during the three-minute load plateau.

• Shrinkage strains contribute up to 3% to the overall time-
dependent strains in the here-performed three-minute creep tests.
Explicit consideration of the shrinkage strains during the identi-
fication of viscoelastic properties further increases the reliability
of the obtained values of the elastic modulus, the creep modulus,
and the creep exponent, as underlined by further reduced values
of the average strain reproduction errors.

• 20% to 60% of the creep deformation at the end of the 180 s
load plateau developed already during the short phase of fast
load application. Disregarding creep deformations during loading
leads to an underestimation of the elastic modulus by a few
percent, and to an overestimation of the creep modulus by a
multiplicative factor of up to 2.5.

• The specific value assigned to the reference time of the Power-
law-type creep function has no influence on the identification
of the elastic modulus and the creep exponent. However, the
creep modulus increases with decreasing value assigned to the
reference time. Still, the test evaluation approach was shown to
be very robust with respect to changes of the reference time: once
the viscoelastic properties are identified for one specific choice
of the reference time, Eq. (53) allows to compute an updated
value of the creep modulus provided that an updated value of
the reference time is chosen.

From the interpretation of hourly three-minute creep testing results,
the following conclusions are drawn:

• Shrinkage, elastic stiffness, and creep, respectively, of the OPC
and LPC pastes evolve qualitatively similar. Quantitative differ-
ences can be traced back to the larger porosity of the LPC paste,
resulting from a larger initial water-to-cement mass ratio. The
qualitatively and quantitatively different behavior of the LC3
paste is governed by the pozzolanic reaction.

• The S-shaped shrinkage evolution of the LC3 paste is explained
as follows. The solid skeleton exhibits compressive stresses which
balance the negative pressure in the pore water, which results
from chemical shrinkage. In the pozzolanic reaction, highly com-
pressed Portlandite crystals dissolve first, because the chemi-
cal potential increases with increasing stress. The compressive
stresses, which were formerly carried by the dissolved Portlandite
crystals, are re-distributed to the surrounding solid skeleton, and
this increased compression of the remaining solid microstructure
leads to additional macroscopic shrinkage, because new hydration
products cannot counteract, as they precipitate free of stresses.

• The elastic stiffness of the LC3 paste increases relatively fast
compared to the OPC and LPC pastes in the here-investigated
age interval from 1 to 7 days after production. This is primarily
a consequence of the reduction of the porosity due to space
filling by C-A-S-H phases. The loss of elastic stiffness due to the
dissolution of Portlandite, in turn, is virtually balanced by the
gain of elastic stiffness due to precipitation of AFm phases.
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• The LC3 paste creeps less than the OPC paste, already some
three-and-a-half days after material production. This is a result
of (i) space filling due to precipitation of C-A-S-H phases which
creep less than C-S-H, and (ii) the precipitation of AFm phases
in nanoscopic slit pores between neighboring C-S-H structures,
which glues formerly viscous interfaces.

• The reduced creep compliance of LC3 materials renders them very
attractive for engineering applications in which concrete struc-
tures are loaded already at early ages, e.g. prestressed concrete
structures.
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Appendix A. Quantification of 𝝈̇𝟏, 𝝈̇𝟑, and 𝝉𝟏, 𝝉𝟐, 𝝉𝟑, and 𝝉𝟒 used in
Eq. (24)

Actual values of 𝜎̇1 and 𝜎̇3 deviate slightly from the nominal values
mounting to 2 MPa∕s and −1 MPa∕s. Actual values are quantified as
he slopes of best linear regression functions approximating the central
0% of the stress histories during load application (𝑙 𝑎) and during
nloading (𝑢𝑙), respectively.

𝜎(𝑡) = 𝑘𝑙 𝑎 𝜏 + 𝑑𝑙 𝑎 , (A.1)
𝜎(𝑡) = 𝑘𝑢𝑙 𝜏 + 𝑑𝑢𝑙 . (A.2)

i.e. 𝜎̇1 = 𝑘𝑙 𝑎 and 𝜎̇3 = 𝑘𝑢𝑙.
𝜏1 is the time instant at which Eq. (A.1) is equal to the stress

imposed on the specimen prior to the test, 𝜎𝑝𝑒𝑟𝑚:

𝜏1 =
𝜎𝑝𝑒𝑟𝑚 − 𝑑𝑙 𝑎

𝑘𝑙 𝑎
, (A.3)

where 𝜎𝑝𝑒𝑟𝑚 is the average of 𝜎(𝑡𝑘, 𝜏) according to Eq. (19) within the
first nine seconds of the time interval of data acquisition, noting that
ensor readings are available also during 10 s prior to loading.

𝜏2 is the time instant at which Eq. (A.1) is equal to the stress
imposed on the specimen during the load plateau, 𝜎𝑝𝑙 𝑎𝑡𝑒𝑎𝑢:
𝜏2 =

𝜎𝑝𝑙 𝑎𝑡𝑒𝑎𝑢 − 𝑑𝑙 𝑎
𝑘𝑙 𝑎

, (A.4)

where 𝜎𝑝𝑙 𝑎𝑡𝑒𝑎𝑢 is the average of 𝜎(𝑡𝑘, 𝜏) according to Eq. (19) within the
time interval [𝜏 + 10 s , 𝜏 + 160 s].
1 1 e
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Table D.9
Initial limestone-to-binder mass ratio and initial water-to-cement mass ratio of the OPC
and LPC pastes, as well as computed values of (i) the cement paste-related volume
raction of limestone and (ii) hydration degrees reached under isothermal curing at
5 ◦C at material ages of 1 day and 7 days, respectively.

OPC LPC

(𝑏 − 𝑐)∕𝑏 0.00 0.30
(𝑤∕𝑐) 0.45 0.64
𝑓 cp
ls 0.00 0.14

𝜉(1 d) 0.56 0.61
𝜉(7 d) 0.74 0.85

𝜏3 is the time instant at which Eq. (A.2) is equal to 𝜎𝑝𝑙 𝑎𝑡𝑒𝑎𝑢:
𝜏3 =

𝜎𝑝𝑙 𝑎𝑡𝑒𝑎𝑢 − 𝑑𝑢𝑙
𝑘𝑢𝑙

, (A.5)

𝜏4 is the time instant at which Eq. (A.2) is equal to 𝜎𝑝𝑒𝑟𝑚:

𝜏4 =
𝜎𝑝𝑒𝑟𝑚 − 𝑑𝑢𝑙

𝑘𝑢𝑙
. (A.6)

Appendix B. Quantification of 𝝉𝑰 and 𝝉𝑰 𝑰 used in Eqs. (30) and
31)

Actual stress readings fluctuate slightly around 𝜎𝑝𝑙 𝑎𝑡𝑒𝑎𝑢 during the
oad plateau. 𝜏𝐼 is equal to the time instant at which the stress exceeds
𝜎𝑝𝑙 𝑎𝑡𝑒𝑎𝑢 for the first time:

𝜏𝐼 = min 𝜏𝑗 for which 𝜎(𝑡𝑘, 𝜏𝑗 ) > 𝜎𝑝𝑙 𝑎𝑡𝑒𝑎𝑢 . (B.1)

𝜏𝐼 𝐼 is equal to the time instant at which the stress exceeds 𝜎𝑝𝑙 𝑎𝑡𝑒𝑎𝑢 for
the last time:

𝜏𝐼 𝐼 = max 𝜏𝑗 for which 𝜎(𝑡𝑘, 𝜏𝑗 ) > 𝜎𝑝𝑙 𝑎𝑡𝑒𝑎𝑢 . (B.2)

Notably, 𝜏𝐼 according to Eq. (B.1) is slightly larger than 𝜏1 according
to Eq. (A.3); and 𝜏𝐼 𝐼 according to Eq. (B.2) is slightly smaller than 𝜏2
according to Eq. (A.4).

Appendix C. Identification of viscoelastic properties from mea-
ured strains

See Fig. C.29.

Appendix D. Quantification of the porosity of OPC and LPC pastes

The porosity of the OPC and LPC paste, respectively, is quantified
by means of Powers’ hydration model [93]. For LPC, it is adapted to ac-
count for limestone as an inert filler material. The cement paste-related
volume fraction of the limestone filler reads [23]:

𝑓 cp
ls =

1
𝜌𝑙 𝑠

𝑏−𝑐
𝑐

1
𝜌𝑐 𝑒𝑚 + 1

𝜌H2O
𝑤
𝑐 + 1

𝜌𝑙 𝑠
𝑏−𝑐
𝑐

, (D.1)

where 𝜌𝑙 𝑠 = 2.7 g∕cm3, 𝜌𝑐 𝑒𝑚 = 3.13 g∕cm3, and 𝜌H2O = 1.0 g∕cm3

denote the mass densities of limestone, CEM I, and water, and 𝑏 and
𝑐 stand for the mass of the binder and CEM I, respectively. Notably,
𝑏−𝑐) corresponds to the mass of limestone. The pore volume fraction
cp
por is the sum of the cement paste-related volume fractions of water
nd air, according to the adapted Powers’ hydration model [23,93]:

𝑓 cp
por (𝜉 , 𝑤∕𝑐) = 63(𝑤∕𝑐) − 23.15𝜉

20 + 63(𝑤∕𝑐)
[1 − 𝑓 cp

ls ] , (D.2)

where (𝑤∕𝑐) is the initial water-to-cement mass ratio and 𝜉 denotes the
ydration degree. The latter is quantified by dividing the specific heat

release according to Fig. 10 by the latent heat of CEM I amounting to
500 J∕g [83,94]. The numerical input values of Eqs. (D.1) and (D.2),
xcept the material densities, are summarized in Table D.9.
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Fig. C.29. Hourly performed three-minute creep testing results: identification of
viscoelastic properties from measured strains (rather than from viscoelastic strains):
a) elastic modulus 𝐸⋆, (b) creep modulus 𝐸⋆

𝑐 , (c) creep exponent 𝛽⋆ as functions of
the material age.
19 
At a material age of 1 day, the pore volume fraction amounts to
𝑓OPC
por = 0.32 for OPC and to 𝑓LPC

por = 0.37 for LPC. At a material age of
7 days, the pore volume fraction amounts to 𝑓OPC

por = 0.23 for OPC and
to 𝑓LPC

por = 0.29 for LPC.

Data availability

Data will be made available on request.
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