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1. Introduction

Autogenous shrinkage of cement-based materials is the unrestrained volume contraction occurring in
isothermal conditions without any moisture exchange or external load [1]. It can reach high magnitude
especially in high performance concrete with low water-to-cement ratio (w/c) [2], where it may lead to
cracking. Investigations on autogenous shrinkage of cementitious materials have been carried out for several
years and considerable effort has been dedicated to formulate reliable models for predicting autogenous

shrinkage (e.g., [3-5]).

Existing prediction methods for autogenous shrinkage can be divided into two main categories: (1) empirical

and semi-empirical models and (2) mechanistic models.

Empirical or semi-empirical models are models obtained via regression analysis of experimental data [6—8].
The parameters usually taken into account are the mixture properties (e.g., w/c, mineral compositions of
cement and aggregates, stiffness of aggregates, paste or aggregate volume fraction) and especially the

compressive strength of the concrete [6,8,9].

In mechanistic models, poromechanics approaches for unsaturated porous materials based on changes of
pore fluid pressure as the main driving force are commonly used to predict autogenous shrinkage (e.g., [10—
12]). Most of the models for predicting the pore fluid pressure are based on the Kelvin-Laplace equation
[13]. This equation is valid both when changes in capillary pressure or in disjoining pressure are considered
as the physical mechanism causing shrinkage [14,15]. After obtaining the pore fluid pressure, the resulting

strain is calculated either by analytical models (e.g., multi-scale modeling with self-consistent scheme



homogenization and Mori-Tanaka homogenization [3]) or by numerical models (e.g., finite element method

(FEM) homogenization [10]).

However, predictions of autogenous shrinkage by using either analytical or numerical methods in most cases
underestimated shrinkage [10,11]. Therefore, attention has been paid to identify the reason for these

discrepancies.

Since cement paste displays visco-elastic behavior under stress, such behavior is also likely to occur under
the action of internal stress due to pore fluid pressure, as suggested already in [11,16-18]. In a recent
metastudy [18], it was observed that autogenous deformation of cementitious materials with w/c below
about 0.5 does not cease together with hydration, but continues over the long term as a logarithmic function
of time. Hence, it was concluded that long-term autogenous shrinkage is due to the creep response to the

action of equivalent (in terms of the Biot-Bishop formulation) pore pressure.

Following this hypothesis and the superposition principle of strains (e.g. [19]), autogenous shrinkage
(neglecting thermal dilation because of the isothermal conditions and neglecting possible damage, e.g.
micro-cracks) can be expressed as:

£=¢€,T &, Eq.(1)
where: ¢ [um/m] is the total autogenous shrinkage occurring after setting (in the solid material), &, [pm/m]

is the (poro-) elastic deformation and &, [um/m] is the contribution of creep (visco-elastic) deformation.

The assumption that a part of the measured shrinkage in cementitious system is due to creep under sustained
internal load (Eq. (1)) has been proposed for the case of autogenous shrinkage by Hua et al. [12,20] and
later extended by Grasley and Leung [21] for the general case of desiccation shrinkage (autogenous and/or

drying shrinkage). This approach was validated in [21] with experiments on drying cement pastes at early



age. While our work follows the same fundamental principle (and hence it could be extended to the case of
drying as in [21]), it is devoted specifically to the case of autogenous shrinkage. The parameters used in
modelling (mechanical properties, moisture state evolution, basic creep, etc.) are obtained on the same
cement pastes in an extensive experimental study. The validation of the approach is carried out based on
experimental measurements of autogenous shrinkage of blended cement pastes, see Fig. 1. Additionally, a
sensitivity analysis of the effect of different parameters governing autogenous shrinkage and corresponding

creep is carried out.

2. Prediction method

The whole prediction process of linear autogenous shrinkage is illustrated in Fig.1. In the diagram, the
parameters and the involved equations are also shown in each parameter block. The model parameters
determined by experiments in this study are: saturation degree S [-], relative humidity RH [-] and relative
humidity decrease due to ions present in the pore solution RHs [-], Young's modulus £ [GPa], elastic
Poisson's ratio v [-] and aging visco-elastic response J(7,¢'). Note that the equations listed in the diagram may
vary according to the different poromechanics models applied. A more detailed explanation is given in the

following sections.
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Fig.1. Diagram of the prediction process of autogenous shrinkage. Oval shapes represent input obtained

from experiments and rectangles represent modelling steps.
2.1 Poro-elastic prediction

The basis of most poromechanics models applied to the prediction of shrinkage in cementitious materials

(e. g.,[11,12,16]) is the Biot-Bishop approach [22], originally developed for soils.

In the Biot-Bishop approach [22], four parameters need to be determined to predict the linear strain ¢.

[m/m]: saturation degree S, capillary pressure P. [GPa], bulk modulus K [GPa] of the porous material and

bulk modulus of the solid body Ks [GPa], see Eq.(2).

! _lp.¢(l L
ge = -5 PSHK=3PoS (3 KS) Eq.(2)

b is the Biot coefficient, defined as /-K/Ks. The capillary pressure can be estimated from the RH evolution
of the system using the Kelvin-Laplace equation. It should be stressed that this approach in the form
expressed with Eq. (2) is only relevant for the ultimate poro-elastic deformation of an inert material. In the
case of autogenous shrinkage, it needs to be used in a differential form to account for the evolution of
material properties due to hydration (see e.g. [17]). Furthermore, the differential form is also required if one

considers the visco-elastic response in addition to the elastic part [19].
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The central term in the poro-elastic approach is the negative pore fluid pressure acting on the solid skeleton
and leading to contraction upon desaturation. In the form used in classical Biot-Bishop approach, Eq. (1), it
takes the form of approximated (after neglecting the contribution of the air pressure changes) averaged pore
pressure acting on the solid skeleton, Pc-S. According to [18], the effective equivalent pore pressure, after
accounting for the Biot's coefficient b, reaches about 15-20 MPa for a concrete with w/c of 0.2. This pressure

is then treated in [18] as a stress leading to long-term creep response.

Another development was proposed by Coussy et al. [23]. In their approach, an equivalent pore pressure
takes the place of the average pore pressure, taking also into account the contribution of the interface energy

due to adsorbed fluid. The resulting equation is as follows [23]:

to=-t-(SPAU)- (£-L) =L (sp.+ [ P.(S)as)- (- L)  Eq.(3)
3 (K KS) 3 ( N ) ( )

K K
where: U [GPa] is the interface energy. For drying shrinkage, this modification may change substantially
the final results at low RH, but is expected to have only limited effect at the RH levels encountered in

autogenous conditions [24].

Both the classical Biot-Bishop approach [22] and Coussy's method [23] were used in the poro-elastic
predictions in this paper, since they consider different driving forces. All the parameters needed for the
predictions according to the two approaches are as indicated in Fig.1.

The approaches for determining different parameters in the calculation are explained in the following.

Capillary pressure



The capillary pressure Pc used in the model evolves according to the Kelvin-Laplace equation based on the

measured RH, see Eq.(4).

RH
-lVl(R—HS) 'R'T'pw

P.=
¢ M,,

Eq.(4)
This equation assumes perfect wetting between pore fluid and solids (contact angle of 0°). R = 8.314
J/(mol-K) is the ideal gas constant. In this paper, the temperature is 7= 293.15 K, the molar mass of water
M,, = 0.01802 kg/mol and density of water p,, = 1000 kg/m® are used for the pore fluid [13]. RH and RHs

were determined by water activity sensors for both the cement pastes and the extracted pore solution, see

[25].
Saturation degree

The saturation degree is the volume fraction of the evaporable water (V..,) divided by the total porosity (7)),

see Eq.(5) [11].

§=Lew Eq.(5)
Vp

To find the saturation degree S, the porosity and the water content or the emptied pores volume need to be
known. Conventionally, there are two classes of experimental methods for determining S: destructive and
non-destructive. The destructive approach requires to remove water and to determine a dry reference state,
e.g., water vapor sorption isotherms measurements [3]. With water vapor sorption isotherms, it is not
possible to determine the S of an early-age sample that undergoes hydration, as drying to a reference state
is a time-lapsed process occurring in parallel to hydration. A possible solution for this is using an equivalent
system [26] that does not undergo any hydration during the test to emulate the early-age system. A non-
destructive approach like 'H nuclear magnetic resonance (NMR) [27], on the other hand, does not require
drying to a reference state, as the method probes all water in a sample almost instantaneously at any time

point.



The estimation of S can also be done with Powers' model combined with either experimental data on

mineralogy or with the phase assemblage calculated from e.g. Gibbs Energy Minimization (GEMs) [11].

In any case, the definition of saturation degree depends on the arbitrarily-assumed reference state [28]. In
the method involving drying to a reference (dry) state, this will correspond to the drying regime chosen. In
the '"H NMR method, or in theoretical estimations with Powers’ model, the issue still persists and regards
the choice of which water populations should be included in the calculation of the saturation degree. In other
words, the problem converges to choosing which water populations should be considered to average the

pore fluid pressure acting on the solid skeleton.

In this paper, to quantify the amount of evaporable water that contributes to the saturation degree, both
Powers' model and '"H NMR are employed. According to Powers' model, the evaporable water [29] is the
water lost after drying at 105°C. Powers divided the evaporable water into gel water and capillary water and
distinguished it from non-evaporable water that is a part of the hydrated solids. According to recent 'H NMR
findings, the water within cement paste can be classified into different water classes: interlayer water, gel
water and capillary water [30,31]. It should be however stressed, that the gel and capillary water determined
with NMR are not equivalent to the evaporable water defined by Powers. The difference mainly regards the
fact that part of the C-S-H interlayer water can be lost at 105 °C and is to a certain extent mobile, i.e. it can

exchange with gel water as a function of temperature or applied stresses [32].

In this study, in order to assess the effect of the different definitions of saturation degree and hence its
influence on averaging the pore pressure, three different definitions were used, Spowerss Snmrinter, Snmr,
corresponding to the Powers' model, NMR measurements including interlayer water, and NMR

measurements neglecting interlayer water, respectively:



Vew(@) _ Vew (@) +V71 gy ()
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where: Ve, [ml/ml], Vg, [ml/ml] and Viyer [ml/ml] are the volume fraction of the capillary water, gel water
and interlayer water, respectively. Vg, [ml/ml] is the volume fraction of the gel water classified according
to Powers' method. V., [ml/ml] is the chemical shrinkage or the emptied pore volume fraction. All of them
depend on the degree of hydration of the system a and the dependence is unique only in sealed conditions,
in which the pores are emptied by chemical shrinkage only. The porosity in Eq.(6) is considered as the sum
of the volume of all evaporable water and of the chemical shrinkage. In Eq.(6a), the calculation of the
porosity was based on Powers' model. The detailed calculation of evaporable water and chemical shrinkage
based on Powers' model for SCM-blended systems can be seen in Appendix A. In Eq.(6b) and (6¢), to obtain
the volume fraction of capillary water, gel water and interlayer water from 'H NMR, signal fractions of
different types of water obtained from "H NMR [25] were transformed to volume fractions of different water
populations in the systems with the assumption that all types of water share the same density of 1 g/cm’.
This assumption may lead to a slight overestimation of water volume, considering that the density of bound
water may be actually higher (the density of physically bound was found to be about 1.15 g/cm® in [33,34]).
This higher density of part of the water corresponds to the upper limit of the overestimation of the volume
(i.e. by 15-25%) due to the fact that only the most confined (interlayer) water is expected to have such higher

density (in [33] such higher density is found for water desorbing below 33%RH).

The most common methods used for obtaining the porosity are water absorption [35], mercury intrusion
porosimetry (MIP) and nitrogen adsorption and desorption isotherms [36]. On the one hand, MIP and

nitrogen adsorption require drying the samples prior to the measurements, which may damage the pore



structure, especially at early ages. On the other hand, as already mentioned, traditional gravimetric methods
(by weighing a sample at a certain state and then after drying) are not applicable for systems that undergo
rapid hydration, due to the time necessary for saturating or drying of the samples while they still hydrate.
Secondly, neither MIP nor nitrogen adsorption/desorption isotherms are able to quantify the total amount of
pores, since mercury and nitrogen cannot measure the whole range of pore sizes (i.e., the minimum entry
pore diameter of MIP at 400 MPa is around 3.6 nm assuming a contact angle of 120°, while nitrogen
adsorption is not applicable to pores above 200 nm) [37]. To avoid these limitations, in this paper, the total
porosity obtained from combining 'H NMR (water-filled pores) and chemical shrinkage (empty pores) was

compared to the estimation from Powers' model.

Bulk moduli

The bulk moduli of the porous material and of the solid skeleton, K and Ky, describe the compressibility of
the porous material and of the solids, respectively. The hydration-dependent K can be determined from the
Young's modulus £ and the Poisson's ratio v, see Eq.(7), in which the Poisson's ratio decreases from 0.5
before setting (value for an incompressible fluid [38]) and stabilizes at values around 0.18-0.25 after about

1 day of hydration [11,39].

_E
k= 3-(1-2v)

Eq.(7)

For cement paste, Ky is reported to be in the range between 38 and 55 GPa, depending on the bulk modulus
of all the solid phases in the system, among which the largest uncertainty is the bulk modulus of the
intrinsically-porous C-S-H [40]. In principle, Ks should be approximately constant or should slightly
decrease at early ages due to the lower Young's modulus of hydrated phases compared to the anhydrous

phases [48]. In the predictions, for simplicity, constant Ks was used (as in [11]).
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According to Eq. (7), Young's modulus and Poisson's ratio are the two parameters needed for calculating
the bulk modulus of the porous body. The Young's modulus was based on the results of static Young's
modulus measurements. The Poisson's ratio was taken from [39], where it was obtained from dynamic
measurements of elastic and shear modulus with ultrasound resonance spectroscopy according to ASTM

C215 [41] on a w/c 0.30 cement paste (see Fig. 4).

The parameters used in these models were all determined from experiments, except for Ks. In addition, the

Biot-Bishop approach was used as a reference method for studying the effect of the following parameters:

1) Poisson's ratio determined experimentally in [39] or with an assumed constant value of 0.22;
2) saturation degree either determined based on '"H NMR and chemical shrinkage or using Powers' model;

3) constant Ky of 44 GPa or upper and lower values 38 GPa and 55 GPa [40].

2.2 Poro-visco-elastic prediction

In the empirical method proposed by Hua et al. [12], the linear autogenous shrinkage included both an elastic
and a visco-elastic component, which were then combined based on Boltzmann's superposition principle
(see Eq. (1)). The parameters governing the visco-elastic part were determined by comparison with the
experimental data (minimizing the error). This simulation ignored aging of the creep compliance, and
resulted in an overestimation of the overall autogenous shrinkage. A further development was proposed by
Gawin et al. [16] who applied the microprestress-solidification theory by Bazant et al. [42] together with
the effective stress principle. However, also in the latter model, creep properties were obtained by means of
fitting the total deformation. A prominent development in modelling of (aging) creep accompanying drying
was presented by Grasley and Leung [21] who calibrated the poroviscoelastic model based on the

independent companion uniaxial compressive creep tests. A similar approach was also followed here.
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To consider the visco-elastic component in the autogenous shrinkage prediction, the most challenging task,
especially at early ages, is to find a way to deal with aging with changing stresses (changes of pore pressure
assumed as the driving force of autogenous shrinkage). At the macroscopic scale, pore fluid pressure is a
hydrostatic load; the stress state induced by self-desiccation (or in general, by drying) is different than in
uniaxial compression or tension tests commonly used to investigate creep of concrete. Due to its relative
simplicity and relevance for practice, the uniaxial compressive creep test has been used most widely in
studies of visco-elastic deformation of cementitious materials [43]. The experimental campaign and a
discussion of the creep of the cementitious materials studied were presented in an accompanying paper [44].
In this paper, the visco-elastic equivalent bulk modulus was calculated from the creep compliance measured
in uniaxial compression on sealed samples and the ratio of the transversal to axial creep strains (also referred
to as the visco-elastic Poisson's ratio) was assumed equal to the elastic Poisson's ratio (see discussion later).
The creep compliance was obtained by subtracting from the total deformation of loaded sealed samples the
quasi-instantaneous part occurring directly after loading and further subtracting the linear autogenous
shrinkage part measured on the corrugated tubes ([45]) in parallel. The calculation of the visco-elastic
deformation function was carried out with the generalized Kelvin-Voigt model and the input stress of the
average pore pressure S'P.. The generalized Kelvin-Voigt model employed in this paper consists of a series
of three Kelvin-Voigt units and an additional dashpot. The Kelvin-Voigt units can be used to model the
short-term creep; the additional dashpot in series represents long-term creep, which is proportional to time
(or degree of hydration) in the model. The description of the coefficients in the model is identified as follows:
E.(t) [MPa] are the aging moduli of the springs in the individual Kelvin-Voigt unit, » is 1, 2 and 3; ¢ [days]
is the time; 7,(?) are the viscosities of the dashpots in the corresponding Kelvin-Voigt unit. The additional

dashpot has viscosity #y. T, [day] is the retardation time.

The evolution of the parameters (stiffness of springs and viscosity of dashpot) in the generalized Kelvin-
Voigt chains model were obtained by calibrating with the experimental results presented in [44]. The

parameters used in the Kelvin-Voigt chain to predict the visco-elastic component for the three systems
12



studied in this paper are listed in section 4. The model was validated by predicting the creep strain of
specimens under stepwise loading with the same parameters obtained from the creep results of specimens

under constant loading and the results were then compared with the experiments under stepwise loading.

The creep component of the linear autogenous shrinkage was predicted with the following equation:

gc(t)=fti{[(1—2-v/ )2 )1 .(%.Hg.pc)}dt

Eq. (8)
where: ¢, #y and ¢' are the current time, reference time and the loading time, respectively; v’ is the visco-
elastic Poisson's ratio (the ratio between transverse and longitudinal visco-elastic strain), J(z, ¢’) is the

specific basic creep compliance (uniaxial).

3. Materials and experimental methods

To validate the prediction method, three cement pastes were studied, in which Portland cement, quartz filler
and class F fly-ash were the same as used in [44]. Pastes of ordinary Portland cement (PC), fly-ash-blended
cement with 40 % by mass of solid (FA40) and quartz-blended cement with substitution level of 46.7 % by
mass of solid (QZ40) with the same water-to-solid ratio of 0.35 were prepared. The volume fraction of fly-
ash and quartz replacing cement are the same in FA40 and QZ40 (49 %). The pastes were mixed for 2 min

with a vacuum mixer at mixing speed of 450 rpm.

The experimental methods, including autogenous shrinkage, internal RH, Young's modulus and creep were
described in detail in the accompanying papers [44,46]. The autogenous shrinkage was determined using
the corrugated tubes method [47] with automatic measurements on a dilatometer equipped with LVDTs and

immersed in a silicone-oil bath for better temperature stability and for avoiding the loss of moisture from

13



the samples. The details of the method are presented in [45]. The strains were calculated assuming time zero
at the time of final set determined by Vicat needle. The internal RH and the RHs were measured using water
activity sensors on freshly cast cement paste samples and extracted pore solution, respectively [25]. The
Young's modulus was measured using static measurements in compression according to the Swiss standard
[48] and the uniaxial creep in compression was measured using a creep frame equipped with a lever
mechanism [44,46]. All experiments were performed in temperature-controlled rooms at 20 + 0.3 °C. The
samples used in all experiments were properly sealed, ensuring negligible evaporation of water and
temperature change during the testing period. The overall moisture loss of the specimens after one month
was less than 0.3% of the initial mass of the specimen. The relative amount of different water populations
in PC and QZ40 was measured using '"H NMR as described in [25]. A Bruker Minispec benchtop NMR
spectrometer with operating frequency of 7.5 MHz was used. The quantification of capillary water, gel water,
interlayer water and solid water were performed by introducing Carr-Purcell-Meiboom-Gill (CPMG) and
quadrature echo sequences. However, the NMR measurements could not be performed on the paste

containing fly ash, due to the paramagnetic impurities (typically Fe*") present in the fly ash powders.

4. Parameters from experiments

4.1 Saturation degree

The saturation degree of the three systems determined with the three approaches presented in Eq. (6) is
shown in Fig. 2. The water fraction in FA40 could not be measured with '"H NMR due to too fast relaxation
because of the high iron content in the system [31]. Therefore, for the method using 'H NMR and chemical
shrinkage, only results of PC and QZ40 are presented. The details of the calculation of the saturation degree,

in particular of the blends of cement with quartz or fly ash are presented in Appendix A.
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Fig.2 Saturation degrees of different systems calculated either with Powers' model (Eq. (6a)) or based on
"H NMR and chemical shrinkage (Eq. (6b) — including interlayer water, Eq. (6¢) — excluding interlayer
water): (a) as a function of time; (b) as a function of degree of hydration. The NMR results are presented

for duplicate samples (indexes 1 and 2).

As expected, PC had in all cases the lowest saturation degree compared to QZ40 and FA40. When Powers'
model and the estimation based on combining '"H NMR and chemical shrinkage are compared, larger
differences were found when interlayer water was excluded (Eq. 6¢) and only gel and capillary water
populations were considered as resolved by NMR. This proves that gel and capillary water estimations based
on the dry reference state at 105 °C do not correspond well to the capillary and gel water populations
observed with NMR and that part of the interlayer water belongs to the evaporable water at 105°C. Another
possible reason of the differences between the different methods is that Powers' model (published in 1946)
[49] is based on Portland cements produced at that time. Differences in the cement mineralogy and

especially in the fineness may explain at least partially the different results [50,51].

Another recent finding from "H NMR shows that the evolution of the total volume fraction of water is not

linear with the degree of hydration at early ages, contrary to what is assumed in Powers' model [37]. In fact,
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higher desaturation, understood as a loss of free water, than dictated by a linear trend is found in [37] at low

hydration degrees (below about 0.3-0.4). This is consistent with our results.

In any case, the maximum difference of the saturation degree between Powers' model and the NMR method
was around 0.07, not considerably more than the scatter from the latter method (see the difference between

duplicate samples of PC calculated with Eq. (6¢) — black empty squares in Fig. 2a).

4.2 Average pore fluid pressure

The average pore fluid pressure (approximated as S-P.) is assumed as the driving force both for the elastic
response and the visco-elastic response of the materials, as shown in Fig.3. S is taken from Powers' model
due to the unavailability of 'H NMR results of the FA40 system. For ease of representation, the average
pore pressure (negative) calculated from the average internal RH and RHs was plotted as a positive value in
Fig.3. As cement hydration goes on, the magnitude of the pressure increases, following the Kelvin equation.
The maximum magnitude of the pore pressure reaches around 14 MPa, which is considerably lower than
the triaxial compressive strength [52]; therefore, it can be assumed that the material remains in the linear

elastic regime.
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Fig.3 Average pore pressure in two systems: (a) as a function of time; (b) as a function of degree of

hydration (with S from Powers' model).

4.3 Other parameters

Poisson's ratio

The dynamic Young's modulus, the shear modulus and the corresponding (elastic) Poisson's ratio of cement
paste up to 10 days are plotted in Fig.4. Note that the Poisson's ratio was taken from [39], where it was
determined experimentally with resonance ultrasound spectroscopy (i.e. dynamic measurements) on an
ordinary Portland cement paste with w/c of 0.30. The Poisson's ratio decreased sharply during the first day,
from about 0.32 to 0.24. After 2 days, the evolution of the Poisson's ratio was much slower, decreasing
asymptotically to about 0.22. The development of the Poisson's ratio at early ages is found to be dominated
by the fluid phase response before the solid phases start to percolate, and then by the solid phase response
[53]. The experimental data were fitted with an exponential equation, which was later used in the autogenous

shrinkage prediction.
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Fig.4 Poisson's ratio measured with ultrasound resonance spectroscopy in [39] and fitted with a trend line

compared to the constant Poisson's ratio of 0.22.

Visco-elastic Poisson's ratio

The visco-elastic Poisson's ratio is defined here as the ratio of the transversal to the longitudinal visco-elastic
deformation. The experimental determination of this variable is very challenging due to relatively small
deformations in the transversal direction during uniaxial creep tests. A further issue regards the question
whether only creep deformations or total deformations (creep+elastic) should be considered in evaluating
the ratio (see [54,55] ). In the literature, a large scatter is reported for the visco-elastic Poisson's ratio, with
contradictory trends (both increase and decrease over time), but for mature concrete values around 0.15 to
0.2 are reported [55]. As reported in [56], the visco-elastic Poisson's ratio is similar to the elastic Poisson's

ratio at stress levels lower than 40 % of the compressive strength.

In [57], the visco-elastic Poisson's ratio was determined based on FEM simulations on evolving
microstructures considering the dissolution/precipitation of cement particles during hydration and the
intrinsic visco-elasticity of the C-S-H. The values of visco-elastic Poisson's ratio found were between about
0.2-0.35 and an increasing trend was found during hydration. It should be however noted that the
values/trends found in [57] strongly depended on the intrinsic viscoelastic properties of the C-S-H assumed
in the simulations (two different assumed functions for either viscoelastic Young or shear modulus led to
considerably different results) and in addition strongly depended on the simulated loading ages (two ages

were modelled in [57]: 1 and 7 d).

On the other hand, Aili et al. [55] argued based on micromechanical modelling, where viscoelastic
deformations were downscaled to the C-S-H level, that the elastic Poisson's ratio can be used with reasonable

accuracy also for describing the viscoelastic Poisson's ratio.
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Therefore, in view of the last argument and in lack of any reliable data on the viscoelastic Poisson's ratio,
we assumed in the simulations that it is equal to the elastic one. Two cases were considered consequently,
corresponding to the two different evolutions of (elastic) Poisson's ratio as shown in Fig. 4: with constant

(0.22) or decreasing Poisson's ratio.

4.4 Prediction results and discussions

4.4.1 Poro-elastic prediction

Comparison of the prediction from three different methods

The predicted elastic response of the autogenous shrinkage by the three different models (Coussy's method
and Biot-Bishop method with either constant or evolving Poisson's ratio) and the measured autogenous
shrinkage for the three cement pastes are shown in Fig.5. In these simulations, saturation degree determined
with Eq. (6a) was used.

The autogenous shrinkage of PC was almost 5 times higher than that of QZ40 and about 3 times higher than
that of FA40, see in the figure. For QZ40, the autogenous deformation showed an expansion after 3 days,
which peaked at about 10 days and was followed only by moderate shrinkage afterwards. The possible
expansion mechanisms could be reabsorption of bleeding water (hygral swelling) [58] or crystallization
pressure of portlandite and ettringite [59]). The latter was not considered in the poro-elastic approach used
here, where decrease of internal RH is the driving force. Besides, it is unlikely that the crystallization
pressure plays a role in the expansion of the quartz system, as the pore solution is more diluted in this system
compared to the pure cement system, and hence lower crystallization pressure should be expected according
to [59]. On the other hand, reabsorption of bleeding water should result in increase of internal RH and hence

should in principle allow to capture the hygral swelling effect with the present approach. However, no RH
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increase was observed in the measurements. In fact, the measured internal RH decreased constantly, albeit
only moderately. This difference might be due to different geometries of the tested samples: the bulkier
samples used for autogenous shrinkage measurements, filled in vertical position, may have experienced

more bleeding (and hence swelling) than the miniature samples used for RH measurements.

For all prediction methods, the predicted elastic component of the autogenous shrinkage in PC and FA40 at

28 days was only about one quarter of the measured autogenous shrinkage.
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ratio of 0.22.
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The difference of the predictions according to the different poro-elastic approaches is small. The maximum
difference (around 60 um/m) occurred in PC. The difference of predictions between the Biot-Bishop
approach and Coussy's approach is negligible, because the term due to interface energy is comparatively
small at high saturation degrees [23]. It should be noted that the similar results to those predicted with the
other models were found in [60] also when the model by Vlahinic et al. [61] was used. Similar predictions
with different poro-elastic approaches at high RH are consistent with previous findings [60], see also [24,28].
The effect of different Poisson's ratios used in the model is higher than that caused by using different models

(see Fig. 5a), however it is still relatively small compared to the overall magnitude of shrinkage.

For QZ40, the predicted result is very close to the measured autogenous shrinkage at 28 days. However,
attention has to be paid to the period before 7 days, where the predicted shrinkage is much lower than the
measured results. Later, swelling was measured that could not be modelled with the present approach; the

good agreement of the shrinkage value at 28 days is therefore only accidental.

Comparison of the prediction with different saturation degree

The highest difference in the saturation degree resulting from using two extreme approaches, Powers' model
(Eq. 6a) vs. NMR combined with chemical shrinkage, excluding interlayer water (Eq. 6¢) reached 0.07. As
shown in Fig.6, such difference corresponds to a very low difference in the predicted poro-elastic strain
when estimated with the Biot-Bishop approach, below 50 um/m for the most extreme case of PC. Therefore,
it can be concluded that estimating the saturation degree with the simpler approach of Powers' model does

not impact the calculated poro-elastic deformation [11].
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Comparison of the predictions with different bulk moduli

The comparison of the predicted results by using different values for the bulk modulus of the solid skeleton,
K, is shown in Fig.7. Again, the impact of the variation in Ky is negligible, with 50 um/m difference between
the highest bulk modulus and the lowest bulk modulus. The higher the bulk modulus of the solid skeleton,
the higher the predicted elastic component of the autogenous shrinkage. Using a constant value for the bulk
modulus of the solid skeleton, the prediction of the autogenous shrinkage would be slightly underestimated

at later ages, because Ky would decrease due to the higher proportion of C-S-H in the solids [40].
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4.4.2 Prediction of the visco-elastic component

In Fig.8, the predicted visco-elastic component of the autogenous shrinkage based on generalized Kelvin-
Voigt chains model is shown, in which the impact of using different visco-elastic Poisson's ratios is shown
(see section 4.3). The parameters used in the Kelvin-Voigt models are listed in Table 2. In PC and FA40,
the predicted visco-elastic component is almost 2 times higher than the respective elastic components. On

the other hand, in QZ40, the predicted visco-elastic component has the same magnitude as the elastic part.
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As can be seen in Fig. 8, the effect of using either constant or age-dependent elastic Poisson's ratio for the

visco-elastic Poisson’s ratio is negligible.
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Fig.8 Comparison of the predicted visco-elastic component of autogenous shrinkage with different visco-

elastic Poisson's ratio: (a) PC; (b) QZ40; (c) FA40.

Table 2 Parameters used in the generalized Kelvin-Voigt model [44]

Sample Unit number Unit 1 Unit 2 Unit 3
7, (days) 0.01 0.1 3.0
Eq(t) (MPa) 99 93 85
PC
N (MPa) 20
E.(t) (MPa) 68 94 112
FA40
He (MPa) 37
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E.(t) (MPa) 60 140 34
QZ40
N (MPa) 35

4.4.3 Prediction of overall autogenous shrinkage

The prediction of the total autogenous shrinkage with Eq. (8), i.e. combining the poro-elastic response and
the poro-visco-elastic component, is presented in Fig.9. For all mixes, the predicted total shrinkage
considerably overestimated the experimental data at later ages. In PC, a very good agreement was obtained
until about 7 d. The reason of the overestimation is the poro-visco-elastic part of the deformation (see
increasing creep response in Fig. 8), since the elastic part driven by pore pressure changes stabilized in all

systems by about 7 d, see Fig. 5.

There are some possible explanations for the overestimation of the poro-viscoelastic part of the autogenous

shrinkage:

1) as stated in [62], the uniaxial visco-elastic response of the material is most likely different from the visco-
elastic response under hydrostatic load. Higher creep in uniaxial conditions may ultimately lead to higher
predicted shrinkage. Also in [21] it was suggested that assuming uniaxial visco-elastic compliance for

predicting the bulk compliance might lead to an overestimation.

2) Grasley and Leung [21] argued based on the different time functions of visco-elastic bulk modulus and
Young modulus that assuming a constant visco-elastic Poisson's ratio is not valid. They proposed that the
visco-elastic Poisson ratio should increase in time. As long as the increasing functions were derived in [57],

we did not use them as they were dependent on the arbitrarily assumed functions for the visco-elastic elastic

25



or shear moduli (as already discussed) and hence could not provide any quantitative estimation here. It is
however worth noting that, with an increasing Poisson's ratio, smaller creep would be predicted with Eq. (8)
and hence the predictions would be closer to the experiments. Further studies, including accurate

experimental determination of the Poisson's creep coefficient are necessary.
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Fig.9 Predicted autogenous shrinkage of three systems: (a) PC; (b) QZ40; (c) FA40.

5. Conclusions
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In this paper, predictions of autogenous shrinkage until 28 days based on poromechanics and including both
the poro-elastic and the poro-visco-elastic response of the materials were presented. The modeling approach
was based on a genuine experimental dataset on shrinkage and creep. Different poro-elastic approaches
(Biot-Bishop approach and Coussy's model) were used for the elastic component. The poro-elastic
simulation did not require any parameters fitting. A generalized Kelvin-Voigt chains model accounting for
aging based on the measured uniaxial basic creep was used for the prediction of the poro-visco-elastic

deformation. The conclusions of this study are as follows:

1. While the poro-elastic calculations underestimated the measured autogenous deformations, inclusion of
the poro-visco-elastic response derived from creep experiments improved substantially the predictions. It is

however noticed that, especially long-term, this approach led to overestimate the total deformations.

2. The overestimation of the predicted autogenous shrinkage at 28 days is likely because uniaxial creep
measurements were used for fitting the poro-viscoelastic response. This could have led to an overestimation
of creep under hydrostatic load, under which smaller creep could be expected. At the same time, an
uncertainty regards the assumption of the visco-elastic Poisson's ratio equal to the elastic one. In fact, if a

Poisson's ratio increasing with age were assumed, the prediction would improve.

3. The visco-elastic response outweighed the elastic response in the total prediction for the three systems
studied in this paper. The differences depend on the properties of the system, such as w/c and dosage of

SCMs.

4. A sensitivity study about the impact on the predicted elastic component of the autogenous shrinkage when
using different a) poro-elastic models, b) bulk moduli of solid skeleton, ¢) Poisson's ratios and d) saturation
degrees was performed. The effect of all these factors are not significant, with a maximum difference around

50 um/m (around 7% of total autogenous shrinkage) found when using different poro-elastic models.
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Appendix A

According to Powers’ model and some modifications for SCMs blended systems, the volume of evaporable
water of PC, QZ40and FA40 up to 28 days can be determined by assuming: non-evaporable water equal to
0.23 g/g of reacted cement and 0 g/g of reacted fly ash, chemical shrinkage equal to 6.4 m1/100 g of reacted
cement and 10 ml/g of reacted fly ash [1,11,63]. The volume of chemical shrinkage Vs, evaporable water
Vew (gel water and capillary water in Powers” model) can be calculated by following equations:
Ves=p CSek(1-py)-(1-a.) +pCSp(1-K)-(1-p,)-(1-0y)  Eq. (A.1)
Vew=p,NEk(1-p,) (I-a.)-NE(1-k)-(1-p,)-(1-a7) ~ Eq.(A.2)
where: pois the initial porosity of the three systems; & is the volume fraction of cement in the binders; CS.
and CS; are chemical shrinkage per g of reacted cement and fillers, respectively; NE. and NE; are non-
evaporable water per gram of reacted cement and fillers; a.and ay are the degree of reaction of cement and
fillers, respectively. The degree of reaction of fly ash was calculated based on scanning electron microscope-
energy-dispersive X-ray spectra (SEM-EDS), following the method described in [46]. The degree of
hydration of the cement a. is determined from the cumulative heat release measured by isothermal

calorimetry:

20

aC
0
»

Eq.(A.3)

where: Q(t) is the measured cumulative heat released at time ¢. O, is the potential heat of the cement at
complete hydration, which can be determined from the mineral phases composition of the cement and from

the enthalpy of complete hydration of each phase AH [64].

Qp = AHC3S " C3S% + AHCZS " CzS% + AHC3A ) C3A% + AHC4AF : C4AF% Eq(A4)
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where: AH of Cs3S, C,S, C3A and C4AF are equal to 517 J/g, 262 J/g, 1144 J/g or 1672 J/g , 418 J/g ,

respectively. CsS%, C25%, C34% and C4AF% are the percentages of the four main clinker phases in the

cement.
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