
HAL Id: hal-02877457
https://hal.science/hal-02877457

Submitted on 7 Mar 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

A viscoelastic poromechanical model for shrinkage and
creep of concrete

Abudushalamu Aili, Matthieu Vandamme, Jean-Michel Torrenti, Benoît
Masson

To cite this version:
Abudushalamu Aili, Matthieu Vandamme, Jean-Michel Torrenti, Benoît Masson. A viscoelastic
poromechanical model for shrinkage and creep of concrete. Cement and Concrete Research, 2020,
129, pp.105970. �10.1016/j.cemconres.2019.105970�. �hal-02877457�

https://hal.science/hal-02877457
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


A viscoelastic poromechanical model for shrinkage and

creep of concrete

Abudushalamu Ailia,∗, Matthieu Vandammea,∗∗, Jean-Michel Torrentib,
Benoit Massonc
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bUniversité Paris-Est, IFSTTAR, 14 Boulevard Newton, F-77420 Champs-sur-Marne,
France

cEDF Direction Technique DIPNN, Division CMG, groupe Génie Civil, 19 rue Pierre
Bourdeix, F-69007, Lyon, France

Abstract

Long-term delayed strain of concrete impacts the lifetime of civil engineer-
ing structures such as dams, nuclear power plants, nuclear waste storage
tunnels or large bridges. In design practice, the long-term delayed strain of
concrete is decomposed into four components: autogenous shrinkage, basic
creep, drying shrinkage and drying creep. The four components are first com-
puted separately and then summed up to obtain the total delayed strain of
concrete, without wondering about any potential correlation between them.
In this work, we aim at modeling the total delayed strain in a unified manner,
without assuming this decomposition a priori. Such model is derived in the
framework of viscoelastic poromechanics. The influence of relative humidity
on the creep properties is taken into account. We assume that drying creep
is due to the fact that the mechanical consequences of capillary effects are
larger in loaded drying specimens than in non-loaded drying specimens. The
model is validated by comparing the prediction with experimental results
of delayed strain from the literature and discussed with respect to existing
models.
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(A)

1. Introduction

Long-term time-dependent strains of concrete are of great importance
when it comes to analyze the security of major civil engineering concrete
structures such as dams, nuclear power plants, nuclear waste storage tunnels
or large bridges, as they are normally designed for a service lifetime of several
decades. Conventionally, the delayed behavior of concrete is decomposed into
autogenous shrinkage, basic creep, drying shrinkage and drying creep.

Autogenous shrinkage is the time-dependent strain of a non-loaded spec-
imen exchanging no water with its surroundings. Many consider that auto-
genous shrinkage is caused by the capillary depression due to self-desiccation
[1, 2, 3, 4, 5, 6, 7, 8, 9] while, recently, autogenous shrinkage was also at-
tributed to eigenstresses that prevail in the solid skeleton as a result of hy-
dration [10, 11, 12]. For what concerns the modeling of autogenous shrinkage
as a response to capillary forces induced by self-desiccation, several authors
[2, 4, 5, 8] considered autogenous shrinkage as an elastic response to those
forces, while others [1, 3, 6, 7, 9, 13, 14, 15, 16, 17] considered it as a vis-
coelastic response to those same forces.

Basic creep is the difference between the strain of a loaded specimen ex-
changing no water with its surroundings and the autogenous shrinkage. Sev-
eral theories exist in the literature to explain the physical origin of basic creep.
For example, Bažant et al. [18] explained it with the microprestress theory,
in which they postulated that, for load levels below 40% of the strength, the
origin of the creep is the shear slip at overstressed creep sites. As a result of
a progressive relaxation of microprestress at the creep sites and consecutive
increase of their apparent viscosity, the creep rate observed under a con-
stant applied stress declines over time. Recently, Vandamme [19] proposed,
by joint analysis of results of macroscopic creep tests and microindentation
creep tests, that basic creep originates from local microscopic relaxations.

Drying shrinkage is the difference between the strain of a non-loaded spec-
imen exchanging water with its surroundings and the autogenous shrinkage.
For cases where the relative humidity is larger than 40%, drying shrinkage is
often considered to be caused by capillary effects. Again, some researchers
[20, 21, 6, 14, 17] model drying shrinkage as the viscoelastic response of the
material to those capillary effects while others (e.g., [22, 3, 23, 24, 25, 26])
consider it as an elastic response to those same forces.
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Drying creep is the additional time-dependent strain of a loaded specimen
exchanging water with its surroundings, with respect to the sum of autoge-
nous shrinkage, basic creep and drying shrinkage. Drying creep is also known
under the name of Pickett effect as it was observed first by Pickett [27]. The
drying creep measured on a specimen can be divided into two parts: an in-
trinsic part and a part due to a structural effect. In a specimen in contact
with dry air, drying takes place faster at the surface of the specimen than
in its center, which hence creates a gradient of relative humidity through
the specimen. In case of drying in absence of any mechanical load, the sur-
face may crack, whereas cracking is limited by the load in case of drying
under load. Hence, shrinkage in a cracking specimen should be less than in
a non-cracking specimen (if it is possible to prevent a drying specimen from
cracking) [28, 29]. When the specimen is loaded in compression, cracking is
more limited and a supplementary part of the shrinkage is mobilized. This
latter part of the strain is called drying creep related to the structural effect.
The structural effect is not sufficient to explain the totality of drying creep
[30, 29, 31]. The fraction of drying creep that cannot be explained by the
structural effect is called the intrinsic drying creep, as it relates solely to the
material. In the following, whenever drying creep is mentioned, we refer to
its intrinsic part. The origin of (intrinsic) drying creep is still not known.
Bažant et al. [32] consider that microdiffusion of water due to drying pro-
motes shear slip in the microprestress theory [18], so that the kinetics of creep
is faster in presence of drying than in absence of drying. This explanation
is also supported by Vlahinic et al. [33] who propose that the migration of
water molecules plays a lubricant role that amplifies delayed strain. Sinko et
al. [34] propose that creep deformations are accelerated by the movement of
water. In contrast, to explain drying creep, Sellier et al. [14] consider that
the mechanical consequence of capillary forces applied to the solid skeleton
is greater in presence of mechanical load than in absence of it.

Most design codes (e.g., Eurocode 2 [35], ACI [36] and code model [37])
and academic models in the literature [38, 39, 40, 41, 42, 43] follow such
classical decomposition of delayed strains. In these models, each of the four
components of delayed strain is computed individually with a different ki-
netic law. Then, by summing them up, the total delayed strain is obtained.
However, with such approach, any potential correlation between the four
components of delayed strain is not considered. For instance, drying creep
and drying shrinkage are observed to be proportional to each other [44, 45].
In this work, we aim at proposing a predictive model that does not assume
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this classical decomposition of delayed strains a priori.
From the origin of the four different components of delayed strains men-

tioned above, we can see that each of the four components can be considered
to be a viscoelastic response to an applied external mechanical load or to
internal capillary forces. Thus, in the spirit of the approach proposed by Sel-
lier et al. [14], we could envision to model the various components of delayed
strain in a unified manner, which will be attempted with poromechanics in
the framework of non-aging isotropic linear viscoelasticity. By doing so, we
aim at modeling the delayed strain of concrete without having to assume the
classical decomposition a priori.

In this study, first, we list the main experimental tendencies that are to
be taken into account in the model. The influence of relative humidity on
both creep compliance and effective stress is discussed. Then, we present non-
aging linear viscoelasticity with environment-dependent properties. Next, we
estimate the elastic and long-term asymptotic values of the viscoelastic Biot
coefficient, based on elastic and viscoelastic homogenization schemes. Then,
the model is derived and calibrated against experimental results of delayed
strain from the literature. In the end, the derived model is compared to other
models from the literature and we list the advantages and weak points of the
model and draw several conclusions.

2. Main lines of the model

Since, in this present work, we are mostly interested in the long-term de-
layed behavior of concrete (e.g., for containment buildings in nuclear power
plants, where presetressing is applied when concrete is more than one-year-
old), the model is dedicated to mature cementitious materials, for which we
assume that the hydration slowed down significantly, that the microstructure
does not change significantly anymore and that aging effect due to polymer-
ization can be neglected [46, 47, 48]. Hence, the mechanical properties of the
concrete are considered to be non-aging.

Up to about at least 40% of its strength, concrete behaves in a linear
viscoelastic manner [49]. Therefore, the mechanical behavior of the concrete
can be modeled in the framework of isotropic non-aging linear viscoelasticity:
in isothermal conditions, the time-dependent state equations that link the
stress tensor σ (decomposed into the volumetric stress σv = tr(σ)/3 and
the deviatoric stress tensor s such that σ = σv1 + s, where tr is the trace
operator and 1 is the unit tensor) to the strain tensor ε (decomposed into
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the volumetric strain εv = tr(ε) and the deviatoric strain tensor e such that
ε = (εv/3)1 + e) are [50]:

εv(t) =

∫ t

−∞
JK(t− τ)

dσv(τ)

dτ
dτ (1a)

eij(t) =
1

2

∫ t

−∞
JG(t− τ)

dsij(τ)

dτ
dτ (1b)

where t−τ is the time since loading, and JK(t) and JG(t) are called the bulk
creep compliance and the shear creep compliance, respectively. The bulk
creep function, defined by JK(t)−JK(0), is also widely used in the literature
[51, 52, 53].

Water plays an important role in the delayed behavior of concrete, since
concrete is subjected to capillary forces and surface forces related to the
movement of pore fluid. Poromechanics [54] suits well to study the behavior
of such a porous material.

We restrict the applicability of the model to relative humidities between
100% and 40%. In this range of relative humidity, mainly the water in
capillary pores is affected [55]. Therefore, we consider in our model that
concrete is composed of a solid skeleton and capillary pores. Partially sat-
urated poromechanics [54], under the assumption of pore iso-deformation,
states that the capillary stress σh due to a capillary pressure Pc reads (see
Eq. (9.77) in [54]):

σh(t) = −
∫ t

−∞
b(t− τ)

d(Sl(τ)Pc(τ))

dτ
dτ, (2)

where b is the viscoelastic Biot coefficient, Sl is the saturation degree in liquid
water and Pc is the capillary pressure. Then, under an applied external stress
σ, the effective stress σ′ that deforms the material reads:

σ′ = σ + σh. (3)

We want the model to capture the following experimental tendencies ob-
served in the literature for the delayed behavior of concrete:

• Basic creep is observed to evolve as a logarithmic function of time in
the long term for compressive stresses below 40% of the compressive
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strength (see e.g., [56, 57] and data gathered in [58]), as supported
also by nanoindentation [59] and microindentation creep experiments
[53, 60]. Aili et al. [61] showed that the viscoelastic Poisson’s ratio
of concrete can be considered to be constant with respect to time and
equal to 0.2. They also showed that the volumetric basic creep of
concrete is non-asymptotic with time and evolves logarithmically with
time at large times. Hence, we consider the following expression for the
bulk creep compliance JK(t):

JK(t) =
1

K
+

1

CK
log

(
1 +

t

t̃

)
, (4)

where K is the (elastic) bulk modulus, CK is the bulk creep modulus
(which is defined, in a creep test performed under the stress σ0, as the
asymptotic value of σ0/(tdε/dt) in the long term [52]) and t̃ is a creep
characteristic time. Combining this bulk creep compliance JK(t) with
the assumption of a constant viscoelastic Poisson’s ratio ν(t) = 0.2, the
three-dimensional viscoelastic behavior of concrete is fully described.
Indeed, for a constant Poisson’s ratio over time, the following relation
is satisfied [62]:

JG(t) =
2(ν + 1)

3(1− 2ν)
JK(t). (5)

where JG is the shear creep compliance.

• Experimental observations [63, 64] showed that, under autogenous con-
ditions, a pre-dried concrete creeps slower than a wet concrete. There-
fore, the bulk creep modulus CK in Eq. (4), which characterizes the
long-term kinetics of creep, depends on the relative humidity hr of the
concrete:

CK = CK(hr). (6)

This dependence is also supported by results of microindentation tests
[53, 60]. We identify this dependence in section 3. As for the char-
acteristic time t̃ in Eq. (4), due to lack of experimental evidence, we
assume it independent of relative humidity.
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• Autogenous shrinkage is observed to evolve as a logarithmic function of
time in the long term (see e.g., [16], based on data from the database
gathered in [58]) for concretes with water-to-cement ratio lower than
0.5. This can be captured by considering autogenous shrinkage as creep
under the action of capillary stress due to self-desiccation, as done in
[1, 3, 6, 7, 9, 13, 14, 15, 16].

• Drying shrinkage is considered as the sum of the elastic and viscous
responses of the material under the action of capillary forces due to
desiccation, as done by others (e.g., [20, 21, 6, 14]).

• Drying creep, i.e., Pickett effect, manifests itself when drying occurs
in the presence of a mechanical load. This part of the time-dependent
strain will also be modeled as a viscoelastic strain, but the mechanical
consequence of capillary forces will be considered to be larger in pres-
ence of a mechanical load than in absence of it, as done by Sellier et al.
[14]. Such modeling will be performed by introducing a drying creep
coefficient κ which is described in section 4.

3. Influence of relative humidity on creep modulus

In this section, we aim at modeling the dependence of the bulk creep
compliance JK(t) on the relative humidity hr (see Eq. 6). There is very
few experimental data on the creep of predried specimens under autogenous
conditions: [63, 64] by macroscopic testing and [53, 60] by microindentation
testing. We use the microindentation results to infer the relation between
bulk creep modulus CK and relative humidity hr.

The experimental microindentation results in [53, 60] provide the contact
creep compliance L(t), which is the inverse, in the Laplace domain, of the
time-dependent indentation modulus M(t). The contact creep modulus CM

is defined as the asymptotic value of t(dL/dt) = (dL/d(log(t)) at large times.
Assuming the viscoelastic Poisson’s ratio ν to be time-independent, the

relation between contact creep modulus CM and bulk creep modulus CK is
[59]:

CK =
1− ν2

3(1− 2ν)
CM , (7)
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Figure 1: Bulk creep modulus of cement paste as a function of relative humidity obtained
from the microindentation experiments in [53] and [60]

.

which makes it possible to infer, from microindentation data, the bulk creep
modulus of cement paste as a function of relative humidity, which is plotted
in Fig. 1. From the best fit of those results, this dependence is modeled as:

CK(hr)

CK∞ =

{
1 + βhr(hc − hr), if hr < hc,

1, if hr ≥ hc
(8)

where hc=75%, βhr = 3.35 and CK∞ is the bulk creep modulus obtained by
fitting basic creep of sealed sample.

4. Influence of relative humidity on effective stress

This section is dedicated to model the influence of relative humidity on
the effective stress (see Eq. 3).

The capillary stress σh in Eq. (2) depends on relative humidity. On one
hand, the saturation degree Sl is directly related to the relative humidity
hr via the desorption isotherm Sl(hr(t)). On the other hand, the capillary
pressure can be related to relative humidity through Kelvin’s equation:
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Pc = −RT
Vw

log(hr,K), (9)

where R = 8.314J ·K−1 ·mol−1, T and Vw = 1.8 × 10−5m3/mol are the
ideal gas constant, the absolute temperature and the molar volume of water,
respectively. hr,K captures the variations of relative humidity solely due to
surface tension effects and to the curvature of the fluid/vapor menisci in the
pore space. Noting the variations of relative humidity due to the presence
of ions in the pore solution as hr,S, the actual relative humidity hr can be
expressed as [65]:

hr = hr,Khr,S. (10)

Based on experimental data in [66, 67], Aili et al. [16] estimated in a previous
study that the term hr,S is approximately equal to 0.97 in cement pastes under
autogenous conditions. In this study, for the sake of simplicity, we neglect the
effect of salts on the relative humidity. Said otherwise, we consider hr,S = 1
or hr = hr,K .

The expression of effective stress in Eq. (3) also needs to capture the
Pickett effect, i.e., drying creep. As mentioned in the introduction, there
are presently mainly two types of explanation for the origin of drying creep.
Correspondingly, there are presently mainly two ways to model the Pickett
effect: 1) the variation ḣr of relative humidity with respect to time in presence
of an applied mechanical load is considered to impact the creep compliances
JK(t) and JG(t), such as in the models in [32, 33]; 2) in a drying sample,
the capillary stress σh transmitted to the solid skeleton in the presence of a
compressive mechanical load is considered to be more important than in the
absence of mechanical compressive load, such as in the model in [14]. In our
present work, we choose the second way of modeling Picket effect, whereas
the first way is discussed in section 9.1. To do so, we introduce a drying
creep coefficient κ in the expression of the effective stress. In an incremental
form, the effective stress σ′v reads:

dσ′v = dσv − κdσh. (11)

When drying takes place in the absence of mechanical compressive load,
we consider that κ is equal to 1. Said otherwise, the non-loaded drying condi-
tion is the reference state for the capillary stress (i.e., the condition in which
we retrieve the classical expression of effective stress Eq. (3)). In contrast,
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when drying takes place in presence of a compressive stress, κ is considered
to be larger than 1. Said otherwise, σh is amplified by the compressive load.
Hence, the drying creep coefficient κ is modeled as:

κ = κ(σv), with κ(σv = 0) = 1. (12)

For what concerns how the drying creep coefficient κ should vary with the
load σv, it is difficult to conclude due to lack of experimental data. In design
codes (e.g., code model [37]) and academic models in the literature (e.g.,
[38, 43]), the drying creep strain is supposed to be proportional to load,
which implies here that the coefficient κ should be independent of the load.
However, based on the hypothesis that the mechanical effect of the capillary
stress is amplified in the presence of compressive stresses, one would rather
expect a coefficient κ that varies with load level, which is in accordance with
the model of Sellier et al. [14]. As a result, in a generic case and in absence of
any further information, the drying creep coefficient κshould be considered
to depend on load.

5. Non-aging linear viscoelasticity with environmental dependency

In this section, we aim at extending the constitutive equation (1) to the
case where viscoelastic properties (i.e., compliances) depend on environmen-
tal parameters that are evolving with time. For the sake of simplicity, in this
particular section we only consider a unidimensional case.

From the definition of compliance, the viscoelastic strain ε(t, t0) at time
t under the application of a constant stress σ0 that is applied since time t0
is expressed as:

ε(t, t0) = σ0J(t− t0) (13)

where J(t− t0) is the uniaxial creep compliance. If the stress σ(t, t0) applied
since time t0 varies over time, we can compute the strain response by using
the principle of superposition, by decomposing the stress history either hori-
zontally as shown in Fig. 2a, or vertically as shown in Fig. 2b. Walraven [68]
showed that, when horizontal decomposition is used, the dependence on an
environmental parameter v (e.g., temperature T in Fig. 2) cannot be taken
into consideration. When the creep compliance depends on environmental
parameters that evolve with time, we should instead use the vertical decom-
position, as in Fig. 2b. Noting J ′(t,v) = ∂J(t,v)/∂t, we relate the strain
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Figure 2: Principle of superposition by (a) horizontal decomposition of stress history and
(b) vertical decomposition of stress history, taken from [68].

response to the stress history σ(t, t0) through:

ε(t, t0) =

∫ t

−∞
σ(τ, t0)J

′(t− τ,v(τ))dτ, (14)

where v is the environmental parameters on which the viscoelastic properties
depend (for instance, temperature T in Fig. 2 or relative humidity hr in our
model). It is worth mentioning that the environment variable v in Eq. (14)
should be evaluated at the same time as the load, which is consistent with
[69]. The solution proposed by Shen and Walraven [68] to address problems
with evolving environments seems intuitive and we used it here. However, it
is not proven that this approach applies to all cases. If not, an alternative
could be to assume that concrete behaves like a rheologically simple material
[50]. This point will be the subject of further work.

6. Biot coefficient

While some properties of concrete such as creep compliance can be mea-
sured experimentally, the viscoelastic Biot coefficient is difficult to measure.
Hence, in this section, we aim at estimating the viscoelastic Biot coefficient
bc(t) of concrete through homogenization.

Concrete is a heterogeneous material made of various solid phases whose
characteristic lengths vary from nanometers to centimeters. Based on the
characteristic size of the various phases in microstructure of concrete, re-
searchers [70, 71, 72, 73, 74, 75] proposed various multi-scale schemes for
concrete, depending on the problem they wanted to resolve or on the method
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of observation they used to characterize concrete. We follow the four-level
multi-scale scheme presented in [61, 16] and displayed in Fig. 3. Then, using
the expressions (Eqs. 20 and 24) of elastic Biot coefficient that are specified
in [74], we estimate the elastic value b0c and the long-term asymptotic value
b∞c of the viscoelastic Biot coefficient of the concrete. The steps of upscaling
are the following:

Portlandite
AFt and AFm phases
Clinker

d) C-S-H gel

a) Concrete

c)

b) Cement paste

Aggregates

Capillary pores

Gel pores

Mixture of 
C-S-H with 
capillary 
pores

Figure 3: Multiscale structure of concrete: (a) Concrete as a matrix of cement paste
embedding aggregates, (b) cement paste as portlandite, calcium sulfoaluminates hydrates
and unhydrated clinker embedded into a matrix made of a mixture of C-S-H with capillary
pores, (c) mixture of C-S-H with capillary pores as a matrix of C-S-H gel surrounding
capillary porosity, and (d) C-S-H gel as a mixture of C-S-H particles and gel pores.

• At the finest scale (see Fig. 3d), the C-S-H gel is considered as a mixture
of C-S-H particles and gel pores. We assume that C-S-H particles are
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spherical and that the viscoelastic Poisson’s ratio of the C-S-H gel is
constant and equal to 0.2 [61]. Considering the self-consistent scheme,
from Eq. (20) in [74], we obtain the elastic value b0gel of the viscoelastic
Biot coefficient of the C-S-H gel:

b0gel = 2φgel, (15)

where φgel is the gel porosity, counted with respect to the volume of
C-S-H gel. The long-term value b∞gel of the viscoelastic Biot coefficient
is given, according to [16], by:

b∞gel = 2φgel, (16)

which is equal to the elastic value.

• At a scale above (see Fig. 3c), the mixture of C-S-H gel with capillary
pores is considered to be a matrix of C-S-H gel (which contains the
gel porosity) that surrounds spherical capillary pores. Hence, the mix-
ture of C-S-H gel with capillary pores is a two-scale porous material.
Considering the Mori-Tanaka scheme, from Eq. (24) in [74] the elastic
value b0mix of the viscoelastic Biot coefficient of the mixture of C-S-H
gel with capillary pores reads:

b0mix = 1− 1− φc

1 + φc

(1− b0gel), (17)

where φc is the capillary porosity, counted with respect to the volume
of the mixture of C-S-H gel with capillary pores. The long-term value
b∞mix of the viscoelastic Biot coefficient at this scale is given, according
to [16], by:

b∞mix = 1− 1− φc

1 + φc

(1− b∞gel), (18)

which is equal to the elastic value.

• Still at a scale above, i.e., at the scale of the cement paste (see Fig. 3b),
portlandite, calcium sulfoaluminates hydrates and the unhydrated clinker
are considered as spherical inclusions embedded into a porous matrix
that is made of a mixture of C-S-H with capillary pores. Considering
the Mori-Tanaka scheme, again from Eq. (24) in [74], the elastic value
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b0p of the viscoelastic Biot coefficient of the cement paste reads:

b0p = 1− fCHACH − faluAalu − fckAck − fmixAmix(1− bmix), (19)

where fCH, falu and fck are the volume fractions of portlandite, calcium
sulfoaluminate hydrates and unhydrated clinker with respect to the
cement paste, respectively; ACH, Aalu, Ack are the spherical parts of
the strain localization tensors of portlandite, calcium sulfoaluminate
hydrates and unhydrated clinker, respectively. We consider that in
the long term the inclusions deform much less than the matrix, i.e.
that inclusions are much stiffer than the mixture of C-S-H gel with
capillary pores. This results in ACH → 0, Aalu → 0, Ack → 0 and
Amix → 1/fmix. Inserting those limits into Eq. 19, the long-term value
b∞p of the viscoelastic Biot coefficient of the cement paste reads:

b∞p = b∞mix. (20)

• At the largest scale of concrete (see Fig. 3a), the aggregates are con-
sidered as spherical inclusions embedded into a porous matrix made
of cement paste. Considering the Mori-Tanaka scheme, again from
Eq. (24) in [74] the elastic value b0c of the viscoelastic Biot coefficient
of the concrete reads:

b0c = 1− fpAp(1− bp)− faAa, (21)

where fp and fa are the volume fractions of cement paste and aggregate
with respect to the volume of concrete, respectively; Ap and Aa are the
spherical parts of the strain localization tensors of the cement paste and
of the aggregates, respectively. We consider that in the long term the
inclusions deform much less than the matrix, i.e. that the aggregates
are much stiffer than the cement paste. This results in Aa → 0 and
Ap → 1/fp. Inserting those limits into Eq. 21, the long-term value b∞c
of the viscoelastic Biot coefficient of the concrete reads:

b∞c = b∞p . (22)

Combining Eqs. (15)-(22), we can estimate the elastic value b0c and the
long-term value b∞c of the viscoelastic Biot coefficient of the concrete, based
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Phase Elastic bulk
modulus [GPa]

Reference

C-S-H gel 15.6 Acker et el. (2001) [78], Constan-
tinides and Ulm (2004) [71]

Portlandite 33.3 Constantinides and Ulm (2004) [71]
Calcium sulfoa-
luminates

33.3 Haecker et al. (2005) [79]

Unhydrated
clinker

105.4 Boumiz et al. (1996) [80]

Table 1: Elastic bulk modulus of cement paste constituents from the literature.

on its water-to-cement ratio. The capillary porosity φc and gel porosity φgel

can be estimated with Powers’ model [76, 77] while the elastic bulk modulus
of C-S-H gel, portlandite, calcium sulfoaluminate hydrates and unhydrated
clinkers can be retrieved from the literature (see Tab. 1).

For what concerns the evolution over time of the viscoelastic Biot co-
efficient bc(t) of the concrete, similar to Eq. (9.28) in [22], we suppose an
exponential evolution, as follows:

bc(t) = b∞c + (b0c − b∞c ) exp

(
−t
t̃

)
. (23)

Having no information on the characteristic time in the above Eq. (23), we
simply take this characteristic time equal to the characteristic time t̃ (as-
sumed independent of relative humidity) in Eq. (4). Since neither the elastic
value nor the final value of the Biot coefficients depend on relative humidity
(see Eqs. 15-22), the evolution over time of the Biot coefficient in Eq. 23 is
independent of relative humidity. In spite of the assumption that the aggre-
gates are much stiffer than the cement paste in the long term, it is worth
mentioning that the long-term value of the Biot coefficient is not equal to 1,
as a consequence of the multiscale heterogeneity of the solid skeleton. Indeed,
because of this heterogeneity, the well-known elastic expression b = 1−K/Ks

(where Ks is the bulk modulus of the solid skeleton) or its viscoelastic exten-
sion b(t) = 1−K(t)�JKs(t) [22] (where K(t) is the bulk relaxation function
of the porous solid, JKs(t) is the bulk creep function of the solid skeleton, and
� holds for the Stieltjes convolution product) are not applicable to the ma-
terial considered in this study, as those expressions are only valid for porous
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materials with a homogenous solid skeleton.

7. Constitutive equations

In this section we list the procedure to model the time-dependent shrink-
age and creep strains. We recall that the concrete/cement paste is considered
as a non-aging viscoelastic porous material. We assume that the viscoelastic
Poisson’s ratio ν(t) is constant over time and equal to 0.2.

The model is a semi-coupled hydro-mechanical model: the relative hu-
midity hr(t) affects the mechanical response ε(t) but we neglect the impact
of mechanical load on the history hr(t) of relative humidity (as this impact,
which does exist [81], is rather small). Hence, the history hr(t) of relative
humidity should be known, prior to any mechanical calculation. For the sam-
ples that are submitted to drying, the history hr(t) depends on the boundary
conditions of the experiment and its determination may require solving a
diffusion equation (e.g., [82, 42]). For the samples kept in autogenous condi-
tions, we consider a constant relative humidity that is equal to the long-term
relative humidity obtained in [16] by analyzing a set of 27 experiments from
the literature:

h∞r (w/c) =

{
1− 0.45(0.65− w/c), if w/c < 0.65,

1, otherwise.
(24)

The following material parameters and relations should be known in ad-
vance:

1. Bulk creep compliance JK(t) of the concrete or cement paste (depend-
ing on the sample that is tested), which can be obtained by measuring
the elastic and basic creep strains.

2. Biot coefficient b(t) of the concrete or cement paste, which, if not mea-
sured directly (as direct measurement is difficult), can be estimated
through multi-scale homogenization (see section 6).

3. Creep modulus CK(t) of the concrete or cement paste, which depends
on the relative humidity hr(t) and can be obtained with Eq. (8), since
CK∞ is known from the bulk creep compliance JK(t).

4. Desorption isotherm Sl(hr) (or Sl(Pc)), which can be determined exper-
imentally. We use Van Genuchten’s law [83] to relate capillary pressure
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Pc and saturation degree Sl:

Pc(Sl) = b1

(
S
− 1

a1
l − 1

)1−a1
, (25)

where a1 and b1 are material-specific Van Genuchten parameters which
are dimensionless and expressed in Pascal, respectively. We can relate
the capillary pressure Pc to the relative humidity hr through Kelvin’s
law (Eq. 9). When no experimental measurement is available, desorp-
tion models available in the literature (e.g.,[84, 85, 86, 87, 88, 89, 90])
can be used.

Then, we compute the following state parameters step by step:

1. Water saturation degree Sl(t) using the desorption isotherm;

2. Capillary pressure Pc(t) using Kelvin’s law (Eq. 9);

3. Capillary stress σh(t) using Eq. (2);

4. Effective stress σ′(t) by integrating Eq. (11);

5. Variation of bulk creep modulus CK(t) over time with Eq. (8);

6. Strain response ε(t) = (εv/3)1+e using the following constitutive equa-
tions:

εv(t) = JK(0)σ′v(t)−
∫ t

0

σ′v(τ)JK′
(t− τ, hr(τ))dτ (26a)

eij(t) = JG(0)sij(t)−
∫ t

0

sij(τ)JG′
(t− τ, hr(τ))dτ (26b)

With such a model, the delayed strain of cement-based materials can be
predicted in a unified manner.

For a non-loaded non-drying specimen, the strain response, which is equal
to the autogenous shrinkage, is creep under the capillary stress due to self-
desiccation. For a sufficiently mature specimen, this capillary stress is con-
sidered to have reached an asymptote, as the internal relative humidity does,
leading to a long-term kinetics of autogenous shrinkage that is logarithmic
with respect to time, as observed experimentally [16]. If the relative humidity
remains equal to 100%, the delayed strain is 0.

For a loaded non-drying specimen, the strain response, which is equal to
the sum of autogenous shrinkage and basic creep, is creep under a constant
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stress that is equal to the sum of applied load and capillary stress. The basic
creep evolves logarithmically over time in the long term.

For a non-loaded drying specimen, the strain response, which is equal
to the sum of autogenous shrinkage and drying shrinkage, is creep under a
capillary stress which evolves over time.

For a loaded drying specimen, the strain response, which is the sum of
autogenous shrinkage, drying shrinkage, basic creep, and drying creep, is
creep under a stress which is equal to the sum of the mechanically applied
stress and of the capillary stress, and varies over time. The drying creep
results from the assumption that the mechanical effect of the capillary stress
that is transmitted to the solid skeleton is larger when the sample is under
compressive load than when the sample is not loaded mechanically.

8. Application of model

In this section, we calibrate the model against experimental results from
the literature. Since the model is intended for long-term delayed strain of
mature concrete, we choose to consider the tests of Granger [40] and of the
VeRCoRs project [91]. In both examples, we suppose that stresses and hydric
state are homogeneous within each specimen.

8.1. Granger’s experiments

Granger [40] studied the delayed behavior of six different concretes. The
mix design of each of the six concretes corresponds to concretes used in the
containment building of nuclear power stations. Excluding the concretes with
silica fume, we focus ourselves on four of them: Flamanville, Chooz, Civaux
B11, and Penly. The mix design properties of these concretes are given in
Tab. 2.

For each of the concretes, Granger [40] measured the delayed strain un-
der four different conditions: non-loaded non-drying condition, loaded non-
drying condition, non-loaded drying condition and loaded drying condition.
All specimens were kept sealed until the age of loading, i.e., 28 days. For the
loaded specimen, an axial load of σ1 = 12 MPa was applied instantaneously
via a hydraulic pressure tank and kept constant afterwards. Drying started
also at the time of loading under an ambient relative humidity of 50%. Be-
side the four tested specimens, another drying specimen was placed in the
same room to measure mass loss over time.
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Concrete Water-
to-
cement
ratio
[-]

Saturated
water content
[m3/m3]

Estimated
elastic Biot
coefficient of
concrete [-]

Estimated
elastic Biot
coefficient of
cement paste
[-]

Estimated
long-term
Biot coef-
ficient of
concrete [-]

Flamanville 0.48 0.106 0.32 0.72 0.82
Chooz 0.543 0.118 0.41 0.75 0.84
Civaux B11 0.557 0.129 0.46 0.76 0.85
Penly 0.577 0.133 0.43 0.77 0.86
VeRCoRs 0.52 0.072 0.33 0.74 0.79

Table 2: Properties of the concretes used in [40] and of concrete VeRCoRs [91]. Biot
coefficients are estimated with Eqs. 15–22; the other parameters are from [40] and [91].

First, the Biot coefficient is estimated using Eqs. 15-22, resulting in the
values listed in Tab. 2. In these estimations, elastic Biot coefficients at
the scale of the cement paste are 0.72, 0.75, 0.76 and 0.77, respectively
for the four types of concretes. Values are consistent with the estima-
tion in [74]. Then, we compute the uniaxial creep compliance JE(t) =
(1/E)+(1/CE) log

(
1 + (t/t̃)

)
, where E is the uniaxial elastic modulus, CE is

the uniaxial creep modulus and t̃ is a characteristic time. The assumption of
a time-independent viscoelastic Poisson’s ratio equal to 0.2 makes it possible
to compute the bulk JK(t) and shear JG(t) creep compliances. The results
are listed in Tab. 3.

Then, combining the history of loss of mass over time with the water
content at saturation given in Tab. 2, we obtain evolutions of saturation
degree Sl(t) over time. The history Pc(t) of capillary pressure depends on
the unknown Van Genuchten parameters a1 and b1 from Eq. (25). Based on
the reported value of a1 in the literature (e.g., [22, 92, 89, 14]) for ordinary
concrete, we assume a1 = 0.5. Kelvin’s law (Eq. 9) provides then the history
hr(t) of relative humidity. As a result, we obtain the capillary stress, which
depends on the unknown Van Genuchten parameter b1, and then, inserting
the capillary stress in Eq. (11) and taking κ = 1, we obtain the effective stress
σ′v (which also depends on the unknown Van Genuchten parameter b1) which
acts on the non-loaded drying specimen. The dependence CK(t) of the bulk
creep compliance on relative humidity is also taken into account based on the
history hr(t) of relative humidity, using Eq. 8. Combining the effective stress

19



Concrete E [GPa] CE [GPa] t̃E [d] a1 [-] b1 [MPa] κ(σ = 12MPa) [-]

Flamanville 22 94 15.5 0.5 20 1.8
Chooz 30 123 1.6 0.5 14 2.2
Civaux B11 29 125 2.5 0.5 13 2.8
Penly 31 173 1.1 0.5 14.2 1.8
VeRCoRs 30 126 44 0.44 19 1.7

Table 3: Parameters calibrated from experimental measurements of delayed strains. Ex-
perimental data are from [40]

.

with the creep compliance obtained from the basic creep strain (see Tab. 3)
and inserting them into the viscoelastic stress-strain relation Eq. (26), we
compute the strain of the non-loaded drying specimen. Finally, using the
least-square method, we calibrate the value of the Van Genuchten parameter
b1 (see Tab. 3). The value of b1 in the literature (e.g., [22, 92, 89, 14]) is
reported to be in-between 30 and 60 MPa. Hence, the calibration of the
model can be regarded as reasonable. The results of this calibration are
displayed in Fig. 4.

The final step of the procedure is to calibrate the drying creep coefficient
κ(σ = 12MPa), using the strain of the loaded drying specimen. For this spec-
imen, knowing the capillary pressure Pc from Eq. (25), the effective stress σ′v
is computed from Eq. (11) as a function of the unknown drying creep coeffi-
cient κ(σ = 12MPa). Inserting this effective stress and humidity-dependent
creep compliance into the viscoelastic relation (Eq. 26), we compute the
strain of the loaded drying specimen as a function of the unknown drying
creep coefficient κ(σ = 12MPa). Finally, using the least-square method, we
calibrate the value of the coefficient κ(σ = 12MPa) (see Tab. 3). The results
of this calibration are displayed in Fig. 4.

Instead of calibrating the drying creep coefficient κ in the last step, we
could also assume a unique value κ(σ = 12MPa) = 2 for all mix designs
and predict the strain of the loaded drying specimens. These prediction
results are displayed with solid lines in Fig. 4 and compare relatively well
with experimental measurements. From this prediction, we can see that,
by considering a unique value for the coefficient κ(σ = 12MPa) = 2 for
all concretes, we can predict reasonably well the drying creep and drying
shrinkage. Therefore, setting κ(σ = 12MPa) = 2 seems to be a reasonable
choice if all types of delayed strains have not been measured. Once the
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Figure 4: Calibration of the model against experimental measurement of delayed strain by
[40]. Concretes correspond to the mixture of (a) Flamanville, (b) Chooz, (c) Civaux B11
and (d) Penly, respectively. Dashed lines are fitted; plain lines are prediction by assuming
a drying creep coefficient κ=2. In (d), the dashed red line and solid red line overlap.

model is calibrated, we can predict the delayed strain under other hydric
and loading conditions. In contrast, when all types of delayed strain tests
are available, we can calibrate all parameters, i.e., drying creep coefficient
κ included, from experimental results. The calibrated model can then be
used to model the behavior of structures made with this specific concrete,
eventually using numerical techniques such as finite elements.

8.2. Tests in VeRCoRs project

In the framework of the VeRCoRs project, [91, 93] characterized the de-
layed strains of the VeRCoRs concrete, whose water-to-cement ratio is equal
to 0.52. The delayed strains were measured under four different conditions:
non-loaded non-drying condition, loaded non-drying condition, non-loaded
drying condition and loaded drying condition. All specimens were kept sealed

21



until the age of loading, i.e. 90 days. For the loaded specimen, an axial load
of 12 MPa was applied instantaneously via a hydraulic pressure tank and
kept constant afterward. Drying started also at the time of loading under an
ambient relative humidity of 50%. The desorption isotherm was measured
on other specimens made with the same concrete.
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Figure 5: (a) Desorption isotherm of VeRCoRs concrete; (b) Model calibration against
experimental measurement of delayed strain on VeRCoRs concrete. Experimental data
are from [91].

The first step of the model calibration is to compute the material pa-
rameters listed in section 7: the Biot coefficient is estimated using Eqs. 15-
22 and listed in Tab. 2; the uniaxial creep compliance JE is fitted against
the measured strain and listed in Tab. 3. Again, the assumption of a time-
independent viscoelastic Poisson’s ratio equal to 0.2 makes it possible to com-
pute the bulk JK(t) and shear JG(t) creep compliances. The Van Genuchten
parameters a1 and b1 are fitted using the measured desorption isotherm.

Combining the desorption isotherm with the creep compliance, we can
predict the delayed strain of the non-loaded drying specimen and of the
loaded drying specimen. As for the loaded drying specimen, we can either
calibrate the drying creep coefficient (the calibration yields κ(σ = 12MPa) =
1.7) or perform predictions by assuming that the drying creep coefficient is
equal to κ(σ = 12MPa)=2. The results are displayed in Fig. 5b, from which
we can see that assuming κ = 2 gives a reasonable prediction of the strain of
the loaded drying specimen. The comparison between the measured strains
and predicted strains supports the idea that the four types of delayed strain
can be modeled in a unified manner, as a viscoelastic strain resulting from the
combined action of the applied mechanical load and/or of capillary stresses.
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9. Discussion

In this section, we discuss the following three points: (1) alternative way
of taking into account drying creep, (2) general comparison of the model here
derived with existing models from the literature, (3) aspects to be considered
in more details for improving the model.

9.1. Drying creep

As presented in the introduction, some researchers [18, 33] proposed that
the moisture transport during drying promotes creep deformations. There-
fore, instead of introducing a drying creep coefficient κ, an alternative way of
modeling drying creep is to consider that the creep compliance is magnified
when drying occurs. To do so in a simple way, we introduce a coefficient λ
into the creep compliance in Eq. (4). The bulk creep compliance then reads:

J K(t) =
1

K
+

λ

CK
log

(
1 +

t

t̃

)
(27)

where:
λ = λ(σv, ḣr), with λ(σv = 0 or ḣr = 0) = 1. (28)

Combining the creep compliance J K(t) in Eq. (27) and the effective stress
in Eq. (3) (without any drying creep coefficient), we can model the strain of
a specimen under mechanical load or not, in combination with drying or not.
For example, we can calibrate this alternative model on the experimental
data of Granger [40] that are used in section 8.1. As a simple estimation, we
consider that, upon drying, the non-zero coefficient λ is constant over time.
The calibration is the same as the one performed in section 8.1, except for the
last step, in which, using the strain response of the loaded drying specimen,
instead of calibrating the drying creep coefficient, here we fit the parameter
λ. The results of this calibration are presented in Fig. 6, where the best
fit for parameter λ is 1.8, 1.7, 2.2, 1.5, respectively for Flamanville, Chooz,
Civaux B11 and Penly. Similar to the analysis in section 8.1, we observe that
a unique value of parameter λ(σ = 12MPa, ḣr < 0) = 2 predicts reasonably
well the strain of the loaded drying specimen.

The model based on the coefficient λ provides roughly as good estima-
tions as the model with drying creep coefficient κ, as seen by comparing
Fig. 6 with Fig. 4. The mean values of the differences between measured and
modeled values of strain on the loaded drying specimen are of comparable
magnitude for the two methods. The differences at the last time step are
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Figure 6: Calibration of the alternative model using Eq. (27) with coefficient λ against
experimental measurement of delayed strain by [40]. Concretes correspond to the mixture
of (a) Flamanville, (b) Chooz, (c) Civaux B11 and (d) Penly. Dashed lines are fitted, plain
lines are prediction by assuming a coefficient λ=2.

also of comparable magnitude. Hence, it is difficult to suggest one method
over the other one based on their accuracy.

In conclusion, drying creep can as well be captured by introducing a
drying creep coefficient (see section 4) as by magnifying the creep compliances
when drying occurs.

9.2. General comparison with existing models in literature

The model proposed in this work aims at modeling the long-term de-
layed strain of concrete without assuming the classical decomposition into
autogenous/drying shrinkage and basic/drying creep, in the context of the
evaluation of the long-term mechanical behavior of confinement buildings in
French nuclear power plants. Hence, we used integral forms of the viscoelas-
tic equations, i.e., creep compliances, which are used also in design codes
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(e.g., Eurocode 2 [35], ACI [36] and code model [37]) and academic models
in the literature [38, 39, 40, 41, 42, 43]. In contrast to the integral form,
an incremental form of the equations is also widely used in academic models
(e.g., [40, 42, 14]) as an incremental form makes it easier to implement the
model in common finite element codes. All of these models, except the model
of Sellier et al. [14], follow the classical decomposition of delayed strain into
autogenous/drying shrinkage and drying/basic creep. In the following, we
compare our model to the model of Sellier et al. [14].

Both Sellier et al.’s model [14] and our model are based on the the-
ory of poromechanics. Though Sellier et al.’s model does not follow the
classical decomposition of delayed strains, they decompose the strain into
elastic, reversible time-dependent and irreversible time-dependent parts. An
incremental form of the equations is used, based on rheological models. In
contrast, our model uses one creep compliance which includes both elastic
and time-dependent components. We did not consider the reversibility of
strain. The fact that we use an integral form of the creep compliance is con-
sistent with what is usually done in engineering practice. For what concerns
the time-dependent behavior, the model of Sellier et al. [14] considers non-
linear viscoelasticity. Considering the fact that we targeted loads smaller
than 40% of the strength, we restricted our model to linear viscoelasticity
with respect to the applied load. The influence of relative humidity on the
creep rate is considered in both models: Sellier et al. [14] take into account
this influence by weighing the creep compliance with the saturation degree.
In our model, we consider the dependency of the creep modulus on relative
humidity, based on microindentation tests from the literature. In both mod-
els, the capillarity-induced stress that is transmitted to the solid skeleton is
considered to be larger when the drying specimen is loaded than when it is
not loaded, which makes it possible to take into account drying creep (i.e.
Pickett effect). Sellier et al. [14] used a constant Biot coefficient which is
equal to the Biot coefficient at saturated state. In contrast, in our model,
the time dependence of the viscoelastic Biot coefficient is recognized: in the
framework of our model, recognizing this time dependence is necessary to
predict delayed strains accurately. Moreover, we showed in section 9.1 that,
in our model, we can easily integrate an alternative explanation of drying
creep, according to which drying creep originates from an increase of creep
compliance due to water migration during drying.
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9.3. Points to improve

The model could be enriched by considering in more details the following
aspects:

• Firstly, the structural effect of drying is not considered in the model:
the model is only formulated at material level. The gradient of rela-
tive humidity due to an inhomogeneous drying causes tensile stresses
in the skin of the concrete. As a result, damage occurs when the tensile
stresses are higher than the tensile strength of concrete; consequently,
the effective section decreases. [29, 31, 42] showed that a significant
fraction of drying creep is related to this structural effect. Incorporat-
ing this structural effect into the analysis of the experiments used in
section 8 would be beneficial to better predict the strain behavior of
a drying concrete specimen. This could be achieved by implementing
the model in a finite-element code and coupling it with a computation
of the desiccation of concrete and eventually with cracking models. It
should be noticed that to compute strain increment at each time step
in a finite element code, the model requires access to parameters from
all of the previous steps. To implement the model in an existing finite
element code for which such access is not possible, one may approx-
imate the logarithmic creep compliance with a chain of Kelvin-Voigt
elements [94] and write down the model in an incremental form.

• Secondly, as mentioned in section 4, considering that the drying creep
coefficient κ is constant over time is questionable. Since this parameter
κ is intended to characterize the influence of the applied mechanical
load on how capillary stresses are transmitted to the solid skeleton
during drying, the magnitude of the parameter κ should be related to
the intensity of this drying. Said otherwise, one could expect that the
drying coefficient κ would vary over time, because of the desiccation
varying over time. Numerical simulations of concrete drying could pro-
vide some information about how this parameter κ varies over time and
space during the drying.

• Drying creep could be modeled in two alternative manners: 1) by in-
troducing a drying creep coefficient (see section 4) or 2) by modifying
the magnitude of the long-term creep by introducing a coefficient λ
(see section 9.1). With both models, capturing drying creep requires
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the introduction of a parameter that is somewhat phenomenological,
which is not fully satisfactory given our ambition of providing a uni-
fied poromechanical model with a sound physical basis. The need for
introducing such phenomenological parameter can be due to the fact
that the physical origin of drying creep is still not fully clear (see e.g.,
[33, 95]).

10. Conclusions

In this work, we proposed a non-aging linear viscoelastic poromechani-
cal model to predict the delayed strain of cement-based materials, without
decomposing the delayed strain classically into autogenous/drying shrinkage
and basic/drying creep. The model is dedicated to delayed strains of mature
materials, i.e., materials whose microstructure does not change significantly
with time anymore. Consequently, the model cannot simulate shrinkage and
creep behavior related to or caused by hydration at early age. For what con-
cerns the load range, the model is only applicable to cases where the applied
load does not exceed 40% of the strength. Several conclusions can be drawn:

• The delayed strains of concrete under various mechanical and hydric
conditions could be predicted with a non-aging linear viscoelastic porome-
chanical model, without assuming the classical decomposition used in
the literature or in design codes, which considers the total delayed
strain to be the sum of autogenous/drying shrinkage and basic/drying
creep.

• To capture drying creep (i.e. Picket effect), we needed to introduce a
drying creep coefficient (see section 4) or, alternatively, a parameter to
modify the creep compliance (see section 9.1). Considering a drying
creep coefficient κ(σ = 12MPa)=2 provided reasonably good predic-
tions of the delayed strains of a loaded drying specimen, for all mix
designs considered.
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of drying creep in nanoporous solids: understanding the effects of
nanoscale energy barriers, Proceedings of the Royal Society A: Mathe-
matical, Physical and Engineering Sciences 472 (2191) (2016) 20160490.
doi:10.1098/rspa.2016.0490.

[35] E. 1992-1-1:2005, Eurocode 2: Design of Concrete Structures: Part 1-1:
General Rules and Rules for Buildings, CEN, 2004.

[36] ACI Committee 209, Guide for Modeling and Calculating Shrinkage
and Creep in Hardened Concrete (ACI 209.2R-08), American Concrete
Institute, 2008.

[37] FIB, Model code for concrete structures 2010, Ernst and Son.

[38] RILEM Technical Committee, Creep and shrinkage prediction model
for analysis and design of concrete structures-model b3, Materials and
Structures 28 (1995) 357–365.
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J. Haelewyn, F. Hamon, S. Michel-Ponnelle, J. Hénault, F. Taillade,
Temperature and humidity-driven ageing of the vercors mock-up, in:
Computational Modelling of Concrete Structures: Proceedings of the
Conference on Computational Modelling of Concrete and Concrete
Structures (EURO-C 2018), February 26-March 1, 2018, Bad Hofgastein,
Austria, CRC Press, 2018, p. 215.
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