
ORIGINAL ARTICLE

Experimental and numerical study of size effect on long-
term drying behavior of concrete: influence of drying depth

H. Samouh . A. Soive . E. Rozière . A. Loukili

Received: 15 October 2014 /Accepted: 21 December 2015 / Published online: 4 January 2016

� RILEM 2016

Abstract This study aims at rationalizing the anal-

ysis of drying shrinkage tests and taking better

advantage of the measurements, by studying the

influence of the specimen size. Three self-consolidat-

ing concrete and one vibrated concrete mixes were

studied during 3 years. Drying started 24 h after

casting. The tests were carried on three sizes of

cylinders: U78, U113 and U163 mm, under the same

experimental conditions (20 ± 1 �C, 50 ± 5 % rela-

tive humidity), according to RILEM recommenda-

tions. The results show that the classification of

concrete depends not only on the experimental con-

ditions, but also on the duration of the shrinkage

measurement. A scientific approach based on a simple

mathematical model was proposed to analyze shrink-

age data. The ultimate drying shrinkage did not

depend on specimen size. The existing empirical

models of shrinkage and drying used in construction

codes take into account the size effect only through a

geometrical parameter called notional size of cross-

section, assuming that concrete is an homogeneous

and non-aging material. With the time variable change

by the ratio of the square root of the time and the

notional size of cross-section, a master curve can be

found for the theoretical curves of different sizes.

However, experimentally, upshifts were observed

between the drying shrinkage curves for different

specimens sizes, thus phenomena that occur at early

age are not taken into account by current models. The

drying depth notion was introduced to explain the part

of drying behavior responsible for the observed

difference between drying curves. The influence of

this concrete layer on the long-term behavior was

confirmed by a two-step modeling of the mass-loss

evolution. The first one included coupled drying-

hydration model. The same classification was

observed numerically and experimentally, with higher

drying kinetics corresponding to smaller specimens,

but the experimental shift could not be reproduced.

The drying depth notion was incorporated in the

second model; an increase in permeability was intro-

duced in the outer layer of the concrete specimens. The

size effect on the long-term mass-loss was reproduced

numerically.
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1 Introduction

Drying and drying shrinkage are at stake in several

degradation mechanisms of concrete and concrete

structures. If restrained, drying shrinkage is likely to

cause cracking. Thin walls and slabs of buildings are

often reported to crack after a few months. The

mitigation of drying shrinkage cracking requires a

good understanding of the influence of mixture

proportioning on the restrained cracking tendency of

concrete in order to optimize the design of concrete

mixtures [1, 2, 3]. Accurate prediction of time-

dependent deformations, such as drying shrinkage

and creep, is needed to assess the long-term deflection

of big structures such as towers and bridges [4] and the

losses in prestress. Durability is also influenced by

drying and cracking [5]. The concrete cover protects

steel reinforcement against the penetration of aggres-

sive species from the environment to avoid corrosion.

However in spite of a good curing the skin of concrete

is generally exposed to drying before complete

hydration, thus the porosity of concrete cover is higher

than the porosity of internal concrete [6, 7], which

leads to an increase in the permeability in the concrete

cover. This effect can be increased by the wall effect

due to formwork and compaction defects. Durability

indicators are often assessed on undamaged specimens

or cores, whereas cracks observed on structures can

significantly alter the potential durability of structures

[8, 9]. Thicker concrete covers are now prescribed to

ensure durability in severe conditions, such as tidal

zones in marine environments [10], but this is likely to

increase cracks widths, thus permeability. Moreover

the behavior of modern concrete mixtures, such as

high strength concrete (HSC) or self-consolidating

concrete (SCC) can significantly differ from the

behavior of normal strength vibrated concrete (VC).

As a consequence drying shrinkage limits are now

included in performance-based specifications [11].

Since the beginning of the research about concrete

drying shrinkage, two questions arose. The first one

was the possibility to reproduce in the laboratory the

drying conditions of the construction sites. Tests

should be as representative as possible, to switch from

the laboratory results to the structure scale. The second

is how the tests can be accelerated and analyzed to

deduce the long-term behavior of concrete. The size

effect has been studied to answer these two questions.

Since the 1960 s, several works have been published

around this topic: Keeton studied the size effect on

four specimen sizes during 1000 days [12]. Wallo &

al. carried out experiments on three sizes over

100 days [13]. In order to study size effects, it is

necessary to distinguish them from the effect of

volume-to-surface (v/s) ratio. This analysis is gener-

ally done on shrinkage data, to deduce drying shrink-

age of structural members from shrinkage curves of

laboratory-size specimens. Torben proposed a hyper-

bolic equation to project shrinkage-time from test data

[14]. Almudaiheem & al. gave equations to determine

the fit parameters for the hyperbolical representation

of shrinkage [15].They also gave a method to predict

concrete drying shrinkage from short-time [16], and

they studied the influence of major parameters on

ultimate drying shrinkage [17]. The hyperbolic equa-

tion is still used in several models and standards, such

as ACI 209 Code Model. Bazant & al. proposed a

statistical extrapolation of shrinkage [18, 19]. The size

effect analysis was not limited to vibrated concretes,

but it also dealt with high strength concrete [20], with

and without lightweight aggregates [21].

The influence of specimen size on drying shrinkage

kinetics is generally taken into account through the

notional size of cross-section concept, i.e. the volume-

to-surface area ratio h0.

h0 ¼ 2v

s
ð1Þ

where v is the volume ands is the drying surface of the

specimen. Most of models use this geometrical

parameter to describe the influence of specimen size

on the long-term behavior. For instance, the empirical

modeling of the shrinkage with CEB [22], B3 [23],

ACI [24], and Eurocode models derived from this

ratio. They link it directly with the kinetics of

shrinkage, by hyperbolical or exponential mathemat-

ical equations. However, the models do not agree on

the relation between kinetics and notional size of

cross-section. For instance, in Eurocode 2 part 1-1 for

buildings, the time when shrinkage reaches half of

ultimate drying shrinkage or ‘‘shrinkage halftime’’ is a

linear function of h
2=3
0 ; whereas in Eurocode 2 part 2

for bridges and B4 model [25], it is a linear function of

h20. This linear function is valid only in 1D and if

drying shrinkage is assumed be governed by a

diffusion-equation, which can be discussed if cracking

occurred. Moreover, mature concrete can be consid-

ered as homogenous material and described by simple
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models based on notional size of cross-section, which

is not the case when concrete is exposed to drying at

short term, because of time and space evolution of

concrete properties.

The general drying shrinkage equation given by

several models, including code models implies that

ultimate drying shrinkage also depends on specimen

size (2).

eds ¼ eult:sh h0; T;RHð Þb h0; tð Þ ð2Þ

According to Torben, Hansen & Mattock [14] and

Eurocode 2 part 1-1 [10], the ultimate shrinkage

decreases with an increase in notional size of cross-

section. However these models seem questionable

[26]. The drying shrinkage increases very quickly at

earlyage, thus relatively low measurement errors at

early age are likely to cause significant variations of

ultimate drying shrinkage [25]. The evolution of

experimental devices facilitates testing and allows

more frequent and more accurate measurements from

early age and for longer periods. As a consequence the

improvement of testing can provide some useful

information on size effect. Moreover numerical tools

now help understanding the long-term behavior of

concrete and verifying assumptions on prevailing

phenomena.

The issue addressed in this paper is the influence of

the early-age drying and the coupling between hydra-

tion, damage, and drying on long-term drying and

shrinkage of concrete. As the experimental study deals

with relatively high water-to-cement (w/c) ratio con-

cretes, the coupling between drying and autogenous

shrinkage was not taken into account. When concrete

is exposed to drying at early ages, i.e. after one or a few

days, the hydration degree is relatively low, thus the

permeability and kinetics of water loss are higher than

mature concrete. Another consequence is that tensile

strength is low, which favors micro-cracking, damage,

and relaxation of tensile stress developing in the

external layer of specimens [27], thus the long-term

behavior, the kinetics, and the magnitude of shrinkage

can be influenced by the phenomena occurring at early

age.

The objective of this experimental and numerical

study is to highlight and understand the size effect on

long-term drying. It also provides experimental data

on the influence of specimen size on kinetics and

ultimate drying shrinkage. The proposed study dealt

with SCC and VC.

The first part gives the concrete mixture proportions

and the geometry of the specimens. Shrinkage and

mass were measured from 24 h on three sizes of

cylinders, U78, U113 and U163 mm, under the same

experimental conditions (20 ± 1 �C, 50 ± 5 % RH)

until the stabilization of values.

In the second part the experimental results are

presented and discussed. First it is necessary to assess

and eliminate the influence of notional size of cross-

section to highlight the size effect. A hyperbolic

equation is used to analyze the time evolutions and

conclude on the effect of notional size of cross-section

on ultimate value and kinetics of drying shrinkage. As

the notional size of cross-section cannot fully explain

the size effect, the drying depth concept is introduced.

If drying was the only phenomenon involved in long-

term behavior, a variable change could back the mass-

loss and drying shrinkage curves into a master curve.

Experimentally, this was not the case. Concrete is a

complex material with aging properties due to drying

and hydration evolution, in addition to micro cracks

and skin effect. The combination of all these phenom-

ena could explain the observed size effect. The

shrinkage versus mass loss graphs helps to understand

this behavior. The drying depth notion is introduced in

this paper to facilitate its comprehension and to

understand the size effect.

The third part of the paper deals with the numerical

model used to understand the long-term drying of

concrete. A tow-step modeling is performed. First the

influence of the drying-hydration coupling is pre-

sented. Then the drying depth notion is integrated to

the model to explain the size effect on drying.

2 Experimental program

2.1 Mixture proportions and mechanical

properties

Four concrete mixtures were designed: three self-

consolidating concrete (SCC), referred to as: SCC-N,

SCC-R and SCC-G, and one normally-vibrated con-

crete (named VC). ACEM I 52.5 N Portland cement,

limestone filler, and a polycarboxylate superplasti-

cizer were used. The aggregates consisted of alluvial

sand, amphibolite (SCC-G and VC) and limestone

gravels (SCC-N and SCC-R). SCC-N and SCC-Rwere

designed keeping the volume of paste and water
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content constant but varying the limestone filler-to-

cement ratio. SCC-R and SCC-G were designed

keeping the proportions of paste content constant but

varying the gravel type. VC and SCC-Gmixtures were

designed with the same gravel to observe the differ-

ence in long-term behavior between vibrated concrete

and SCC, due to variations of the volume of paste and

water-to-cement (W/C) ratio. The mix design propor-

tions are given in Table 1.

The mechanical characteristics are assembled in

Table 2. Young’s modulus was determined by

dynamic testing, using Grindosonic device and Spin-

ner and Teft model [28]. This provides higher value

than quasi static compressive testing (Neville,

2000).The Vibrated concrete had the highest Young’s

modulus, since it had the lowest paste volume [1].

SCC-N showed the lowest compressive strength due to

the high limestone filler-to-cement ratio; it also

showed the lowest autogeneous shrinkage after

5 months of measure owning to high W/C ratio. The

substitution of the cement by limestone filler cannot

results in lower chemical shrinkage from Portland

cement hydration, the main cause of the auto-desic-

cation shrinkage. A small difference was observed

between SCC-R and SCC-G, which can be explained

by the effects of gravel nature, if amphibolite gravel is

assumed to be stiffer than limestone gravel.

2.2 Specimens and testing procedure

SCC and VC were stable and showed no signs of

segregation. In addition to compressive strength and

Young’s modulus measured on cylindrical specimens

Ø113 mm, three cylindrical molds were used, to

observe the size effect on long-term behavior. Cylin-

ders dimensions and notional size of cross-section

given by Eq. (1) [10] were respectively Ø78 mm

(h0 = 39 mm), Ø113 mm (h0 = 56.5 mm), and

Ø163 mm (h0 = 81.5 mm) observing a proportional-

ity factor 1.45.

In 1998, the RILEM Technical report [29] gathered

some recommendations on the measurement of time-

dependent strains of concrete. The experimental

procedure was based on the advised procedure. The

specimens were moved immediately after casting to an

air-conditioned room, at 20 ± 1 �C and 50 ± 5 %

RH, and demoulded 24 h later. The top and bottom

surfaces were covered with an adhesive-backed alu-

minum foil, to achieve 2-dimension drying. The total

drying shrinkage and mass-loss were measured on

Table 1 Mix design of

SCC and VC

a Water-to-powder ratio,

P = C ? A

kg/m3 SCC-N SCC-R SCC-G VC

Limestone gravel 4/12 (G) 751 755 – –

Amphibolite gravel 10/14 (G) – – 720 875

Amphibolite gravel 6/10 (G) – – 128 211

Sand 0/4 (S) 806 810 813 855

Cement (C) 258 320 320 303

Limestone filler (A) 292 230 230 –

Superplasticizer 3.8 3.8 3.6 –

Water (W) 190 190 190 182

VG/VS 0.9 0.9 0.9 1.1

W/C 0.74 0.59 0.59 0.60

W/Pa 0.34 0.34 0.34 0.60

Volume of paste (l/m3) 380 380 380 280

Table 2 Mechanical

properties of SCC and VC
SCC-N SCC-R SCC-G VC

Compressive strength, 28 days (MPa) 32.6 49.6 48.0 49.1

Young’s modulus, 28 days (GPa) 33.6 38.2 40.5 45.0

Autogenous shrinkage, 5 months (lm/m) 73 106 91 102
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these specimens immediately (within 3 min) after

removing the molds. LVDT sensors were used to

measure the shrinkage strains. The specimens used to

measure autogenous shrinkage were carefully pro-

tected against drying from the start of testing. Six

months later, only an average of 0.03 %mass loss was

observed on the sealed specimens. The use of a double

layer of adhesive-backed aluminum foil is actually

more effective than acrylic, latex, or epoxy protection

[30]. The drying shrinkage was deduced as the

difference between the measured total shrinkage and

autogeneous shrinkage [31]. It is very important to

respect this procedure for different specimens and

concrete mixtures, because the internal humidity can

change quickly at early age, and the concrete satura-

tion affects the long-term behavior.

3 Experimental results and discussion

3.1 Analysis of drying shrinkage data

In many studies and specifications [11, 32] shrinkage

magnitudes are used as criteria to classify concrete

mixtures, although it is not an intrinsic parameter of

the material. Figs. 1 and 2 show that the shrinkage

magnitude does not only depend on the measurement

duration, but also on the specimen size. The concrete

classification changed with the specimen size. For

example, the shrinkage of the VC was higher than the

shrinkage of SCCs from the 1-month values on

Ø78 mm specimens, whereas it was the lowest from

the values on Ø163 mm specimens. Therefore a more

reliable procedure is necessary to provide a concrete

ranking independent from size effect and drying time.

According to most of shrinkage models, the evo-

lution of shrinkage strain can be described by com-

bining two functions: magnitude and kinetics. The

kinetics decreases with notional size of cross-sec-

tion. According to Eurocode 2 part 1-1 and Torben &

al. [14], the ultimate shrinkage decreases with an

increase in notional size of cross-section, but other

models assume that the magnitude of shrinkage is not

influenced by specimen size. In the study presented in

this paper, the hyperbolic equation introduced by

Torben & al. was used [14] (Eq. 3). The equation in

the Code Model 2010 is similar, but uses the square

root. In this case, the equation of the code model is

more physical than the one proposed by Torben for

mature concrete, as the shrinkage should be almost

proportional to the square root of time at the begin-

ning. The choice of Eq. 3 was based on a previous

comparative study between different models, and a

better fitting of experimental data was found with

Torben’s model [14].

edry ¼ t

t þ Ns

e1 ð3Þ

The two parameters, e? long-term drying shrinkage

and Ns time to reach half of the long-term drying

shrinkage, were determined from the experimental

data so as to minimize the mean square error.

The shrinkage of the different concrete mixtures

and specimens can be projected from the test data by

assuming that the time evolution of drying shrinkage

can be represented by Eq. (3). This equation form was

Fig. 1 Evolution of drying shrinkage at 1 month as function of

notional size of cross-section

Fig. 2 Evolution of drying shrinkage at 4 months as function of

notional size of cross-section
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used in several international standards, such as

American code model ACI 209R-92 [33] and Euro-

pean code model Eurocode 2 [10]. It has also been

adapted for different concrete types like lightweight

aggregate concrete [34] or SCC.

The drying shrinkage of the three SCC-G concrete

specimens is plotted on the graph of Fig. 3. The

measurements lasted between 120 and 800 days

according to the specimen size. Figure 3 shows

expected classification with a faster development of

the drying shrinkage for the smaller specimen size.

These results are in agreement with many works [12,

13, 14, 18, 19, 15, 35].

The couples (e1; Ns) were determined for all

mixtures and specimen sizes. Both parameters were

plotted as a function of the square of the notional size

of cross-section (see Figs. 4, 5). The smallest speci-

mens are most sensitive to variations of external

conditions, thus one repeatability test was performed

on the VC mixture with two specimens (U78 mm).

The results showed 1.2 days average deviation for Ns,

and 25 lm/m average deviation for ultimate shrink-

age. Error bars have been plotted in Figs. 4 and 5. The

long-term drying shrinkage deduced from experimen-

tal data was not significantly influenced by specimen

size. The difference between long-term shrinkage

values of different specimen sizes varied between 15

and 49 lm/m for the four concrete mixtures (Fig. 5),

which is consistent with the assumption made in

models that the shrinkage magnitude does not depend

on specimen size. However the kinetics of shrinkage

clearly depends on the notional size of cross-section,

since Ns increased with h0, especially for the vibrated

concrete. This means VC needed more time to reach

the ultimate shrinkage than the SCC, thus the drying of

paste was affected by the relatively high aggregate

proportion of the VC mixture.

Several relations were proposed in the literature

[16] to describe the influence of notional size of cross-

section on Ns time. A classical approach is to consider

that Ns depends linearly on the square of the notional

size of cross-section, as proposed in ACI 209R-92 [33]

(see Eq. (4)). This linearity allows a variable substi-

tution, and a new formulation of drying shrinkage

equation can be obtained, with a parameter indepen-

dent from notional size of cross-section:

Ns ¼ ah20 ð4Þ

Ns was substituted to the equation:

edry ¼ t

t þ ah20
e1 ð5Þ

Fig. 3 Drying shrinkage versus log(t) forSCC-G

Fig. 4 Long-term drying shrinkage versus the square of the

notional size of cross-section Fig. 5 Ns versus the square of the notional size of cross-section
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With a variable change:

t� ¼
ffiffi

t
p

h0
ð6Þ

Shrinkage can be rewritten as:

edry ¼ t�2

t�2 þ a
e1 ð7Þ

According to this last form of the drying shrinkage

equation, the shrinkage versus t* curves correspond to

a unique master curve for the different sizes. Figure 6

shows the shrinkage as a function of t*. A small shift

between the different sizes was observed. The time t*

to reach ultimate drying shrinkage was higher for the

thinnest specimens. These differences may mean the

existence of other phenomena not taken into account

by the linear variation of Ns as a function of h0.

Assuming an affine function of h20 Ns þ ah20 þ b; b
�

6¼ 0Þ rather than a linear function (b ¼ 0; see Fig. 5) as

proposed in Eq. (4) actually leads to a drying shrinkage

that dependson sample size, even if notional size of cross-

section has been taken into account (see Eq. (8)). In this

case, the experimental results can be understood. Despite

the variable change, the drying shrinkage still depends on

h0. The drying shrinkage timeNs thus obtained is actually

higher, especially for low notional size of cross-section,

which is in agreementwith the experimental data (Fig. 6).

edry ¼ t�2

t�2 þ aþ b=h20
e1 ð8Þ

3.2 Mass-loss and drying shrinkage relation

The drying shrinkage is due to water loss, thus mass

loss and drying shrinkage versus mass loss relations

must be studied to understand drying and shrinkage.

Mass loss also depends on initial and boundary

conditions.

The mass-loss versus t* curves were plotted to

distinguish the effect of notional size of cross-section

from the size effect. This corresponds to the variations

observed on drying shrinkage versus t* curves [36]. If

drying was the only phenomenon, a superposition of

the three curves would be observed. If the material is

homogeneous, water loss can be modelled by drying

equations (like the heat or diffusion equations), and

the solution of this problem in 1-D for different sizes

can be described by previous variable change to pass

from one size to another. As shown in Figs. 7, 8, 9, 10

an upshift was observed for Ø78 mm specimens. The

existence of phenomena parallel to drying was proved

for the four mixtures tested here. These phenomena

gave an additional kinetic for the smaller specimens,

but keep the long-term mass-loss constant between all

sizes. It is also interesting to note that the difference

between the kinetics of the small and the medium

Fig. 6 Drying shrinkage versus t* for SCC-G

Fig. 7 Mass-loss versus t* for SCC-N

Fig. 8 Mass-loss versus t* for SCC-R
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samples was always greater than the difference

between the kinetics of the medium and the big

samples. Themicrostructure of concrete, at the level of

capillary pores, can be expected to play a significant

part in this size effect.

The curves given in Figs. 7, 8, 9, 10 also show the

influence of the proportions of concrete mixtures.

SCC-N was the concrete mixture with the highest

limestone filler proportion; it lost the highest water

amount, owing to the chemical nature of the addition,

which leads to a higher proportion of free water (w/

c = 0.74). SCC-R and SCC-G showed the same

ultimate mass loss. Both concrete mixtures actually

had the same water, cement, and filler contents. The

gravel type did not significantly influence their drying

behavior. VC showed the lowest ultimate mass loss, as

the concrete mixture had the lowest water content.

In Fig. 11, drying shrinkage is plotted against

weight loss for SCC-G mixture and all sizes. Several

studies describe this curve as a linear relation [15, 37,

38]. In this study, a sigmoid function would be more

appropriate to describe this relation. Three stages were

observed. The first was a short stage with a mass loss

up to 1 % without drying shrinkage. During this stage

the measured total shrinkage and autogeneous shrink-

age were equal; this phase depends clearly on the free

water content of concrete mixture. The capillary stress

due to this initial waterloss is not significantly higher

than that created by hydration. This first stage

corresponding to Dm0 was longer for SCC-N than the

other mixtures (Table 3) due to the high free water

content. The second stage corresponds to a linear

relation between shrinkage and mass-loss. The value

of the slopes A generally increased when the sample

size decreased (see Table 3). According to Kelvin-

Laplace Eq. (9) the capillary stress decreases with the

pore radius, therefore, shrinkage decreases also with

the pore radius. SCC-N would have larger pores than

the other concretes due to the significant departure of

the free water Dm0 and the relatively low value of the

coefficients A. Whatever the concrete mixture, the

biggest specimen showed more shrinkage for a given

mass-loss. Finally, the third phase, which extends over

a long period, represents an asymptote for the curves.

Mass loss actually continued with a smaller shrinkage.

3.3 Size effect analysis

Because of the lack of experimental results, the

influence of the early drying on the long-term behavior

is rarely questioned. The experimental campaign

performed during 3 years with reproducible results

(faster mass loss kinetics for small specimens as

shown in Figs. 7, 8, 9, 10) allows the verification and

even validation of models present in the literature.

Fig. 9 Mass-loss versus t* for SCC-G

Fig. 10 Mass-loss versus t* for VC

Fig. 11 Drying shrinkage versus mass-loss for SCC-G
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Classical models succeed in retrieving the classifi-

cation of the kinetics according to notional size of cross-

section, as well as long-term water loss. The remaining

issue concerns the presence of other phenomena

affecting the mass loss of the concrete, since the graphs

show an offset in the experimental results when the

abscissa axis is expressed in the square root of time to

notional size of cross-section ratio t* (Figs. 6, 7, 8, 9,

10). The classification is inversed aswell, i.e. decreasing

with the specimen size.

An assumption must be made about coupling

physical and chemical phenomena, to explain the size

effect observed on the mass-loss and shrinkage against

t* curves, which is not taken into account by classical

models. This hypothesis consists in stating that two

phenomena act in two opposite ways: hydration,

which represents in this study a reduction of the

porous volume (experimentally observed in [39]), and

drying, considered as a water loss, which can cause the

hydration reaction to stop at a certain level. These two

phenomena compete, since the advance of one slows

the other or even stops it. However, the two phenom-

ena act in the same direction for drying shrinkage.

According to the Kelvin-Laplace equation, they both

cause higher capillary stresses, thus generating shrink-

age, either by reducing internal relative humidity or

reducing the pore radius. These combinations of both

effects can be observed clearly on high-performance

cementitious materials [31].

rcap ¼ Pg � PL ¼ �RTqe
M

ln hð Þ ¼ 2r
r
cos amð Þ

ð9Þ

where rcap, Pg, PL, R, T, M, qe, h, r, r and am: denote
capillary stress, gas pressure, liquid pressure, univer-

sal ideal gas constant, temperature, molar mass of

water, water density, humidity, surface tension of pore

fluid, pore curvature and contact angle, respectively.

In order to understand the behavior of the samples

as a function of size, the existence of a ‘‘drying depth’’

in concrete for which water loss is observed without

generating shrinkage can be proposed, from the

analysis of experimental results (Fig. 11). This

‘‘depth’’ is a concrete layer where the material dries

quickly after demolding at 24 h, before it has reached

high hydration degree. This zone is defined as the part

of concrete which loses quickly the free water,

corresponding to the first stage of the shrinkage versus

mass loss graphs. This matches water loss in the

specimens without measurable desiccation shrinkage,

as shown in Fig. 11. This stage depends on concrete

mixture. This representation can include several

phenomena that can lead to the observed drying-

shrinkage behavior, namely: coupling between hydra-

tion and drying [40], micro cracks [27, 41] and wall

effect due to formwork [42, 43]. However, these

phenomena cannot be easily distinguished.

A method is given to deduce this parameter directly

from the shrinkage versus mass loss curves, by

transforming the mass-loss to a distance. This oper-

ation can be made by a simple division of the mass-

loss to drying surface ratio by the free water content of

concrete, which depends on the concrete mixture. This

ratio is noted here d(10). The drying depth d is defined
as the intersection between the linear extrapolation of

the second stage and the d-axis in the drying shrinkage

versus d curve, as shown in Fig. 12.

d ¼ m tð Þ � m t0ð Þ
mf � Sd

ð10Þ

(m(t)-m(t0)): mass-loss (kg), Sd drying surface (m2),

mf free water mass in 1 m3 of concrete (kg/m3).

The free water content is given by Eq. (11).W is the

effective water content given in Table 1 (kg/m3), a is

the hydration degree at 24 h (when concrete is exposed

to drying) determined by isothermal calorimetric

Table 3 The fit parameters of the linear trend curves

Ø78 mm Ø113 mm Ø163 mm

A (lm/m) Dm0 (%) t (Dm0) (days) A (lm/m) Dm0 (%) t (Dm0) (days) A (lm/m) Dm0 (%) t (Dm0) (days)

SCC-N 381.6 2.34 3 278.5 1.83 4 256.2 1.34 4.4

SCC-R 381.6 1.37 2.6 372.1 0.99 3 362.6 0.83 4.4

SCC-G 578.8 1.80 3.8 459.8 1.19 3.8 410.7 0.86 5

VC 415.0 1.24 4.4 492.3 0.87 7 533.8 0.77 7
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analysis, w? is the ultimate value of the chemically

bound water-to-cement content ratio (kg/kg), C is the

cement content given in Table 1 (kg/m3). a is assumed

to be the same for the four concrete mixtures; the value

is 0.4. The value of w? equal to 0.25 was determined

from the Bogue’s composition of Portland cement.

mf ¼ W � aW1C ð11Þ

The results of this analysis for the three specimen

sizes and the four mixtures are given in Table 4. The

drying depth is weakly dependent on the specimen

size, as shown by the standard deviation interval: from

0.0 to 0.6 mm for the four mixtures. The drying depth

was higher for SCC-N than other concretes, and it can

be explained by the high limestone filler proportion

and low cement content of this mixture resulting in

high free water in the concrete.

Assuming the drying depth is constant for a given

concrete mixture, a simple calculation can be done to

relate the ‘‘dry volume’’ (corresponding to the drying

depth, not taking part in the stresses developed in the

concrete) to the total volume of the specimen. This

ratio, noted fd, is defined by (see Eq. (12)):

fd ¼
vdry

vtot
¼ 2

d
R
� d

R

� �2

ð12Þ

This ratio is plotted as a function of the specimen

radius for different drying depths in Fig. 13. We note

that for every value of d, the difference between the

ratios for radii 39 and 56.5 mm is always higher than

the difference between the ratios for radii 56.5 and

81.5 mm, even though the radius difference increases.

This is consistent with the size effect observed on

shrinkage (Fig. 6) and drying (Figs. 7, 8, 9, 10), which

was more pronounced between small and medium

specimens than between medium and large specimens.

The reasoning proposed hereafter is meant to

explain the influence of drying depth on drying

shrinkage, by comparing two specimens of different

sizes. For a given drying depth, the smallest specimen

has a higher dry volume ratio as shown in Figs. 13 and

14. The drying depth has actually been defined as the

concrete layer drying before causing significant drying

shrinkage (Fig. 12), thus the mass lost without

shrinkage, expressed in proportion of the specimen

initial mass loss, increases as the specimen size

decreases (Fig. 11).

Consequently, if hydration is assumed to be influ-

enced by drying, a higher drying fraction of the small

specimen leads to a coarser porosity. This allows the

small specimen to dry quicker, thus explaining the

Fig. 12 Drying shrinkage versus d for SCC-G

Table 4 Calculated drying

depth for different concrete
d (mm) Ø78 mm Ø113 mm Ø163 mm Average (mm) Standard deviation (mm)

SCC-N 6.3 7.4 7.6 7.1 0.6

SCC-R 3.8 4.2 4.9 4.3 0.4

SCC-G 5.0 5.0 5.0 5.0 0.0

VC 3.4 4.0 4.9 4.1 0.5
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=22.5mm
=20mm

=17.5mm

Fig. 13 Drying fraction evolution as function of the specimen

radius and the drying depth
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positive offset of the mass loss graph, noted in Figs. 7,

8, 9, 10. The coarser the porous network, the faster the

mass loss. For an equivalent water loss, the developed

capillary stresses are actually lower, according to the

Kelvin-Laplace Eq. (9). This interpretation is exper-

imentally confirmed by the Fig. 6, showing an offset

between the three curves, in opposite to the mass loss.

The drying fraction could also explain the small

difference observed in the transition part between the

first phase and the second phase on drying shrinkage

against mass-loss curves. The pore radius was actually

larger for U78 mm, then for the same mass-loss, the

shrinkage is lower (Fig. 11).

Analysis described in this paper provides a physical

explanation to a size effect observed in experimental

results of mass loss and shrinkage. This effect is

generally neglected in mainstream model codes that

deal with the drying of concrete. We can prove, by

means of simple calculations that use the concept of

drying depth that some additional phenomenon adds

up to the effect of the water transport resulting in an

increase of drying kinetics in smaller specimens. This

variation can exceed 25 % between the smaller and the

biggest specimen, concerning relative mass loss. The

same phenomenon leads to lower shrinkage kinetics in

smaller specimens. This concept can be very useful to

describe the effect of the extreme conditions (high

temperature or low relative humidity) when the size

effect on shrinkage strain is likely to be more

pronounced, as observed on experimental results [44].

4 Confirmation of the drying depth theory

by hydration-drying model

Numerical models are generally used to determine

relative humidity and saturation profiles in concrete.

Then a linear relation between shrinkage and humidity

variation or water loss is assumed at the micro-scale

used to predict shrinkage of specimens or structures

[38, 27, 45]. In this study drying shrinkage can be

considered as input data to investigate the size effect

on long-term drying. Shrinkage data were actually

used first to eliminate the v/s effect, then to define the

drying depth from shrinkage versus mass loss curves.

Drying depth corresponds to the limit between the first

and the second stage of drying, thus it integrates

phenomena occurring at early age as well as long-term

behavior. However the analysis of experimental data

in part 3 cannot explain which phenomena caused the

development of drying depth. The model described in

this part was used to investigate two assumptions: the

drying-hydration coupling at early-age, and the influ-

ence of porosity and permeability of external layer of

concrete. These latter effects due to cracking of the

external surface [17, 15] or a skin effect (less

aggregate in the drying layer) were then taken into

account by applying different transport properties

between the drying depth and the center of the

samples. Numerical results are given and compared

with the experimental data.

The numerical model presented here has been

developed based on previous works [46, 40, 47]. These

studies underline the effect of the decrease of relative

humidity due to drying or autogenous self-desiccation

during or after concrete curing on hydration and

moisture transport process. They propose mechanistic

models (or at least mechanistic-type models) that take

into account a full coupling between hydric phenom-

ena and hydration, as well as changes of concrete

properties caused by hydration process. It was pre-

ferred to phenomenological models in which no

distinction is made between different phases of

moisture [48]. It is actually difficult to take into

account some changes of material properties, e.g.

porosity, permeability, because they are lumped in

/R1

R1/h01

/R2

R2/h02

Porosity gradient

Humidity gradient

Fig. 14 The largest

specimen in the left and the

smallest specimen in the

right (R2\R1) reduced to a

unit volume
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some model parameters. It was also preferred to

models that use empirical relation between diffusivity

and period of cure and relative humidity [49, 50]

because of relative humidity dependence on hydration

degree. Other research works showed that the drying-

hydration phenomena can be modeled as a two stage

process in which the material skin can be damaged

[51].

4.1 Model description

In the model proposed, drying and hydration are

treated in two different parts. The evolution of

hydration has been determined using the programming

language Python. This choice has been motivated by

the fact that Python ensures the link between hydration

and transport programs. Drying is calculated with

PyTOUGH [52] that is a Python application program-

ming interface for TOUGH2 [53], a simulator for

nonisothermal multiphase flow in fractured porous

media. The numerical treatment of the simultaneous

processes of phase flow and transport and hydration

was handled using a sequential non-iterative split

operator. Hence, for each time step defined by user the

drying process was simulated. Then, the hydration

program before a new drying process calculation

actualized the liquid saturation and the transport

properties.

4.1.1 Multiphase flow part

The physics of drying has been studied for a long time

for porous materials. A classical approach is to

consider that the transport of water (in liquid and

gaseous phases) can be expressed as a pure fickian

process [54]. It assumes that the gas pressure of the

vapor-air mixture remains constantly equal to the

outer atmospheric pressure. Nevertheless, although

recent studies show that this approach is acceptable for

concrete with small porosity and for external relative

humidity greater than 20–30 % that is to say for most

of cementitious materials in European latitudes [55],

such a description cannot distinguish the role of both

gaseous and liquid phases in the transport of water.

This description is also a particular case of a more

general one where moisture and air transport can be

expressed as darcean and fickian transports in liquid

and gas phases [56, 57].

Therefore, the equations of isothermal drying are

derived from several laws, namely: the mass balance

equations written for the liquid water phase, water

vapor and dry air, the Fick’s law governing the

relative diffusion process of water vapor and dry air

to the gaseous mixture, and the Darcy’s law

describing the transport of wet air and liquid water

(see [tough2] for the complete equation system

description).

This description assumes several hypotheses,

namely:

– The gaseous phase is the result of the mix between

two ideal gases (dry air and water vapor). The mix

is also considered as ideal, thus the total gas

pressure is equal to the sum of partial pressures of

the two gases described before;

– The liquid phase is an incompressible pure water

phase leading to the fact that diffusion is only

present in the gaseous phase;

– Gravity forces are negligible compared to forces

due to pressure;

– Although several studies show an heterogeneous

temperature distribution at the structural scale

[58], simulations are done at constant temperature

considering that the sizes of the samples are

sufficiently small to adopt such an hypothesis;

– Skeleton is incompressible and non-expansive

(constant temperature).

It is important to note that the system of equations is

described by the liquid pressure in the porous media

that is independent of the concentration of ions in the

solution unlike relative humidity.

The relative permeabilities of liquid and gas have

been chosen to be expressed as a function of saturation

(Sl), as proposed by Van Genuchten (see Eqs. (13),

(14)):

krl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

~S½1� ð1� ~S
1=kÞ

k
�
2

r

if Sl\Sls
1 if Sl � Sls

8

<

:

ð13Þ

With

~S ¼ Sl � Slrð Þ= Sls � Slrð Þ ð14Þ

Slr; Sls: The residual liquid saturation, and the liquid

saturation at saturation.

The capillary pressure has also been expressed as a

function of saturation (15):
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Pc ¼ �P0
~S
� ��1=k

� 	1�k
ð15Þ

P0, k: Van Genuchten’s parameters.

The substitution of the capillary pressure in the

Kelvin-Laplace equation (see Eq. (9)) leads to the

desorption isotherm relation. The desorption and

adsorption isotherms were assumed to be the same.

Finally, the diffusion coefficients for water and air

in the gas phase were expressed as follows:

Di
g ¼ Us0sbqbD

i
g0 ð16Þ

s0sb: The tortuosity, which includes a porous

medium dependent factor and a coefficient that

depends on phase saturation

qb: The density

Di
g0: the diffusion coefficient of the mass compo-

nent in free gas (without porous media).

The saturation dependence of tortuosity is not well

known at present. Several model have been frequently

used as the Millington and Quirk model [59]:

s0sb ¼ U1=3S
10=3
b ð17Þ

Nevertheless, this expression yields non-zero tor-

tuosity coefficients as long as phase saturation is non-

zero. In addition, the exponents’ values are not

adapted for cementitious materials [55]. Finally, it

stands to reason that diffusive flux should vanish when

a phase becomes discontinuous at low saturations,

suggesting that saturation-dependent tortuosity should

be related to relative permeability, e.g., sb = krb
The gas relative permeability:

Krg ¼ 1� S�ð Þ2 1� S�2
� 


ð18Þ

With S� ¼ Sl � Slrð Þ= 1� Slr � Srg
� 


Srg: The residual gas saturation.

This system, supplemented by initial and boundary

conditions, is used thereafter in order to compare

numerical results to experimental data for water

transport in cementitious materials.

4.1.2 Hydration part [47]

Hydration appears in the sinks term of the mass

balance equations written for the liquid water phase.

The system of equations is described in details in

Appendix 1. It is important to note that the material

properties are different from one element to another,

consequently the history and the evolution of those

properties too.

4.2 Required input data

A 1-D radially symmetric geometry is used to model

the samples. A simple mesh composed of one

60-element row was used and represented the radius

of the samples. The time step was 24 h because

simulations were not sensible to the time step.

Several input data are required to solve the

system of equations, such as the transport properties

(intrinsic permeability after curing stage kl0 ; relative

permeability, initial porosity after mixing /0, and

characteristic time of the diffusion regime), the

properties relative to the hydration part of the model

(initial hydration degree, critical moisture content

under which hydration stops). In this study, hydration

was supposed to stop at a critical relative humidity

value of 70 % in the material [60, 61]. As the

equivalent critical moisture content depends on the

critical relative humidity, the porosity (that depends

on hydration degree), and the desorption isotherm (see

Eq. (9)), the critical moisture content was actualized at

each time step.

The intrinsic bulk permeability kl can be assessed

by numerical inverse analysis. The method used here

consists in comparing the relative mass loss versus

time plots predicted by the proposed model and

experimentally recorded [55]. Initial liquid saturation

was also chosen in order to obtain the same ultimate

mass loss as experimental results. The sample with

the medium notional size of cross-section that was

the more stable in terms of experimental mass loss

evolution as a function of time was chosen to fit the

experimental data (Initial relative humidity at 1 day

0.9 and initial intrinsic permeability 8E10-21 m2

were deduced by inverse modeling).The value of

mean radius of cement grains was 18 9 10-6, and

hydration degree after curing stage (24 h) was 0.4.

The hydration degree of the studied concretes was

not monitored. Previous studies on Portland cement

based materials showed that the degree of hydration

ranges from 0.35 to 0.50 [7, 62–64] at 24 h at 20 �C,
i.e. at the end of curing in this study. Thus 0.4 is a

relatively low value but SCC mixtures included

water-reducing admixture, which is known to delay

hydration at early ages.
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4.3 Numerical results

4.3.1 Without taking into account the drying depth

Afirst simulation has been realized on SCC-N concrete

with the proposed model. Initial parameters are given

in Table 5. Figure 15a–d shows the results obtained by

taking into account the hydration-drying coupling

model for liquid saturation, hydration degree, intrinsic

permeability and porosity as a function of depth at final

time (800 days), respectively. Boundary conditions

were imposed at x = 0. Negatives values represent

concrete. Figure 15e, f expose the mass loss and the

mass loss over notional size of cross-section ratio as a

function of time, respectively. The four sets of curves

show that the liquid saturation, hydration degree,

porosity and permeability are dependent of the spec-

imen sizes (see Fig. 15a–d). They also indicate that the

model is able to simulate the hydration degree,

porosity and permeability gradients and that the

hydration can stop because of drying (see Fig. 15b–

d). This latter result is confirmed by Fig. 16 that shows

the hydration degree of the medium scale sample as a

function of depth and time. The hydration degree of the

outer layer remained close to the initial hydration

degree until the end of the test.

Table 5 Calculated skin porosity for different concrete

Porosity Ø78 mm (%) Ø113 mm (%) Ø163 mm (%) Average (%) Standard deviation (%)

SCC-N 17.8 17.4 16.6 17.3 0.4

SCC-R 16.6 16.2 16.0 16.3 0.2

SCC-G 18.0 17.1 17.0 17.4 0.4

VC 15.5 15.7 15.7 15.7 0.1

Fig. 15 Results of drying-hydration coupling for SCC-N for 3

different sample scales. a Relative humidity versus depth after

800 days of drying-hydration, b hydration degree versus depth

after 800 days of drying-hydration, c permeability versus depth

after 800 days of drying-hydration, d porosity versus depth after

800 days of drying-hydration, emass loss evolution versus time,

f mass loss evolution versus
ffiffi

t
p

h0
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Nevertheless, the simulation shows that the size

effects on the mass loss observed experimentally

could not be reproduced (see Fig. 15f). The different

behaviors on porosity, permeability, liquid saturation,

hydration degree were not sufficient to result in size

effects.

4.3.2 By taking into account the drying depth

In order to be able to reproduce numerically the size

effects two other phenomena can be added to the

model, namely: the so-called ‘‘skin’’ effect because the

composition of concrete skin is different from the

internal concrete, due to phenomena such as a contact

with form works and segregation of aggregates [42,

43], and cracking during drying/hydration process

[65]. For the first phenomenon a classical approach is

to assume that the porosity and permeability are

greater in the first millimeters of the samples because

the superficial layer of concrete is mostly made of

cement paste, which often tends to be more porous

than bulk concrete [42]. Concerning the effect of

cracking, the same assumption has been previously

done in a simple two stage model for simulating drying

shrinkage versus mass-loss evolution of concrete [51]

and justified by experimental observations [66].

Fig. 16 Hydration degree as a function of depth and time for

the medium scale SCC-N concrete

Fig. 17 Results of drying-hydration coupling for SCC-N for 3

different sample scales and with skin effect. a Relative humidity

versus depth after 800 days of drying-hydration, b hydration

degree versus depth after 800 days of drying-hydration, c

permeability versus depth after 800 days of drying-hydration, d
porosity versus depth after 800 days of drying-hydration, emass

loss evolution versus time, f mass loss evolution versus
ffiffi

t
p

h0
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Initial porosities /i were deduced from experimen-

tal determination of d (see Table 4) by assuming the

hydration does not significantly evolve in this layer

where the porosity remains constant (see Appendix 3).

Then a simulation was performed assuming that the

depth for which transport properties were different

was the drying depth (see Sect. 3.3). For instance, this

value was equal to 7.1 mm for the SCC-N concrete.

Permeability arbitrary chosen to be 125 times greater

in these first millimeters, which is a value that takes

into account all ‘‘skin’’ effect. This value is very

difficult to estimate and to the knowledge of the

authors there is no data to confirm this hypothesis.

Figure 17f points out that such an assumption leads

to the observation of size effects on the mass loss and

confirms the tendency of experimental results. It also

showed that the results agree well with the experi-

mental results (d and f).

5 Conclusions

This paper analyzes the drying shrinkage andmass loss

of concrete at long-term in order to study the size

effects on kinetics and ultimate values. The shrinkage

tests and mass loss measurements were performed on

three self-consolidating concrete and one vibrated

concrete. A numerical model coupling the hydration

and drying of cementitious materials was used to

understand the size effect observed on long-term

drying. The analysis of the experimental and numerical

results obtained leads to the following conclusions:

• The direct comparison of shrinkage magnitudes of

different concrete mixtures at fixed drying time can

be misleading, as shown by experimental results.

Based on Torben’s hyperbolic equation, the pro-

posed approach provides two parameters from

drying shrinkage tests: the ultimate value and the

time to reach half of the ultimate value. Interpreta-

tion of the results becomes easier and more reliable.

• The ultimate drying shrinkage was not influenced

by size effect, but the kinetics varied as a function

of specimen size. This variation cannot be solely

explained by the notional size of cross-section

effect. The same observations were made on mass-

loss curves.

• The existing shrinkage code models are based on a

transport description with a solution expressed as a

function of equivalent time t* given by the square

root of time to notional size of cross-section ratio.

They usually perfectly describe the drying phe-

nomena, but they do not take into account the

complex phenomena-taking placewhen concrete is

exposed to drying at early age. The heterogeneity

of concrete and the evolution of its properties imply

the existence of other phenomena, like hydration,

wall effect, and micro cracking, which are not

taken into account by classical models. The graphs

plotted as a function of t* confirm the existence of

size effect involving these secondary phenomena

not taken into account by the classical model.

• The analysis of drying shrinkage versus relative

mass-loss curves showed three stages. The first

stage corresponds to water loss without shrinkage.

The relative mass loss triggering shrinkage was

found dependent on the specimen size. This size

effect was explained by the existence of a constant

drying depth, where concrete can dry without

generating shrinkage. The depth actually depended

mainly on concrete mixture and was relatively not

affected by specimen size. Several phenomena are

likely to generate the drying depth: hydration-

drying coupling, wall effect, and micro cracking.

In order to conclude on the relative influence of

these phenomena on overall size effect, a numer-

ical study was performed.

• The drying model with a hydration part cannot

reproduce the size effect observed experimentally.

The integration of the ‘‘drying depth’’ notion in

this modeling, with a higher porosity and a higher

permeability than the internal concrete, gives

better numerical results, with a good description

of the size effect on the mass-loss curves.

R

t = 0 t = tc

R

Fig. 18 Representation of the drying depth from t = 0 to t = tc
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A new approach was proposed in this article, which

allows deducing the initial concrete boundary macro-

porosity from the shrinkage-mass loss curves. A

drying depth was defined and the calculations of

macroporosity values for different concrete mixtures

were given. These new notions help understand the

experimental differences observed between the spec-

imen sizes. As the drying depth was found indepen-

dent of the specimen size, this concept could be useful

to take into account the effects of curing and early-age

drying on durability of concrete structures.

Appendix 1: Hydration part

Hydration appears in the sinks term of the mass

balance equations written for the liquid water phase

and can be expressed as a quantity that is dependent of

hydration degree for the water component [47]:

q ¼ da
dt

kC ð19Þ

where C is the initial cement content [kg/m3] and the

consumed water mass per mass of hydrated cement

[47]. The time derivative of the hydration degree can

be written as follows:

da
dt

¼ 3D

R2

1�að Þ2=3

1�aDð Þ1=3� 1�að Þ1=3
H /l�/cr

l

� 
/l�/cr
l

/0
l �/cr

l

ð20Þ

where D;R; aD;/l;/
0
l ;/

cr
l denote the diffusion coef-

ficient of ionic species through the hydrated coating

around the clinker grains, the mean radius of the initial

cement grains, critical hydration degree, moisture

content, initial moisture content and critical moisture

content that corresponds to the lower limit under

which hydration stop, respectively denotes the Heavy-

side function.

Porosity was actualized as follows (21):

U ¼ U0 1� a
lC
E

� �

ð21Þ

With l, C and E the quantity of water consumed by

weight of cement, the initial cement and water

contents, respectively is the initial porosity (after

mixing).

Finally, the actualization of the intrinsic perme-

ability reads:

kl ¼ kl0
U
U0

� �2
1� U0

1� U

� �2

ð22Þ

The relative permeabilities are assumed to be

independent of the hydration degree [47].

Appendix 2: numerical procedure

In the model proposed, drying and hydration are treated

in two different parts. The evolution of hydration has

been determined using the programming language

Python based on the work of Nguyen et al. [40, 47].

This choice has been motivated by the fact that Python

ensures the link between hydration and transport pro-

grams. Drying is calculatedwithPyTOUGH [52] that is a

Python application programming interface for TOUGH2

[53], a simulator for nonisothermal multiphase flow in

fractured porous media. The numerical treatment of the

simultaneous processes of phase flow and transport and

hydration was handled using a sequential non-iterative

split operator. Hence, for each time step defined by user

the drying process was simulated. Then, the hydration

program before a new drying process calculation actu-

alized the liquid saturation and the transport properties.

For the resolution, hydration degree is calculated at

time step n whereas mass and fluxes are calculated at

time n ? 1 (see Eq. (23)). Hence, no iteration

scheme is used, leading to faster simulations.

d

dt
Mi

� �nþ1

¼ DFi
� 
nþ1 þ qi

� 
n ð23Þ

Equation (20) is nonlinear because of the presence of

the hydration degree in the right part of the equation and

because the moisture content depends on the hydration

degree. This ordinary differential equation was then

solved by an iterative procedure until convergence.

A 1-D radially symmetric geometry is used to

model the samples. A simple mesh composed of one

60-element row was used and represented the radius of

the samples. The time step was 24 h because simula-

tions were not sensible to the time step.

Appendix 3: computation of the skin’s initial

porosity

Initial porosities /i were deduced from experimental

determination of d (see Table 4) by assuming the
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hydration does not significantly evolve in this layer

where the porosity remains constant. The drying depth

d corresponds to the initial mass loss Dm0 for which

shrinkage starts. If Veva is the evaporated water and

Vdry is the drying volume of concrete corresponding to

the drying depth d we can write (24):

/i � vdry ¼ veva ð24Þ

Developing Eq. (24) for a cylindrical specimen

reads:

pR2 � p R� dð Þ
� 
2

h ¼ Dm0

/iqe
ð25Þ

qe: Water density (kg/m3)h The height of the speci-

men’s mass-loss measurement (m)

The initial porosity reads:

Ui ¼
Dm0

qe pR2 � p R� dð Þ2
� 	

h
ð26Þ

The gathers the values of initial porosity. The

calculated porosity was based on the estimation of the

drying capillary pores. Saturated micropores were not

taken into account in Eq. (26). At 50 % of relative

humidity, the corresponding pores radius given by

Kelvin Laplace equation considering the adsorbed water

is 2 nm [67]. Below this value, the pores were saturated.

This fraction of concrete porosity was assumed to have

no significant influence on the long-term drying behavior

under our experimental conditions.

The porosity of the drying depth depends clearly on

the concrete mixture. For instance the porosity of

SCC-Nwas higher than the porosity of other concretes,

and it concerned a deeper layer. The SCC-N concrete

actually had higher proportion of limestone filler

addition and lower cement content thus high free water

content. The VC concrete showed lower initial

porosity in spite of relatively high water-to-cement

ratio, because of lower volume of paste.
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