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ARTICLE INFO ABSTRACT

Keywords: The shape of the specimen or structure has a direct impact on the behavior of drying concrete. This effect is not
Shape effect taken into account in most of shrinkage models and codes. Only the current B4 model and its previous version B3
Drying model incorporate a shape factor. The determination of this coefficient is based on the nonlinear moisture
Shrinkage

diffusion analysis, which can explain the shape effect on the shrinkage rate. However, the model integrates this
coefficient in the ultimate shrinkage values as well. An experimental study has been performed to confirm and
understand this behavior. The mass loss and drying shrinkage of cylinders showed higher rate and ultimate

Effective pore pressure
Hydration-drying coupling

Microcracking
values than the prisms, for the same effective cross section thickness. To explain this result, the drying, the
differential shrinkage, the internal stress and the damaged depth were determined for both shapes through
numerical modeling. The main input data of the model were the measured mass loss and shrinkage. The cal-
culated desorption isotherm curve of the cylinder was below that of the prism, which is consistent with its higher
ultimate mass-loss. The determination of stress profiles indicates slower stress mitigation for the cylinder. The
cylinder develops a larger relative damaged area, defined as the part of the specimen where cracking is likely to
occur due to tensile stresses. The results actually show that differential shrinkage between the edge and the core
is more pronounced for the cylinder and decreases with time.
1. Introduction hy = v
s @
One of the main parameters which should be taken into account for where v represents the volume of specimen and s its drying surface.
the sustainable design of concrete structures is shrinkage. Concrete Concerning the shape effect, few studies provide experimental data.
shrinkage is generally restrained in structures, which is likely to gen- Hansen & Mattock have studied the shrinkage and creep of I shape and
erate significant internal tensile stress and cracking. In a previous au- cylinder specimens [13]. After 1200 days of measurements, for speci-
thors' study, shrinkage magnitude has been statistically linked to the mens with the same volume/surface ratio, the cylinder actually devel-
cracking risk. Among 30 concretes, 13% of the studied mixtures with oped the highest shrinkage. This effect was even more pronounced for
shrinkage under 500 um/m cracked while 71% with shrinkage higher the small sizes. Concerning the experimental comparison between cy-
than 700 um/m cracked [1]. Thus, cracking is not only influenced by linder and prism, many previous studies did not dissociate the shape
shrinkage, but as it is a major parameter, performance-based ap- effect from the size effect. The different studied shapes did not have the
proaches are now proposed for a good estimation of this delayed strain same effective thickness of cross section [13,14]. Darquennes observed
[2,3,4]. However, the transition from laboratory specimens to the real the shape effect as higher shrinkage was measured for the cylinder with
scale should take into account the size and the shape effects. The size the higher h, compared to the prism with the lower h, [15]. This last
effect is well-known and can be correctly reproduced through the ef- result shows that in some cases the shape effect can be more pro-
fective thickness hy defined by Eq. (1). Its relation to shrinkage is based nounced than the size effect.
on the diffusion analysis of drying and can be found in different pre- Only the B4 model and its predecessor B3 among all, take shape into
dictive models as: ACI [5], B3 [6,7], B4 [8,9], Eurocode 2 [10], fib account [16,17]. Both models have the same general formula for
MC2010 [11] and GL2000 [12]. shrinkage. They incorporate shape factor k; in the characteristic time ¢

as shown in Eq. (2).

* Corresponding author at: Euromed Civil Engineering School (EEMGC), Euromed University of Fes (UEMF), Route de Meknés, 30000 Fes, Morocco.
E-mail address: h.samouh@ueuromed.org (H. Samouh).

https://doi.org/10.1016/j.cemconres.2018.05.003
Received 22 January 2018; Received in revised form 16 April 2018; Accepted 7 May 2018
0008-8846/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2018.05.003
https://doi.org/10.1016/j.cemconres.2018.05.003
mailto:h.samouh@ueuromed.org
https://doi.org/10.1016/j.cemconres.2018.05.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2018.05.003&domain=pdf

H. Samouh et al.

7 = ki (kshy)? (2)

where kj, is the empirical correction factor for environmental relative
humidity.

Thus, specimen shape influences the time-dependent function as
well as the ultimate drying shrinkage as shown in the simplified Eq. (3)
given by Donmez [18]:

4.63 ¢, tanh (t—ty)
ty+7 T (3)

where ¢, the time at drying exposure.

The shape effect on the shrinkage rate was deduced from the non-
linear water diffusion analysis by Bazant and Najjar for 65% of relative
humidity [19]. Recently, the determination of the shape factor has been
extended by Dénmez and Bazant to variable relative humidity: 30%,
40%, 50%, 60%, 70% and 80% [18]. Based on the notion of the average
radius, Hilaire proposed a slightly different shape factor [20]. Based on
these coefficients higher shrinkage rate and ultimate shrinkage are
predicted for the infinite cylinder than for the infinite prism.

Although experimental studies have shown the influence of shape
on shrinkage, this is still partly taken into account in codes and the
effect on shrinkage magnitude is not fully understood. The objective of
the study presented in this paper is to provide experimental results on
the influence of shape on drying shrinkage rate and magnitude at
constant effective thickness then to understand the observed variations
by modeling.

Mass-loss and drying shrinkage were monitored on cylindrical and
prismatic specimens with the same effective thickness during 150 days.
Finite element method was used to model the moisture evolution and
poromechanics calculation was developed to estimate the differential
shrinkage, the internal stress and the damaged area from experimental
values of mass loss, autogenous and total shrinkage. Finally, the me-
chanisms behind the observed tendencies were discussed.

Eary = ki \/0.99 +

2. Experimental procedures
2.1. Materials and mixtures

One vibrated concrete noted VC was studied in this paper. The
mixture proportions are given in Table 1. W in the table represents the
effective water content (difference between total water content and
water absorbed by the aggregates). A CEM I 52.5 N Portland cement,
two granular classes (6/10 and 10/14mm) of crushed coarse ag-
gregates and a sea sand (0/4 mm) were used.

The compressive strength, tensile strength and Young's modulus
were determined on ¥11x22cm cylinders. Young's modulus was de-
duced from the density and the natural frequencies of concrete using
Spinner & Tefft's model [21].

2.2. Experimental procedure

The experimental program aims to study the effect of the specimen

Table 1

Mix design for the studied concrete.
kg/m® vC
Gravel (Amphibolite) 10/14 (G) 875
Gravel (Amphibolite) 6/10 (G) 211
Sand 0/4 (S) 855
Cement (C) 303
Water (W) 182
Va/Vs 1.1
w/C 0.60
Compressive strength at 28 days (MPa) 49.1
Tensile strength at 7 days (MPa) 3.0
Young's modulus at 28 days (GPa) 45.0
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shape on long-term behavior. Two shapes were studied: cylinder and
prism. One batch has been used for all specimens. After one-day sealed
curing in an air-conditioned room at T =20° = 1°C and
RHp, = 50 = 5%, the specimens were demolded and stored in the same
room.

For both shapes, two boundary conditions were studied: i) sealed, to
measure the autogenous shrinkage, ii) exposed to a bidimensional
drying, for monitoring the mass-loss and the total shrinkage. For the
first case, the specimens were protected against drying by a double
layer of adhesive-backed aluminum foil [22,23]. For the second case,
only the top and bottom surfaces were protected to achieve two-di-
mensional drying. Shrinkage was monitored by LVDT sensors with one-
hour interval. A spherical cut was made in the frame steel for a small
steel ball. The bottom center brass pin of the specimen vertically rested
on this ball and the mechanical equilibrium of the specimen was
reached. For each configuration one LVDT has been used and placed on
the center of the top surface (Fig. 1). Two specimens have been used for
each configuration. The presented results correspond to the average.
The obtained mean deviation for shrinkage measurements was equal to
6%.

The drying shrinkage was estimated by the difference between the
measured total shrinkage and the autogenous shrinkage [24]. In order
to analyze the drying shrinkage data for both studied shapes, a hyper-
bolic model (Eq. (4), [13]) was used to determine the shrinkage half-
time, and the ultimate drying shrinkage [5,10,25,26]. These two
parameters can be obtained by minimizing the mean square error.
Concerning the long-term extrapolation of drying shrinkage, the au-
thors showed the efficiency of the hyperbolic model comparing to
others of literature [27].

(t—ty)
(t—to) + Ny~

e = @
where .. is the ultimate shrinkage, N is shrinkage half-time and ¢, is
the time when concrete is first exposed to drying (tp = 1 day).

The dimensions of specimens were chosen so as to have the same
effective thickness of the specimen described by Eq. (1). Therefore, the
dimensions of the cylinder and the prism were respectively:
®7 x 28 cm? (diameter of 7cm) and 7 x 7 x 28 cm®. Both specimens
had an effective thickness of 3.5cm. All tests were performed for a
minimum duration of 150 days, which allowed reaching more than 85%
of ultimate shrinkage magnitude.

3. Model

The modeling part of the study aims at assessing the structural ef-
fects induced by drying from the measurements described in the pre-
vious section. Previous studies actually showed that internally re-
strained shrinkage is likely to induce cracking from the surface of
concrete specimens. The existence of these microcracks induced by
drying was actually proved in previous studies [28,29,30]. Bisschop
and Van Mier compared different ways to use fluorescence microscopy
to identify microcracks [31]. Then, Bisschop and Wittel proved visually
the existence of drying microcracks by this method. They observed that
depending on the drying disposition, the cracking depths for cement
paste vary from 15% to 35% of the samples thickness [32].

Numerical models have already been used to analyze the con-
sequences of drying in terms of internal stresses, damage, and micro-
cracking [33,34,35]. These authors showed that it is necessary to take
into account complex phenomena, including creep, damage, and hygro-
mechanical coupling, in the model in order to agree with experimental
evolutions of water loss and drying shrinkage. The analysis performed
in this study is different as the experimental evolutions of mass loss and
drying shrinkage are used as input data in order to determine first the
global desorption isotherm of the specimen, and then the internal
stresses and damaged depth as a function of time.

The procedure described in Fig. 2 provides the stress distribution
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