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ABSTRACT. The design and behavior of creep-sensitive structures can be to a large extent dependent
on the evolution of drying shrinkage. Drying shrinkage of concrete measured on standard laboratory
specimens is very time demanding, furthermore, the extrapolation based on the short-term measurements
is an ill-posed problem and can lead to large errors. Additionally, the final magnitude of shrinkage
is size-dependent which makes the transition from the laboratory data to real structure even more
challenging. The present paper evaluates this size effect based on the data gathered in the Creep and
shrinkage database developed at the Northwestern university and the data from the literature. Finally,
this size effect is compared against the current codes of practice and recommendations.
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1. INTRODUCTION

Concrete drying is followed by its gradual contrac-
tive volume changes referred to as drying shrinkage.
Similarly to autogenous shrinkage, which happens
even under sealed conditions and is characteristic
for modern high-performance concretes with small
water-to-cement ratios, also the drying shrinkage is
considered to be bounded. However, on contrary to
autogenous shrinkage which is believed to be uniform
within the volume of the member, drying shrinkage
which is driven by the changing field of relative humid-
ity gives rise to non-uniform stresses and can result
into surface cracking.

The drying shrinkage of concrete is a complex phe-
nomenon which is not fully understood even nowadays.
The evolution and magnitude of drying shrinkage is
influenced by many factors, and for this reason the
codes of practice and the design codes comprise many
parameters. The aim of this paper is to assess the
influence of the size of concrete member on the final
magnitude of the drying shrinkage.

In the case of concrete structures sensitive to creep
and shrinkage, it is recommended to perform short-
term measurements on laboratory specimens and con-
sequently, if necessary, to adjust the parameters of
the computational models based on the results. The
purpose of these short-term measurements is to cap-
ture the influence of parameters such as the water-to-
cement ratio, cement type, type of aggregate, addi-
tives, admixtures, etc., which significantly affect the
behavior of concrete.

The updating of concrete compliance function works
reasonably well. In the case of drying shrinkage the
final value cannot be reached in a reasonable time; not
even in standard tests on laboratory specimens, 75 x

75 x 285 mm according to ASTM C157 [I] and 100 x
100 x 400 mm as given by the ISO 1920-8 [2] standard.
In both cases the values stabilize after approximately
1,000 days of drying [3] which is unacceptable in civil
engineering practice.

Typically, the already measured drying shrinkage
evolution can be accurately captured with a very sim-
ple formula with two parameters only: the characteris-
tic time and the ultimate shrinkage. Despite that the
drying shrinkage updating remains an ill-posed prob-
lem [4]. The estimated ultimate shrinkage strongly
depends on the choice of the characteristic time which
is unknown. Both drying shrinkage magnitude and
the characteristic time are functions of concrete com-
position, dimensions and ambient humidity which
influence concrete diffusivity and thus the drying rate.

If the size effect on drying shrinkage magnitude
is fully understood and described, then the problem
might be overcome by decreasing the specimen size,
the characteristic time is approximately a square func-
tion of the characteristic size. The results obtained
on smaller specimens might be polluted by the loss of
representativeness if the ratio of the specimen size to
the aggregate is too small. However, this influence can
be incorporated in the size effect law if the governing
mechanisms are fully understood.

The size of typical structural members exceeds the
characteristic dimension of the laboratory specimens
many times. For this reason, the duration of drying
and shrinkage can easily reach decades until these
processes cease. The currently available size effect
laws on the ultimate drying shrinkage are based only
on relatively limited laboratory measurements, beyond
that range their applicability is questionable.

Two recent studies have already approached this
topic. The first one [5] compares the size effect on
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drying shrinkage according to EC2 with two experi-
mental series only and concludes that even the cur-
rent coupled FEM simulations are unable to capture
the phenomenon. The second, more recent paper [6]
is oriented more on the extrapolation of the drying
shrinkage rather than on the size effect law, however,
the original data from this paper are adapted in the
present study.

The first part of this paper summarizes the size
effect on the ultimate value of drying shrinkage as it
is described in the codes of practice and recommen-
dations. The following section examines the relevant
experimental data some of which served, very prob-
ably, as a reference used for the development and
calibration of the codes and prediction models. The
final part compares the models with the experimental
data and summarizes the conclusions.

2. DESIGN CODES AND PREDICTION
MODELS

This section summarizes the definitions of the size
effect on drying shrinkage according to the most
common codes of practice— the American standard
ACT 209.2R-08 [7] and Eurocode 2 [8]—and se-
lected recommendations for the long—term behav-
ior of concrete— B3 model [9], B4 model [10] and
fib Model Code 2010 [11]. In the models the total
shrinkage is either taken equal to the drying shrink-
age (EC2, ACI 209, B3) or is split into drying and
autogenous shrinkage (fib MC 2010, B4), both be-
ing bounded. The influence of specimen size on time
evolution of drying shrinkage is not of interest in the
present study and for this reason the related formulae
are not presented here.

2.1. MobpELS B3 aAND B4

Even though the newer B4 model introduces the split
of total shrinkage into drying and autogenous shrink-
age, the general structure of the formula for drying
shrinkage is adapted from its predecessor, model B3
whose capability is limited only to concretes with
higher water-to-cement ration and which recognizes
only drying shrinkage.

The B3/4 models reflect not only the influence of the
specimen size, but also its shape. These parameters
play role both in the evolution of shrinkage and in the
formula for the ultimate shrinkage. Different shapes
of the specimens can be treated by means of the
cross-section shape factor ks (1.0-1.55) which enters
the formula for the shrinkage halftime and which
influences the magnitude of the ultimate shrinkage.
The specimen size is expressed using the effective
cross-section thickness D defined as

D=2V/S (1)

where V' and S are the volume and drying surface of
the member, respectively.
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FIGURE 1. Size effect on ultimate drying shrinkage
evaluated according to selected design codes and pre-
diction models.

The ultimate shrinkage is defined by equation

e = e 0T @
E(tO + 7'sh)
where £2° is a size independent constant depending
on concrete composition, curing method and 28-day
compressive strength, ¢y is the age at the onset of
drying, E is the modulus of elasticity and 74, is a
shrinkage half-time expressed as

Ton = ki (ks - D)? (3)

where k; is parameter depending on 28-day compres-
sive strength.

Red color in Fig. [1] corresponds to the size effect on
drying shrinkage magnitude given by the B3 model.
From the Figure it is evident that the size effect is ob-
servable only in the case of very small specimens while
for structural members with realistic dimensions it
completely vanishes. The size effect on drying shrink-
age indirectly changes with the parameters which are
in a certain way related to the evolution of stiffness
during the initial phase of drying, especially the onset
of drying to and the compressive strength f.. However,
these parameters only slightly influence the shape of
the curve for very small specimens, D < 50 mm, and
for D > 100 mm the size effect remains negligible.

2.2. EUROCODE 2

Similarly to the B3 model also the Eurocode 2 recog-
nizes the influence of the specimen size on the drying
shrinkage rate and on the ultimate value. The spec-
imen shape does not come into the calculation and
the specimen size is represented by the notional size
defined as

ho=2A./u (4)

where A, is the area of cross-section and w is the
perimeter of the member in contact with ambient
environment. This expression coincides with in
the case of very (infinitely) long prismatic members.
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The ultimate shrinkage strain is adjusted by factor
ky, which is a decreasing piece-wise linear function
of the notional size. The reference value kj, = 1 is
specified for hg = 100 mm, k;, = 0.85 for hg = 200 mm,
kp, = 0.75 for hg = 300 mm and kj, = 0.7 if hy reaches
or exceeds 500 mm. For smaller notional sizes than
100 mm the code does not provide any guidance. The
size effect is shown in Fig. [I| by blue dashed line.

2.3. ACI 209.2R-08

The size effect on drying shrinkage is in the Ameri-
can standard introduced by means of multiplicative
correction terms which affect the ultimate value of
shrinkage strain.

The evolution of drying shrinkage strain in time can
be according to this standard treated by two distinctly
different ways. Similarly to other standards, the first
method prescribes a time function which depends on
the V/S ratio; on contrary to this, the second method
enables to use constant parameters independently of
the size and shape of the concrete member and thus
this method gives size-independent results.

The correction term reflecting the size effect on
the ultimate drying shrinkage is introduced by two
different ways, either it is called a coefficient or a
factor. In order to be consistent with the preceding
sections and the Figures, here we slightly modify the
original formulae presented in the code, because the
ACT uses a different definition of the characteristic
thickness.

The size-dependent correction coefficient is pre-
scribed by a single expression

Yshws = 1.2 exp (—0.00236 D) (5)

The correction factor uses a piece-wise linear decreas-
ing function for members with 25 mm < D < 75 mm,
for which the value is in the range 1.35-1.00, for larger
members 75 mm < D < 190 mm it offers a simple
linear expression

Ysh,d = 1.17 —0.00228 D (6)

The correction coefficient and factor are shown in
Fig. [1] by solid black and dash-dotted black lines,
respectively.

2.4. fib MoDpEL CODE 2010

Identically to EC2, the specimen size is in fib MC 2010
expressed by means of the notional size given by .
Yet, the notional size affects only the shrinkage evolu-
tion which becomes faster with decreasing size. The
ultimate shrinkage is entirely independent of the spec-
imen size, for this reason the size effect does not need
to be illustrated in Fig.

3. EXPERIMENTAL DATA

The experimental studies in which the evolution of
drying shrinkage was measured on specimens with
different sizes allow for identification of the size effect
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FIGURE 2. The experiment of L’Hermite (data

adapted from [16]) shows incomplete drying shrink-
age of the largest specimen with D = 311 mm. Such
measurements were not discarded but are denoted by
empty symbols in Fig. E}

law on drying shrinkage. Naturally, the specimens had
to be manufactured from the same concrete mixture
and stored at the same conditions for sufficiently long
period of time to reach the ultimate shrinkage strain.

Except for the findings reported by Samouh [6],
Keeton [14], and Bryant [12], the experimental data
investigated in this study are adapted from the Creep
and shrinkage database developed at the Northwest-
ern University [16]. Keeton’s original data on total
shrinkage was preferred to the database which con-
tains somehow modified values.

The database contains 61,512 values measured on
3,308 specimens (1,439 for creep and 1,869 for shrink-
age) investigated within 340 experimental surveys (143
creep, 197 shrinkage). For the purpose of the present
analysis it was necessary to narrow the shrinkage
database only to those studies which examined shrink-
age of concrete specimens of (at least two) different
sizes made of the same concrete mixture. Further-
more, the curing type and duration had to be the
same and so had to be the ambient relative humidity.

In total 21 experimental surveys met these criteria
and from these 14 had to be discarded for some reason,
most often because the duration of the experiment
did not suffice to obtain stable value of the shrinkage
strain of at least two specimens with different size.
The setup and basic material properties of the suitable
experiments are summarized in Table [T}

4. DISCUSSION

A comparison of the size effect on drying shrinkage is
presented in Fig.[I] It can be immediately noticed that
the European and American standards use different
member size as a reference. If both curves are nor-
malized with respect to D = 60 mm, the differences
(at least for 100 mm < D < 200 mm) considerably
diminish as documented in Fig. [}l The Eurocode 2
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Experimental year shape, D to afc c w/e f. RH  tmax
study [mm] [day] [ [kgm~?] [ [MPa]  [%]  [day]
Bryant P [12] 1987 P 50-200 8 5.09 390 0.47 50.0 60 1,950
Bryant S [12] 1987 S 100400 8 5.09 390 0.47 50.0 60 1,880
Hansen f [13] 1966 C 46-252 8 6.00 303 0.71 41.3 50 1,750
Keeton 20 [14] 1965 C 33/44/65 8 3.74 452 046 465 20 897
Keeton 50 [[4] 1965 C 33/44/65 8 3.74 452 046 475 50 897
Keeton 75 [14] 1965 C 33/44/65 8 3.74 452 0.46 46.8 75 897
L'Hermite | [I5] 1970 P 31-311 1 5.06 350 0.51 NA 55 699
Mazloom T 2004 C 35/60 7 3.7-4.4  425-500 0.35-0.41 58-70 50 586
Samouh I [6] 2017 C39/57/82 1 4899 3200 0599 496 50 300
Samouh IT [§] 2017 C39/57/82 1 6.03 2589 0749 326 50 300
Shritharan 1989 P 44-178 8 5.09 393 0.47 50.1 60 3,492
Wittmann 1991 C 33/64/120 7 5.43 350 0.48 33.2 65 1,105

TABLE 1. Details of the experimental setup of the selected shrinkage experiments. The specimen shape is either a
prism (P), cylinder (C), or a slab (S), D is the effective thickness, to is the onset of drying, ¢, w, a is the cement,
water and aggregates content, respectively, in the concrete mixture. The average compressive strength on cylinders at
28 days is denoted f,, RH is the ambient relative humidity, and #,q. is the duration of the experiment (i.e. drying
duration). In Samouh I and II, asterisks *) indicate that ¢ corresponds to the content of OPC, not to the total

amount of cementitious material, the data with symbol T are adapted from the NU database [16].
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FIGURE 3. Evolution of drying shrinkage measured
by Shritharan, the data adapted from [16] serve as an
example of experiment in which the shrinkage of all
specimens can be considered to have terminated.

does not define size effect on drying shrinkage mag-
nitude for D < 100 mm; the value for 60 mm was
linearly extrapolated from the interval 100-200 mm.
In contrast to the other models, the fib MC 2010 and
for D > 100 mm also the B3 model completely neglect
the size effect on the ultimate shrinkage. Compared to
other models, the B3 model is the only model which
incorporates the onset of drying into the size effect on
the ultimate drying shrinkage. However, this effect
is limited only to specimens with D < 30 mm which
makes the purpose of the entire proposed and rather
complex formula rather questionable.

A comparison of the processed experimental data is
displayed in Fig.[d] The value of shrinkage strain at
the end of the experiment was normalized with respect
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FIGURE 4. Influence of the effective thickness on the
normalized experimentally measured ultimate shrink-
age strain. The strain is normalized with respect to the
value corresponding to D = 60 mm, empty symbols
mark the last data points in prematurely terminated
experiments.

to the value corresponding to D = 60 mm (if missing,
the value was obtained by the linear interpolation or
linear extrapolation such as in the case of “slabs” spec-
imens from Bryant’s experiment). The filled points
denote the experiments which were treated as termi-
nal while the empty marks correspond to the experi-
ments which did not last sufficiently long and in which
further increase of shrinkage can be expected. The
symbol type was selected to resemble the shape of the
specimen (circle for a cylinder, square for a prism).
As documented by the Fig.[4] the experiments show
a uniform and almost linearly decreasing trend in the
range 30 mm < D < 150 mm. However, there are
almost no data for D > 150 mm. This does not infer



VOL. 26/2020

Example of an Article with a Long Title

that the experiments above 150 mm do not exist at
all but rather the experimental setup did not explore
different sizes.

A very small size effect on drying shrinkage can
be observed in the case of the “slab” specimens
tested by Bryant. However, the results presented
in Fig. [4 might be misleading: the smallest speci-
men size was D = 100 mm while the values are nor-
malized with respect to D = 60 mm. This was
done by extrapolation from the experiment with
D =100 mm and D = 150 mm which had almost the
same value of shrinkage. Similar result offers also
L’Hermite in whose experiment the specimens started
drying already at the age of 1 day but very proba-
bly this is not the only reason. On the other hand,
the steepest size effect on drying shrinkage was docu-
mented by Keeton. His experiment also demonstrates
that the size effect is humidity independent.

Yet, there is no experimental evidence which could
provide a clue to identification of the size effect in
more massive members. It must be noted that the
ultimate drying shrinkage of thick members might
not be of interest because the design life-time might
actually come earlier than the member dries.

Figure [§] compares the experimental data with the
prediction models. The models which do not con-
sider size effect on drying shrinkage — fib MC 2010
and model B3 (above 100 mm) — are evidently in-
correct. The best agreement is reached with both
alternative formulations in ACI 209 which somehow
create a lower and upper-bound to almost all exper-
imental data. Since the Eurocode 2 provides a rec-
ommendation only for D > 100 mm where very few
experimental data are present, it is difficult to assess
its performance. However, the slope of the EC2 curve
in Fig. [f]is similar to the ACI 209 which provides a
good agreement. Unfortunately, the newly prepared
version of Eurocode 2 [I7] which origins from the
Model Code 2010 omits the size-dependent coefficient
kp, from the formulation and thereby completely ne-
glects the size effect on the ultimate drying shrinkage.
This will lead to more conservative but less economic
design.

5. CONCLUSIONS

The presented study analyzed the size effect on the
ultimate drying shrinkage of concrete and compared
the processed experimental data to the recommenda-
tions and codes of practice. The following conclusions
can be drawn:

e According to the currently valid codes of practice,
namely the Eurocode 2 and ACI 209.2R-08, the ulti-
mate drying shrinkage is decreasing with increasing
size (effective thickness). It can be stated that
for members with effective thickness D between
100 mm and 200 mm this size effect is captured
similarly.
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F1GURE 5. Comparison of the size effect according to
the design codes and recommendations (curves) with
the experimental data (filled black symbols = finished
shrinkage, empty grey symbols = prematurely termi-
nated experiments). The functions and the data are
normalized with respect to the size D = 60 mm.

As described by the B3/4 models the size effect is
a function of the age when concrete starts drying
and is very pronounced only for specimens with
D < 50 mm, otherwise the size effect almost van-
ishes, similarly to the fib Model Code 2010 which
ignores this size effect completely (and very proba-
bly so will do the new EC2).

The experimental database [16] contains 6 suitable
experimental studies which together with 2 addi-
tional studies from the literature provide consistent
results confirming the presence of size effect on
the ultimate drying shrinkage. None of the exper-
imental studies exhibits opposite or no size effect
on the drying shrinkage magnitude. However, it
must be noted that sound experimental data for
D > 150 mm are missing and thus cannot provide
any evidence above this limit.

For D in the range from 20 mm to 150 mm both
approaches of the ACI 209 code exhibit by far the
best agreement with the experimental data.

The experimental data on the ultimate shrinkage of
specimens with D > 200 mm are not available and
very likely will not be available in the near future.
In opinion of the present authors, the code-like ex-
pressions should not be constructed by a simple
extrapolation beyond the experimentally explored
range. More preferably, these expressions should
origin from the FEM simulations exploiting prop-
erly calibrated and physically based material model
which will perform well in the well-documented
range 20 mm < D < 150 mm.
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