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Abstract Self-compacting concrete (SCC) used in
Switzerland contains about 80 I/m* more volume of
paste than conventionally vibrated concrete (CVC).
Consequently, there are some systematic differences in
the properties of the hardened concrete. Normally,
shrinkage of SCC is higher than shrinkage of CVC.
Therefore, risk of cracking in case of restrained
deformations can be increased for SCC. In this study
shrinkage of thirteen different SCC mixtures using
volume of paste, water content, type of binder, grain
size distribution or content of shrinkage reducing
admixture (SRA) as variables was compared with
shrinkage of three different CVC mixtures with
constant volume of paste but variable w/b. Further-
more, the risk of cracking of the different SCC- and
CVC-mixtures in restrained conditions was studied
under constant and varying curing conditions. The
results show that shrinkage is mainly depending on
volume of paste. Due to the higher volume of paste,
SCC displayed higher shrinkage than CVC. Adding an
SRA was the only measure to reduce shrinkage of SCC
to values of CVC. Restrained shrinkage cracking is
depending on shrinkage rate, mechanical properties
and drying velocity. For slow shrinkage stress
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development, cracking risk of SCC can be lower
compared to CVC despite the higher shrinkage rate.
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1 Introduction

The development of self-compacting concrete (SCC)
has opened new possibilities in the building industry
due to its unique flow behaviour [1]. A wide variety
of mix designs are used to produce SCC depending
on the methodical approach and the raw materials
available. SCC used in Switzerland has a relatively
low binder content and its rheological properties are
characterised by a low viscosity and a high yield
stress in comparison with SCC made in Sweden or
Japan, for example [2, 3]. In contrary to other
countries where there is no substantial difference
between the volume of paste of SCC and conven-
tionally vibrated concrete (CVC) [4-6], SCC in
Switzerland contains about 80 1I/m* more volume of
paste than CVC. Consequently, there are some
systematic differences in the properties of the hard-
ened concrete [7]. One of the most important
properties regarding the design and the durability of
structures is shrinkage which seems to be increased
for SCC [8]. Shrinkage of concrete in its hardened
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state can be divided in two different processes [9].
The first and main process is drying shrinkage caused
by water loss of concrete exposed to unsaturated air.
The second process is autogenous shrinkage that
mainly has an effect on concrete with low water-to-
binder ratio (w/b). Shrinkage can have implications
on the risk of cracking. If deformations caused by
shrinkage are restrained, tensile stresses are develop-
ing in concrete. Cracks occur as soon as tensile stress
exceeds tensile strength. Cracks have a considerable
influence on durability of concrete structures because
ingress of chlorides and carbonation are accelerated
and should therefore be prevented. Measures to
reduce risk of cracking either have to be based
on an adaptation of material properties or a control of
the relation between stress development and
relaxation.

In this study the influence of mix design on
shrinkage of SCC in the hardened state is investi-
gated. Furthermore, the risk of cracking of the
different mixtures in restrained conditions is studied
and compared to the one of CVC. For two selected
mixtures the behaviour in case of restrained shrinkage
deformations is assessed for different curing times
and drying velocities. In order to improve the
evaluation of the results, E-modulus, flexural strength
and creep are measured at different ages.

2 Experimental program

As aggregate natural sand and gravel with a high
percentage of well-rounded particles was used (maxi-
mum grain size: 16 mm for SCC and 32 mm for CVC).
The different types of cements and mineral admixtures
used were ordinary Portland cement CEM I 42.5 N
(OPC), CEM II/A - LL 42.5 N (CEM II), low CaO
fly ash (FA) and limestone powder (LP, Table 1).

Table 1 Characteristics of the different binders

Whenever fly ash was used, it replaced cement by 23%
by weight (30% by volume), while limestone powder
replaced cement by 27% by weight (30% by volume,
Table 2). A polycarboxylate type superplasticizer (SP)
and a shrinkage reducing admixture (SRA) based on
hydroxyl compounds were used. The volume of paste as
specified in Table 2 includes cement, fly ash, limestone
powder, water, superplasticizer and SRA. Five different
SCC mixtures (SCC 1/5) using the volume of paste and
the water content as variables and three different
mixtures of CVC with constant volume of paste but
variable w/b were produced. Furthermore, eight SCC
mixtures (SCC A/H) with changes in type of binder,
grain size distribution of the aggregates or the addition
of SRA were produced in order to study their influence
on shrinkage (Table 2). These eight mixtures have the
identical volume of paste as SCC 1 which is used as a
reference. The mix design applied is based on the
volume of voids present between aggregate particles
and a certain amount of surplus paste [10]. The
workability of SCC was determined by measuring
flow (without knocking) and flow time in the L-box
[1]. For CVC the flow was measured according
to [11].

Compressive strength, flexural strength and E-mod-
ulus were measured on prisms 120 mm x 120
mm X 360 mm at the age of 28 days. For measuring
E-modulus, the load was increased from 0.5 MPa to
1/3 of compressive strength for three times. At the
third loading the belonging difference in deformation
was measured. Free shrinkage (called “shrinkage” in
the following context) and creep were determined on
prisms 120 mm x 120 mm x 360 mm up to the age
of 91 days according to [12] under curing condition
KO (Table 3). Start of shrinkage measurements was at
the age of 24 h, while a constant load of 10 MPa was
applied to the samples for the creep measurements at
the age of 28 days. Creep was then determined as the

Type CaO SiO, Al,O3 Fe,03 MgO Na,Oq SO; Blaine Loss of Density
@ (@ (% (%) (%) (%) %) (ecm%g) ignition (%) (kg/m’)
OPC 63.6 19.4 4.7 2.9 1.7 0.7 34 3,040 2.7 3,130
CEM 11 60.9 17.0 4.0 24 1.5 0.6 3.0 3,710 7.2 3,070
FA 6.0 56.0 22.8 6.9 2.4 1.0 0.9 2,670 35 2,220
LP 53.8 0.6 0.2 0.1 1.5 — — 4,480 43.8 2,765
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Table 2 Composition and workability of SCC and CVC mixtures

Mixture Aggregate s/g  OPC Cement/mineral admixture ~ Water  w/b  SP SRA Vol. of Flow L-box
(kg/m®) (kg/m®) 3 (kg/m) (kg/m®) (kg/m®) paste  (cm) (s)
Type (kg/m”) (/m?)
CvC1 1938 0.54 351 - - 139 0.40 2.6 - 254 52 -
cvC2 1,937 0.54 310 - - 155 050 - - 254 47 -
CvC3 1,938 0.54 276 - 166 0.60 - - 254 53 -
SCC1 1,734 1.00 455 - - 178 040 55 - 329 63 3.7
scc2 1,679 1.00 512 - - 179 036 6.1 - 349 65 2.6
SCC3 1,787 1.00 407 - - 181 045 43 - 316 62 2.5
SCC4 1,732 1.00 435 - - 199 0.46 3.9 - 342 63 1.3
SCCs5 1,734 1.00 489 - - 166 035 8.8 - 332 67 3.8
SCCA 1,735 1.00 - CEM II 452 178 040 5.0 - 330 60 1.8
SCCB 1,738 1.00 322 FA 98 178 043 338 - 329 72 1.8
sCCC 1,734 1.00 350 FA 106 166 0.37 4.6 - 331 69 3.0
SCCD 1,733 1.00 327 LP 124 178 0.40 4.1 - 331 71 2.6
SCCE 1,739 1.22 453 - - 177 0.40 6.8 - 329 70 3.5
SCCF 1,738 0.73 461 - - 177 0.39 4.6 - 329 66 2.4
SCCG 1,738 1.00 454 - - 174 0.40 55 4.5 329 68 2.6
SCCH 1,738 1.00 454 - - 170 0.40 5.0 9.1 329 70 2.8

s/g: Sand/gravel-ratio, OPC: Ordinary Portland cement (CEM I), CEM II: CEM II/A-LL 42.5 N, FA: Fly ash, LP: Limestone

powder, SP: Superplasticizer, SRA: Shrinkage reducing admixture

Table 3 Definition of the different curing conditions used

Condition  Curing at 20°C/99%  Storage at 20°C/90%  Storage at 20°C/70%  Storage at 20°C/  Comment
r.h. (days) r.h. (days) r.h. (days) 35% r.h. (days)

KO 0 1 90 - All mixtures, creep and
shrinkage

K1 2 0 12 Until cracking All mixtures, restrained
shrinkage

K2 2 0 Until cracking - CVC 2 and SCC 4 only

K3 7 0 Until cracking - CVC 2 and SCC 4 only

K4 14 0 Until cracking - CVC 2 and SCC 4 only

K5 7 14 Until cracking - CVC 2 and SCC 4 only

difference from total deformation minus elastic and
shrinkage deformation. Creep values are referred to
concrete age and were measured for selected mixtures
only. After placement, all samples were stored at
20°C and 90% relative humidity (r.h.) for 1 day
(samples for shrinkage and creep measurements)
respectively for 2 days (samples for measuring com-
pressive strength, flexural strength and E-modulus).
Afterwards all samples were moved to a room with a
temperature of 20°C and 70% r.h. In addition to creep

measurements under constant load applied after
28 days, creep of CVC 2 and SCC 4 was measured
on seperate prisms 120 mm x 120 mm x 360 mm
under increasing load at 70% r.h. The loading started
after 2 days of curing. The chosen load increase was
derived from a typical shrinkage curve (Fig. 1) and
should express realistic changing state of stress in
case of restrained shrinkage and not only a material
constant as derived from constant loading after

28 days.
nilem
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Fig. 1 Load steps for creep measurements under increasing
load (CVC 2 and SCC 4)

Restrained shrinkage cracking (called “restrained
shrinkage” in the following context) was investi-
gated using concrete  with  predetermined
breaking points cast around a steel square (Fig. 2).
The normal cross-section of the concrete
was 100 mm x 100 mm which was reduced to
60 mm x 100 mm in the area of the predetermined
breaking points. The square steel profile responsible
for the restraint (cross-section 16 mm x 100 mm)
had rounded corners and was strengthened by two
diagonally welded flat steels (cross-section
20 mm x 100 mm). As the concrete shrinks com-
pressive stress is produced in the steel, which is
balanced by a tensile stress in concrete. To avoid
cracks in the corners of the concrete square, they
were reinforced with rebars of 8 mm in diameter
and 200 mm in length. Drying of the samples was
possible from all the surfaces except the one
covered by the square steel profile.

All samples (one square per mixture) were stored
under identical conditions (K1) as follows: After
production they were first cured at 20°C and ~99%
r.h. (wrapped in wet towels) for 2 days, afterwards
they were moved to 20°C and 70% r.h. for 12 days
and finally the specimens were stored at 20°C and
35% r.h. until the end of measurements to accelerate
stress development (Table 3). The specimens were
visually monitored on a daily basis to determine the
time of crack appearance (age of cracking). At the
beginning, it was the aim to produce more than one
crack per specimen. Therefore, the square-set up was
used instead of the well known ring test. However,
the tensile stress in the square was reduced after the
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Fig. 2 (a) Concrete square with four predetermined breaking
points restrained by a strengthened square steel profile
(dimensions in mm). (b) Sample with detail of a crack

first crack occurred. As a consequence, no further
cracks developed.

To study the influence of curing time and drying
velocity on age of cracking, two mixtures were selected
(CVC 2 and SCC 4). CVC-mixture CVC 2 and SCC-
mixture SCC 4 were chosen due to their difference in
creep and E-modulus at comparable compressive
strength. To study the influence of curing, concrete
squares of the two selected mixtures were stored for
varying durations at 20°C and ~99% r.h. (wrapped in
wet towels = curing time) before moving them to 20°C
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Fig. 3 Shrinkage of SCC 1/5 compared to CVC 1/3 up to
91 days at constant relative humidity of 70% (condition KO)

and 70% r.h. (Table 3, conditions K2-K4). Further-
more, slow drying condition was simulated by storing
squares of the selected mixtures at 20°C and ~99% r.h.
for 7 days, followed by 14 days curing at 20°C and 90%
r.h. and finally storing them at 20°C and 70% r.h. until
the crack occured (condition K5). Age of cracking in
case of conditions K2-K5 was determined as the
average of two squares per mixture and curing condi-
tion. At the same time, free shrinkage (start of
measurements at the age of 24 h) of the selected
mixtures was determined on prisms 120 mm X

120 mm x 360 mm stored at identical conditions
K2-KS5 as the squares.

3 Results

3.1 Shrinkage and creep of CVC 1/3
and SCC 1/5

Shrinkage under curing condition KO of SCC 1/5 is
generally higher than that of CVC 1/3 at any time
(Fig. 3). After 91 days shrinkage of SCC 1/5 is about
30-40% higher compared to CVC 1/3. This ratio is
not considerably influenced either by changing w/b
(at constant volume of paste) of CVC or by changing
water content or volume of paste of SCC.

In contrast to shrinkage there is no significant
difference in creep under constant load between
SCC 1/5 and CVC 1/3 (Table 4). Although there are
differences of 60-100 I/m® in volume of paste
between SCC 1/5 and CVC 1/3, creep of SCC 1/5
is only slightly higher and mainly within the variance
of CVC 1/3. Creep of SCC and CVC increases with
increasing w/b and decreasing compressive strength.

Creep under increasing load is similar for CVC 2
and SCC 4 until an age of 14 days. Afterwards, SCC

Table 4 Properties of the

. . Mixture ~ Compressive Flexural E-modulus Shrinkage Creep Age of
various mixtures strength strength 28 days 91 days 91 days  cracking
28 days 28 days (MPa) (%0) (%0)
(MPa) (MPa)

CVC 1 69.7 6.7 44,800 —0.31 —0.20 19
CvC2 51.2 5.4 39,000 —0.30 —-0.25 31
CVC 3 423 5.5 35,700 —0.31 —0.30 17
SCC 1 61.3 6.3 35,650 —0.43 —-0.33 11
SCC 2 71.1 7.7 38,050 —0.40 —-0.27 12
SCC 3 59.0 6.9 35,350 —0.43 —0.32 11
SCC 4 57.4 6.3 35,450 —-043 —0.35 10
SCC 5 74.0 7.2 40,600 —0.40 —-0.23 10
SCC A 56.7 6.0 35,500 —-0.42 —0.31 14
SCC B 52.1 5.7 34,850 —-0.41 —-0.27 17
SCC C 63.1 6.5 37,050 —0.34 - 14
SCC D 50.7 5.7 34,250 —0.38 —0.35 15

Shrinkace and cree SCCE 65.8 6.0 36,800 —-0.42 - 11

(constarigt load) detegmined SCCF 612 6.0 36,650 —0.41 - 11

under curing condition KO, SCC G 63.3 6.0 36,300 —0.31 - 18

age of cracking under SCCH 589 5.9 36,400 -0.26 - 28

condition K1
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Fig. 4 Creep under increasing load according to Fig. 1
(load = numbers oriented vertically in MPa) for CVC 2 and
SCC 4
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Fig. 5 Free shrinkage of prisms (SCC 4 and CVC 2) at curing
conditions K2-K5

4 shows an approximately 30% higher creep rate than
CVC 2 (Fig. 4).

Shrinkage under curing conditions K2-K5 is
affected mostly in the early age. For 7 and 14 days
curing SCC 4 shrinks about 0.04%o during curing
period in spite of the prevention of moisture loss
(Fig. 5). Shrinkage of CVC 2 is lower under identical
conditions. The end of curing is marked by a rapid
increase of shrinkage for both types of concrete. At
identical curing time, shrinkage of SCC is higher at
any time compared to CVC.

3.2 Shrinkage of SCC A/H compared to SCC 1
Asitcan be seen in Fig. 6, the use of CEM II/A-LL and

the partial substitution of CEM I by fly ash has hardly
any influence on shrinkage (SCC A and B). The relative

Age [days]

Fig. 6 Shrinkage of SCC A/H up to 91 days at constant
relative humidity of 70% (condition KO)

decrease of shrinkage at 91 days of 3-5% compared to
reference mixture SCC 1 is within the range of variance
of SCC 1/5. The same applies for the change of fine
aggregate content (SCC E and F), where the relative
decrease is 3-5% as well. The influence of a partial
substitution of CEM I by limestone powder (SCC D) is
slightly higher than the one of fly ash and CEM II/A-LL
and allows a reduction of shrinkage of 13% compared to
SCC 1. Since fly ash improves the workability of fresh
concrete [13] it is possible to decrease the w/b keeping
superplastisizer content on the level of SCC 1. Due to
this measure shrinkage at 91 days can be decreased
about 20% (SCC C). Theuse of 1% or2% SRA (SCC G
and H) decreases shrinkage essentially (28% and 40%
respectively) to values in the range of CVC 1/3.

3.3 Age of cracking

The time from production to the appearance of a
visible crack (age of cracking) under constant curing
K1 is shown in Table 4. It can be seen that age of
cracking of CVC is generally delayed compared to
the one of SCC 1/5. Age of cracking for SCC 1/5 is
nearly the same (between 10 and 12 days), while age
of cracking of CVC shows a big variance
(17-31 days). The use of CEM II/A-LL as binder
and the partial substitution of OPC by FA or LP
causes a slight delay of age of cracking (SCC A, B,
C, D), while a change of the sand/gravel-ratio has no
influence on age of cracking (SCC E and F). With
SRA it is possible to delay age of cracking to values
in the range of CVC (SCC G and H) depending on
the dosage of SRA.
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Fig. 7 Age of cracking (conditions K2-K5) versus curing time
for mixtures CVC 2 and SCC 4

The squares with varying curing conditions K2-
K5 show differences in the age of cracking (Fig. 7).
With increasing time of curing, the differences
between SCC 4 and CVC 2 are getting smaller until
at 14 days curing SCC cracks later than CVC.

When the squares are stored at 70% r.h. after
7 days curing (condition K3), SCC cracks about
4 days earlier than CVC. In case of storing the
squares at 90% r.h. for 14 days after the same curing
(condition K5), the situation changes and SCC cracks
two days later than CVC.

Results of compressive strength, flexural strength
and E-modulus at age of 28 days are shown in
Table 4 together with the numerical values of free
shrinkage and creep measurements (constant load) at
91 days under curing condition KO as well as age of
cracking under constant curing K1.

4 Discussion

As shown in chapter 3, there is a systematic
difference between SCC and CVC concerning
shrinkage. The reasons for this difference in shrink-
age and its influence on cracking risk in case of
restrained shrinkage deformations are discussed in
the following section.

4.1 Influence of volume of paste
As it can be seen in Fig. 8 shrinkage is strongly

related to the volume of paste. Data from [8] added in
Fig. 8 emphasize this relation that has also been
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Fig. 8 Shrinkage at 91 days versus volume of paste with
results of [8] added
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Fig. 9 Shrinkage at 91 days versus w/b for CVC 1/3, SCC 1/5
and SCC with mineral admixtures (SCC B/D)

demonstrated by various other authors [7, 8, 14, 15].
There is a linear relation with a correlation coefficient
of R* = 0.85. An increase of the volume of paste
increases shrinkage as well, explaining the systematic
difference between SCC and CVC.

4.2 Influence of w/b

While w/b does not affect shrinkage of CVC at
constant volume of paste, there is a certain influence
of w/b in case of SCC (Fig. 9). The influence of w/b
on shrinkage of SCC increases with increasing
volume of paste (shown also in [9, 16]). This is the
reason why the relation between volume of paste and
shrinkage of SCC 2 and SCC 3 in Fig. 8 is hardly
visible. The change in volume of paste (ca. £20 1/m®)
is partially compensated by the simultaneous change
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of w/b. These two effects interfere. Due to low w/b of
SCC there can be expected a certain amount of
autogenous shrinkage. However, the results clearly
show that drying shrinkage is the dominating process.

The behaviour of SCC with CEM II/A-LL
(SCC A) is comparable with SCC 1/5. For SCC B/
D with higher amounts of mineral admixtures (fly ash
and limestone powder respectively) the dependence
of shrinkage on w/b is even more significant.
However, it would not be possible to decrease
shrinkage of SCC to values of CVC used in this
project by decreasing volume of paste and w/b
without loosing the self-compacting abilities of the
mixtures.

4.3 Influence of various material parameters
and additions

The influence of limestone powder on shrinkage is
mainly depending on its fineness [17, 18]. With a
fineness higher than the one of cement it is possible to
reach a higher density of the microstructure and a
reduction of shrinkage. The use of CEM II/A-LL
does not affect shrinkage considerably because
cement and limestone are grinded together and their
fineness can not be suited to each other. SCC D was
produced with LP that has a higher fineness than OPC
and moreover, a higher volume of cement is substi-
tuted by LP compared to mixture SCC A. This has an
additional positive influence on shrinkage [15].
Therefore, shrinkage of SCC D is smaller than
shrinkage of SCC A. However, the decrease of
shrinkage due to LP is relatively small and it is not
possible to reach values in the range of CVC. FA
used in this project is coarser than cement and no
densification of the microstructure occurs. Therefore,
a partial substitution of cement by fly ash does hardly
affect shrinkage (also shown in [15]). But the
improved workability of fresh concrete due to FA
allows to reduce w/b and consequently shrinkage
(Fig. 9). A change in the fine or coarse aggregate
content has no substantial influence on shrinkage.
Furthermore, as it is shown in [19] the difference in
maximal aggregate grain size d..x between SCC
(dpmax = 16 mm) und CVC (d.x = 32 mm) does not
affect shrinkage when volume of paste is kept
constant. By far the most effective way to reduce
shrinkage of the investigated SCC is the use of a
shrinkage reducing admixture (also shown in [20]). It

reduces the surface tension of water in capillary pores
[21-23] and consequently capillary tensions due to
decreasing moisture content. Additionally, SRA has
the advantage that it can be added to a proven mix
design without further adaptation because its effect
on workability is minor.

4.4 Restrained shrinkage

In principal, shrinkage stress o, depends on the
degree of restraint of deformations k, reduced E-
modulus E,.4 and shrinkage ¢, (Eq. 1). Since shrink-
age is a slow deformation process, creep can reduce
the developing stress (relaxation), which is taken into
account by E,.4 (effective E-modulus reduced due to
relaxation) in the simplified Eq. 1. As soon as oy
exceeds tensile strength of the concrete, cracks occur.

0y = k- Ereq - & (1)

The material properties used in Eq. 1 have been
measured for concretes used in this project, while k
(degree of restraint) is a not exactly known constant
and can be omitted in the following reflections on the
basis of relative comparison. As shown in [24], creep
under compression and relaxation under tensile stress
are in the same range. Therefore, creep measurements
can be used to assess tensile stress relaxation of SCC
and CVC. However, since the first loading was
generally at the age of 28 days, the results enable a
comparison in a qualitative manner only. Since
strength class is one of the most important properties
defining a concrete in practice, the mechanical
properties are referred to compressive strength in
the following passage.

At a given compressive strength, shrinkage of
SCC 1/5 is about 30-40% higher than shrinkage of
CVC 1/3 (Fig. 10).

E-modulus and creep show systematic differences
referred to compressive strength as well. At constant
compressive strength E-modulus of CVC 1/3 is about
12-15% higher than E-modulus of SCC 1/5 (Fig. 11).
The measured results show a good correlation to the
results calculated with equations given in [7].

Creep (constant load applied after 28 days) of
SCC 1/5 is about 30-40% higher compared to
CVC 1/3 at constant compressive strength (Fig. 12).
According to Laube [25], the relative relaxation
under tension is strongly depending on the age of
concrete at first loading, but is independent of the
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Fig. 12 Creep at 91 days versus compressive strength

applied load. However, the experiment with first
loading after 2 days and variable load (Fig. 4) shows
that the above mentioned differences in creep
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Fig. 13 Age of cracking of CVC and SCC (condition K1)
versus shrinkage at 91 days. Doted line: Exposure changes
from 70 to 35% r.h after 14 days. Circles: position of CVC 1/3
and SCC 1/5

between SCC and CVC are valid at concrete age
younger than 28 days as well.

Theoretically, higher creep and lower E-modulus
of SCC compared to CVC at comparable compressive
strength should reduce shrinkage stress as shown in
Eq. 1 and, therefore, reduce the stress difference due
to higher shrinkage. But as the results indicate, the
main factor influencing age of cracking in the chosen
set up at constant curing K1 is shrinkage and neither
E-modulus nor creep or tensile strength (Fig. 13).
This can be attributed to the chosen set up with a high
degree of restraint. Additionally, the concrete dries
relatively fast due to the small specimen section and
the low relative humidity. Therefore, tensile shrink-
age stresses develop very fast and relaxation has
hardly any influence. Moreover, for the short curing
of 2 days, shrinkage stresses develop already at
young concrete age where the differences in creep
between SCC and CVC are only very small (Fig. 4).
As a result age of cracking under these conditions
mainly depends on free shrinkage.

This is supported by the good correlation between
shrinkage at 91 days and age of cracking of CVC 1/3
and SCC 1/5 (Fig. 13). This relation is less evident in
SCC A/H. In general, the relation of shrinkage and
age of cracking is not linear. At relatively low values
a decrease in shrinkage extends age of cracking more
than at relatively high values. When shrinkage falls
below a certain threshold, stresses obviously never
exceed tensile strength of concrete and no cracks

occur.
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Fig. 14 Schematic development of tensile strength and
shrinkage stress for different shrinkage values. Dots: possible
age of cracking, depending on variance of material properties

This observation can be explained on the basis of
the development of tensile strength and shrinkage
stress with time (Fig. 14). As soon as the two curves
intersect, cracks occur. With decreasing shrinkage the
two curves flatten out and age of cracking increases
until the two curves do intersect no longer and
concrete does not crack. The later the age of cracking
the higher is the influence of slight changes in
shrinkage. That is the reason for the rapid increase of
age of cracking with decreasing shrinkage. Further-
more, variances in material properties due to
inhomogeneities in the area of the predetermined
breaking points of specific samples can have a higher
influence at a later age of cracking (dots in Fig. 14).
The bigger maximum grain size of CVC affects the
variance of age of cracking additionally. In this
regard it would have been beneficial to produce more
than one square per mixture for the investigations at
constant curing K1.

When curing time is increased from 2 to 14 days,
the differences in age of cracking between SCC 4 and
CVC 2 decrease, although shrinkage of SCC 4 is still
higher compared to CVC 2. With increasing curing
time, E-modulus of CVC 2 at the end of curing is
increasing while creep is decreasing at the same time.
Since course of shrinkage after the end of curing is
not depending on curing time considerably, shrinkage
stresses are developing faster due to increased
stiffness of concrete. As a consequence, CVC 2
cracks earlier at longer curing times. This behaviour

has also been shown by e.g. Altoubat et al [26]. The
same relations apply to SCC 4. However, SCC 4
shrinks also during curing (Fig. 5) due to autogenous
shrinkage that mainly affects concrete with low w/b
[9]. As aresult, the prevention of drying shrinkage by
curing enables a relaxation of autogenous shrinkage
stress by creep. For longer curing times, drying and
autogenous shrinkage are separated resulting in a
decreased stress development. Together with increas-
ing E-modulus and decreasing creep as described for
CVC 2, age of cracking from the end of curing
remains roughly the same for SCC 4. These processes
and the increasing differences in creep between SCC
4 and CVC 2 after 14 days (Fig. 4) seem to be the
reason for decreasing differences in age of cracking
with increasing curing time between SCC 4 and
CvC 2.

In slow drying conditions (K5), shrinkage defor-
mations develop slower and consequently shrinkage
stress as well. Therefore, creep has a higher effect on
stress relaxation than in fast drying conditions and the
differences between SCC 4 and CVC 2 in creep are of
higher influence. As a consequence, SCC 4 cracks
later than CVC 2 under these conditions despite
higher free shrinkage of SCC 4 at age of cracking.

The results indicate, that conditions resulting in a
slower shrinkage stress development should lead to
decreased cracking risk of SCC 4 compared to CVC
2. Shrinkage stress develops slower with decreasing
degree of restraint, increasing specimen dimension
and lower drying velocity. These considerations are
supported by the results of other studies [27, 28].

5 Conclusions

The results of the study allow to draw the following
conclusions:

— Shrinkage is mainly depending on volume of
paste. Since the investigated SCC has a higher
volume of paste (about 80 1/m’) compared to
CVC, its shrinkage is higher. At the age of
91 days the difference between SCC without
SRA and CVC is 10-40%.

— Changing w/b, a partial substitution of cement by
FA or LP as well as a change of the fine or coarse
aggregate content does not affect shrinkage of the
investigated SCC-mixtures and thus cracking risk
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considerably neither in a positive nor in a
negative manner.

— Using SRA it is possible to decrease shrinkage
and age of cracking of SCC to values of CVC.
The achieved shrinkage reduction is depending on
the amount of added SRA. As a result, cracking
risk is decreased as well.

— For high drying velocity and degree of restraint
(e.g. thin concrete layers) shrinkage is the most
important factor in regard to cracking risk of the
investigated concretes in case of restrained
deformations. Due to higher shrinkage, cracking
risk of SCC is increased since higher creep and
lower E-modulus of SCC compared to CVC at
comparable compressive strength have no appar-
ent influence on age of cracking under these
conditions.

— For slow drying velocity or low degree of
restraint (e.g. massive components, humid cli-
mate) shrinkage stress is considerably reduced by
relaxation due to creep. Since creep of the
investigated SCC is higher than CVC with
comparable compressive strength, cracking risk
of SCC can be lower despite higher shrinkage.

Consequently, a decrease of shrinkage rate is only
one measure to reduce the risk for cracking in a
concrete construction. Certainly, appropriate curing
and slow drying have a positive influence as have
constructional measures like low degree of restraint,
appropriate reinforcing, etc. These measures should
always be combined if possible.
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