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ABSTRACT
The shrinkage behaviour of castables during hydration was investigated. The shrinkage curves and exothermal measurements were
XVHGWRGHWHUPLQHWKHGHQVL¿FDWLRQVWLIIHQLQJDQGK\GUDWLRQVWDJes. The shrinkage rates during hydration of castables with different concentrations of calcium aluminate cement were compared.
The more cement that was used, the faster the shrinkage achieved.
When retarding the castable with a higher ADS/ADW ratio the
shrinkage rate was decreased.
INTRODUCTION
Volume shrinkage during the setting of refractory castables is inherent because the density of the total system – calcium aluminate
phases plus water – increases when calcium aluminate hydrates
are forming during the reaction of cement with water. [1] This setting shrinkage has a major impact during the production of precast shapes, for example when internal moulds such as cones,
are used in the production of well blocks. Even relatively small
shrinkage causes a clamping of the inner mould, which makes it
GLI¿FXOWRULPSRVVLEOHWRUHPRYHLIWKHVHWWLQJKDVSURJUHVVHGWRR
far. In the worst case, cracking can occur which only becomes visible after the drying of the pre-cast shapes. Therefore the removal
of the inner mould at the right time is a challenging task, because
VXI¿FLHQWVWUHQJWKPXVWEHGHYHORSHGWRNHHSWKHPDWHULDOVKDSH
and to avoid slumping, but also the setting must not proceed too
far to avoid clamping. It is therefore important to understand the
development of shrinkage.
,QWKHHDUO\VWDJHWKHFDVWDEOHLVVWLOOÀRZLQJDQGYROXPHVKULQNDJHLVFDXVHGE\GHQVL¿FDWLRQDQGGHDLULQJRIWKHFDVWDEOH'XUing the hydration of calcium aluminate (CA) phases water is
incorporated into a crystalline structure. The solid fraction is increasing by weight and volume, while the low density liquid water
content is decreasing. The total volume of the CA phase and water
is higher than of the hydrated products. This density change causes a shrinkage for each gram of hydrated CA to CAH10, C2AH8 or
C3AH6 of 0.23 ml, 0.22 ml and 0.27 ml respectively. [2]
CA + 10 H ´ CAH10
2 CA + 11 H ´ C2AH8 + AH3
3 CA + 12 H ´ C3AH6 + 2 AH3
In castables the chemical shrinkage only partly causes a volume change of the piece. A relative large amount of chemical shrinkage results in internal porosity. Chemical shrinkage
could be measured by water pycnometry or dilatometry according to ASTM C 1608. [3] With these measurements the total volSeptember 26th and 27th, 2018 · EUROGRESS, Aachen, Germany

ume shrinkage is determined including internal porosity. Measuring the chemical shrinkage by volume changes of a cement paste
by water pycnometry or dilatometry cannot be correlated to the
shrinkage of a cast piece, because the increased internal porosity
does not contribute to dimension changes. [4]
In order to determine the potential of clamping of the inner
moulds and related internal stresses, the dimension changes of
the piece have to be measured. Dimension changes are relatively
small and therefore large pieces are needed to determine shrinkage using normal equipment or very accurate measurement systems involving laser technology. Schleibinger Geräte developed
DVKULQNDJHPHDVXUHPHQWGHYLFH>@EDVHGRQDFRQH6KULQNDJHVLQDOOGLPHQVLRQVDUHUHÀHFWHGLQWKHKHLJKWRIWKHSLHFHGXH
to the cone shaped piece. The height difference can be measured
ZLWKDQDFFXUDF\RIPE\XVLQJDODVHU
Tab. 1: Density and water content of mineral phases
Mineral
CA
CAH10
C2AH8
C3AH6
AH3
H

Density [g/ml]
2.98
1.72


2.42
1.00

Percentage water [wt%]
0

40
29

100

EXPERIMENTAL PART
Sample preparation
The castables were prepared in a Hobart mixer. The solid components (4 kg total) were added and dry mixed for 1 minute. After 1
minute the water was added and the mix wet mixed for a further 4
PLQXWHV7KHFDVWDEOH NJ ZDVSRXUHGLQWRDSODVWLFER[DQGD
thermocouple wire added to measure the exothermal reaction. The
6FKOHLELQJHUFRQHZDV¿OOHGWRDKHLJKWRIFP7KHKDOIFRQH
DQJOHZDV$OOH[SHULPHQWVZHUHSHUIRUPHGLQDWHPSHUDWXUH
FRQWUROOHGODERUDWRU\ && 
The castable recipes are shown in Table 2. All measurements on
the recipes were repeated 4 times and averages taken for further
data analysis.
The calcium aluminate cement (CAC) percentage was replaced by
P7DEXODUZKHQKLJKHURUORZHU&$&FRQFHQWUDWLRQVZHUH
used, because the particle size distribution of both products is similar. A CAC free castable was prepared by modifying the standard
UHFLSHZKHQDOO&$&ZDVUHSODFHGE\P7DEXODU
To have a good workability in the high CAC containing castable,
the water demand had to be slightly increased.
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Tab. 2: Castable recipes

4

Standard

Low
CAC

High
CAC

Retarded



11
6
12
9



11
6
12




11
6
12
4



11
6
12
9

17

17

17

17



2.5

10



Dispersing
alumina
ADS 3
ADW 1

0.3
0.7

0.3
0.7

0.3
0.7

0.7
0.3

Water





4.7



wt. %
Tabular
3 – 6 mm
1 – 3 mm
0.5 – 1 mm
0.2 – 0.6 mm
0 – 0.2 mm
– 45 µm
Reactive alumina
CTC 50
Cement
CA-14 M

RESULTS AND DISCUSSION
Exothermal measurements
In the exothermal curve three stages could be determined. After
PL[LQJ WKH WHPSHUDWXUH LQFUHDVHG WR DERXW &7KH PL[ WKHQ
FRROVGRZQVORZO\$WWKLVSRLQWWKHPL[LVVHOIÀRZLQJ$IWHUWKLV
¿UVWVWDJHDVPDOOSHDNRIDERXW&FRXOGEHREVHUYHG)RUWKH
standard castable this starts 62 minutes after mixing. This peak is
combined with a stiffening of the mix. No real strength is obtained
yet. Pieces at this time can be easily damaged when external forces are applied. Hydration takes place in the last stage. During this
stage hydrates are formed and strength is obtained. For the standard recipe this started at 114 minutes and the maximum temperature was reached after 200 minutes. Table 3 shows the exothermal data for all castables.
The three stages could be observed in all castables. In Figure 1
the exothermal curves are plotted for the castables with different
CAC concentrations. Fast setting times are obtained when 10%
&$&ZDVXVHGWKHPD[LPXPWHPSHUDWXUHLVDOVRKLJKHU&
FRPSDUHGWR&:KHQ&$&ZDVXVHGWKHVHWWLQJWLPHV
ZHUHUHWDUGHGDQGWKHPD[LPXPWHPSHUDWXUHUHGXFHGWR&

Fig. 1: Exothermal curves for castables with 2.5%, 5% and 10%
CAC.

Fig. 2: Exothermal curves of standard and retarded castables.
The time difference between the start of hydration and the time
the maximum temperature was reached is similar for all concenWUDWLRQV DQG ± DQGPLQXWHVUHVSHFWLYHly). This means that the peak characteristic is almost identical, but
that the intensity changed with the concentration of CAC.
7KHVHWWLQJZDVPRGL¿HGE\XVLQJDQ$'6$':UDWLRRI
instead of 0.3/0.7 for the standard recipe. As shown in Figure 2,
the start of hydration was retarded to 668 minutes instead of 114
minutes. The maximum temperature occurred at 908 minutes
compared to 200 minutes. It takes 240 minutes to reach the maximum temperature from the start of hydration. The shape of the hydration peak is broadened and as a result the maximum temperaWXUHZDVORZHUHGWR&
Tab. 3: Exothermal data

Start 1st peak
[min]
Hydration
start [min]
Temperature
max. [min]
Temperature
max. [°C]

Standard

Low
CAC

High
CAC

Retarded

62

104

24

384

114

170

60

668

200



130

908

26.8

24.6

33.3

24.7

Shrinkage measurements
,Q WKH VKULQNDJH FXUYH WKH WKUHH VWDJHV FDQ DOVR EH LGHQWL¿HG
,Q WKH ¿UVW VWDJH WKH FDVWDEOH LV VWLOO VHOIÀRZLQJ DQG GHQVL¿FDtion takes place due to rearrangement of particles and degassing.
7KLVLVUHÀHFWHGE\DUHODWLYHO\KLJKVKULQNDJHUDWH,QWKHVHFRQG
stiffening stage the particles are less mobile and rearrangement
of particles takes place more slowly and therefore the shrinkage
LVVORZHGGRZQ,QWKH¿QDOVWDJHFKHPLFDOVKULQNDJHGXHWRK\dration takes place which could be seen in an accelerated shrinkage. When this shrinkage stops, the volume of the piece does not
change further.
,QRUGHUWRFODULI\WKHGHQVL¿FDWLRQVWDJHWKHVKULQNDJHRID&$&
free castable was measured. The shrinkage curve was plotted together with the curves of standard and retarded castables and is
VKRZQLQ)LJXUH7KHVKULQNDJHFRQWLQXHGIRUKRXUVDQGOHYHOOHGRXWDWÅ7KLVVKULQNDJHLVSXUHO\FDXVHGE\GHQVL¿FDWLRQ
DQGGHDLULQJ)RU&$&FRQWDLQLQJFDVWDEOHVWKHVDPHGHQVL¿FDWLRQSUR¿OHLVREVHUYHGEXWVWRSVDVVRRQDVWKHVWLIIHQLQJDQGK\GUDWLRQRFFXUV*UHDWHUGHQVL¿FDWLRQLVDFKLHYHGZKHQWKHVHWWLQJ
WLPHLVPRUHUHWDUGHGEHFDXVHWKHVHOIÀRZLQJVWDJHLVH[WHQGHG
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Tab. 4: Shrinkage data

Final
shrinkage [‰]
Shrinkage
time [min]

Fig. 3: Shrinkage curves of no CAC, standard and retarded
castables

During hydration the castable is hardened and stresses formed
during shrinkage cannot relax and will create internal stressHV 7KLV LV GLIIHUHQW ZKHQ FRPSDUHG WR WKH GHQVL¿FDWLRQ VWDJH
where forces can relax by particle rearrangement. The volume
change during hydration is the critical factor for internal stresses and clamping of inner-moulds. In order to compare the shrinkage caused by hydration of castables with different setting times
the origin of the shrinkage curves was set to the start of hydration.
The shrinkage curves of the castables with different CAC contents were plotted in Figure 4 with the start of hydration as the origin. For the standard recipe the shrinkage levelled off at 0.22‰
after 32 minutes. What could be noticed is that the shrinkage
stopped while the exothermal measurement still showed heat development. This is indicating that the aggregate framework is staELOLVHGDQG¿[HGE\WKHK\GUDWHVIRUPHG7KHIXUWKHUK\GUDWLRQ
which takes place should result in porosity, due to the continuing chemical shrinkage. Total shrinkages of about 0.23‰, 0.22‰
DQGÅZHUHUHDFKHGZKHQXVLQJDQG&$&
respectively. The total shrinkage is not proportional to the CAC
concentration. This indicates that the formation of the aggregate
framework is the main determining factor for total shrinkage.
The shrinkage rate is determined by the amount of CAC used.
:KHQ  &$& LV XVHG WKH VKULQNDJH UDWH VORZHG GRZQ DQG
the shrinkage time is 163 minutes, while the castable with 10%
CAC shrinks within 21 minutes. Lowering the CAC concentration
could help to extend the time window to remove the inner mould,
EXWZRXOGDOVRORZHUWKH¿QDOVWUHQJWKOHYHOV

Standard

Low
CAC

High
CAC

Retarded

0.22

0.23

0.29

0.26

32

163

21

94

Retarding the CAC hydration by different ratios of ADS/ADW is
ORZHULQJWKHVKULQNDJHUDWHDVFDQEHVHHQLQ)LJXUH7KLVFDQEH
explained by the hydration rate. In the exothermal curve it can be
seen that it takes 240 minutes from the start of hydration to reach
the maximum temperature. This means that a larger demoulding time window e.g. for an inner core in a well block, could be
achieved by retarding the setting, but the time needed to demould
the entire well block would also be increased.

Fig. 5: Hydration shrinkage curves standard and retarded castables.

The Young’s modulus of concretes is between 20 and 30 GPa.
[7] The pressure needed to deform a concrete piece by 0.2‰ is 4
– 6 MPa according to equation 1. This indicates that the internal
VWUHVVHVFDQEHVLJQL¿FDQWDURXQGDQLQQHUPRXOGZLWKVKULQNDJHV
of 0.2‰. This is in line with the fact that a hammer is required to
remove the inner cones even if it is done at the right time. These
stresses can also explain the crack formation at later stages in the
process of the pre-cast shape production if the inner core was removed too late when shrinkage was already too high.
Equation 1

E=

s(«)
«

,QHTXDWLRQ(LVWKH<RXQJ¶VPRGXOXVıLVWKHWHQVLOHVWUHVVDQG
İLVWKHVWUDLQ

Fig. 4: Hydration shrinkage curves of 2.5, 5 and 10% CAC
containing castables
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CONCLUSION
6KULQNDJH RI FDVWDEOHV LV RFFXUULQJ LQ WKUHH VWDJHV WKH GHQVL¿cation, stiffening and chemical shrinkage caused by hydration.
6KULQNDJHE\GHQVL¿FDWLRQGRHVQRWFRQWULEXWHWRGLI¿FXOWLHVZLWK
the inner mould of pre-cast shapes because the castable is still
SODVWLF'XULQJWKHVWLIIHQLQJVWDJHWKHÀRZDELOLW\VWRSVDQGZLWK
WKDWWKHGHQVL¿FDWLRQ'XULQJK\GUDWLRQWKHYROXPHRIWKHSLHFH
shrinks until the aggregate structure is stabilised. The shrinkage
rate is impacted by the concentration of CAC used in the castable
and also by the ADS/ADW ratio.
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