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a b s t r a c t

The influence of different types of clay on the shrinkage and cracking tendency of fly ash modified self-
consolidating concrete (SCCF) for the application of slipform paving were investigated in this study. The
mortar phase of each mix was tested for autogenous shrinkage, total free shrinkage under drying and
restrained shrinkage cracking. The mechanical properties (flexural strength, compressive strength, and
modulus) were studied to supplement the results of the shrinkage and cracking tests. The plain SCCF
mix was compared against the clay-modified SCCF mixes, as well as conventional SCC and slipform con-
crete (SFC) mixes. The results showed that the very early-age autogenous shrinkage of SCCF mortar was
increased by the addition of clays due to adsorption effects. The effects of the clays on total shrinkage
under long-term drying were found to depend mainly on the pozzolanic reactivity, but these effects were
very slight at low dosages of about 1% by mass of binder. The early-age cracking tendency was aggravated
by the clays composed of purified magnesium alumino silicate and metakaolin, but little influenced by
the clay composed of kaolinite, illite and silica. Overall, the SCC mixture modified with both fly ash
and a small amount of clay showed comparable shrinkage and early-age cracking performances as con-
ventional SFC.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Slipform paving is widely used for concrete pavement construc-
tion, where placing, consolidating, and finishing of fresh concrete
are all done in one continuous process. It relies on the high green
strength (strength in the plastic state) of freshly cast concrete,
which allows it to hold its shape without any formwork as it is
passed through the paving machine. Although effective and faster
than previous fixed-form pavers, heavy internal vibration is neces-
sary to cast the high-stiffness concrete designed for slipform pav-
ers. Not only does this make slipform paving energy intensive,
but oftentimes problems associated with over-consolidation, such
as segregation and significant reduction of entrained air, lead to
reduction in durability and extensive longitudinal cracking along
the path of the vibrators [1].

There is an obvious need to modify this process to eliminate or
reduce the need for internal vibration. One approach has been to
design a new type of concrete that optimizes flowability, consoli-
dation and green strength. It has been demonstrated that with
proper proportioning of various mineral and chemical admixtures
in self-consolidating concrete (SCC) mixtures, it is possible to
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perform the slipform paving process without the need for any
vibration while still achieving sufficient shape stability and finish
[2]. Clays, including nanoclays, were a key mineral admixture in
attaining these desired properties.

Clays have a significant influence on the fresh-state properties
of cementitious material. Even when added in small amounts (up
to 1.5% by mass of cement), they have been found to increase green
strength of concrete [3]. Although the mechanisms are not com-
pletely understood, work has shown that clays increase floccula-
tion strength [4] and floc size [5] when added to cement paste,
which would lead to an apparent increase in stiffness. Clays make
it possible to modify SCC mixes so that they can achieve green
strength comparable to that of typical slipform concrete (SFC) with
little compromise to flowability and compactibility.

Understanding of the shrinkage and early age cracking behav-
ior of concrete structures is important, especially for pavements
with large surface areas exposed to outdoor environments and re-
peated heavy service loads. This has generated research interest
on the influence of various mineral admixtures (fly ash, silica
fume, blast furnace slag) on the shrinkage behavior of concrete,
including SCC [6–9]. However, studies on the influence of small
clay additions on the shrinkage of SCC are lacking, due to the nov-
elty of the idea. Although previous work has shown the potential
of clay additions in tailoring the fresh-state properties of SCC, its
influence on hardened properties (i.e. shrinkage) must be under-
stood, as well. In this study, the autogenous shrinkage, drying
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Table 2
Mineral admixtures.

Material Description Mean particle
size (lm)

Specific surface
area (m2/g)

C1 Purified magnesium alumino
silicate

65.2, 1.75a 150

C2 Kaolinite, illite, silica 13.0, 0.5a 23
C3 Metakaolin 3.54, 1.20a 13

a Highly dispersed state.

Table 3
Chemical compositions of cement and admixtures (%).

Oxide Cement Fly ash C1 C2 C3

SiO2 19.5 42.47 49.57 68.0 53.0
Al2O3 4.7 26.01 9.44 24.0 43.8
Fe2O3 2.80 8.44 3.31 2.4 0.43
CaO 64.2 14.01 1.88 0.2 0.02
MgO 2.50 3.15 8.81 0.5 0.03
SO3 2.6 1.57 0.00 0.0 0.03

Table 4
Size distribution of sand (%).

Sieve size (mm) 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Passing percent 100.0 99.3 89.1 74.8 56.7 21.1 2.6 0.6

Fig. 1. Corrugated tube for measuring autogenous shrinkage.
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shrinkage, and shrinkage induced cracking behavior of clay-mod-
ified SCC mixes were investigated. The mechanical properties
(flexural strength, compressive strength, and modulus) were stud-
ied, as well, to supplement the results of the shrinkage and crack-
ing tests.

2. Experimental

2.1. Raw materials and mixtures

Twelve mortar mixtures were investigated, shown in Table 1.
The SFC, SCC and SCCF mix proportions were based on concrete
mixes from previous studies [10]. (Since the coarse aggregate con-
tents were similar between mixes, it was assumed acceptable to
only test the mortar phase.) The mix design of SCC was optimized
to achieve maximum flowability and segregation resistance. SCCF
is SCC with a 30% replacement of cement with fly ash, which
reduces its cost to that comparable of traditional SFC. The previous
studies showed that the addition of 1.5% of clay by mass of binder
modified the fresh-state properties of SCCF to a satisfactory condi-
tion for slipform paving without any vibration. Therefore, SCCF
mixes with three dosages of clays were studied here: 1.0%, 1.5%
and 2.0%.

Type I ordinary Portland cement and tap water were used in all
mixes. Fly ash (Class F) and three types of clay (C1 [11], C2 [12], C3
[13]), including a calcined clay, were used as mineral additives.
Details of these mineral additives are given in Table 2 and the
chemical compositions of all the fine materials are given in Table
3. The plasticizer that was used for all mixtures was a naphthalene-
sulfonate based superplasticizer. The aggregate was river sand with
a specific gravity of 2.66 and a particle size distribution presented in
Table 4.

2.2. Mixing procedure

A medium or large planetary mixer was used for every mortar
mix using the following procedure: (1) add all the dry materials,
mix for 3 min at low speed; (2) add water and superplasticizer,
mix for 3 min at low speed; (3) scrape bowl, mix for another
4 min at high speed.

2.3. Free shrinkage test

Autogenous deformation was measured using the corrugated
tube protocol based on the work of Jensen and Hansen [14] as
shown in Fig. 1. The corrugated polyethylene tubes, 400 mm in
length and 30 mm in diameter, were cast with fresh mortar and
sealed with two end caps. The length change was then monitored
according to ASTM C 1698-09 [15]. Fresh mortar was consolidated
by running a vibrating rod along the length of the tube. Two spec-
imens were prepared for each mix. Each test was carried out for
14 days in a chamber with a constant temperature of 23 �C
and readings were continuously recorded every 10 min. All of the
Table 1
Mix proportions.

Mixture SFC SCC SCCF C1-1 C1-2 C1

Cement 100 100 70 70 70 70
Fly ash 0 0 30 30 30 30
Water 43 40 40 40 40 40
Clay

Type / / / C1
Amount / / / 1.0 1.5 2.0

Sand 251 154 154 154 154 15
Plasticizer 1.0 0.39 0.39 0.39 0.39 0.3
readings were zeroed to time of initial set. The time of initial set
was determined on the paste phase by the Vicat Needle Test (a
penetration test) in accordance with standard ASTM C191-08 [16].

The drying shrinkage of mortar was measured on prism speci-
mens according to standard ASTM C157-04 [17]. The length change
of 100 � 100 � 300 mm prisms were monitored over time and the
drying shrinkage was expressed as a linear strain. Each specimen
-3 C2-1 C2-2 C2-3 C3-1 C3-2 C3-3

70 70 70 70 70 70
30 30 30 30 30 30
40 40 40 40 40 40

C2 C3
1.0 1.5 2.0 1.0 1.5 2.0

4 154 154 154 154 154 154
9 0.39 0.39 0.39 0.39 0.39 0.39
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was cast in three layers and consolidated manually after every
layer. They were then covered with a plastic sheet to prevent mois-
ture loss and demolded after 24 h. Immediately after demolding,
two copper stubs were attached to a longitudinal surface with
epoxy resin and allowed to set for at least 2 h before the initial
measurement. The distance between the two stubs was measured
using a manual strain gage, as shown in Fig. 2. The specimens were
also weighed to determine the mass loss due to water evaporation.
Three prisms were prepared and monitored for each mix. For the
duration of the test, the prisms were kept in a condition controlled
chamber set at 23 �C and 50% RH.
2.4. Restrained shrinkage test

The ring test was performed to evaluate the cracking behavior of
the mortars in restrained shrinkage conditions. The test was carried
out based on standard ASTM C 1581-04 [18], the setup of which is
shown in Fig. 3 [19]. The steel ring acts as a passive restraint to the
surrounding mortar. As the mortar undergoes shrinkage, it applies a
uniform stress onto the steel leading to a strain development within
the steel ring. At the same time, a tensile stress develops in the mor-
tar ring due to the restraint of steel ring. When the stress increases
to above a threshold value, the mortar cracks and the strain within
Fig. 2. Specimen and setup for drying shrinkage test.

Fig. 3. Setup for the restrained ring test, including ring dimensions.
the steel ring drops significantly. Two ring specimens were cast for
each mortar mixture. The specimens were cast around a steel ring
by using a cardboard tube as the outside mold. Immediately after
demolding, at 24 h, the top surface of the ring specimen was sealed
with silicone rubber. This procedure creates a condition that allows
drying only from the outer circumferential surface. The strain mea-
surement of each steel ring was monitored from the demolding
time, having subsequent readings recorded every 30 min. After ini-
tial cracking occurred, the cracking widths were measured daily by
using a microscope with a precision of 2.5 lm. The results reported
in this paper are the average of three measurements taken along the
cracking length (top, center and bottom).
2.5. Mechanical measurements

Flexural strength tests according to ASTM C348-08 [20] were
carried out on select mortar mixtures. Prism specimens with
dimensions 40 � 40 � 160 mm were cast in two layers, vibrated
manually and finished by a steel trowel. After initial curing of
24 h or 12 h by covering the specimens with a plastic sheet at room
temperature, the specimens were demolded and stored in a foggy
room at a temperature of 23 ± 2 �C. For every mixture, flexural
strength was measured for three specimens at ages of 0.5, 1, 3, 7,
14 and 28 days after casting. Three-point loading was performed
by using the mid-span deflection control at a constant rate of
0.6 mm/min until fracture.

Compressive strength and modulus were tested on the same
cylinder specimens with dimension of Ø75 � 150 mm in accor-
dance with ASTM C469-02 [21]. Three specimens were tested by
using the compression strain control at a constant rate of 0.5
mm/min, and the results were obtained as the average. The casting,
demoulding, curing condition and test ages for the cylinder speci-
mens are the same as those for the flexural specimens.
3. Results and discussion

3.1. Autogenous shrinkage

The results of the autogenous shrinkage test for SFC, SCC and
SCCF are presented in Fig. 4. As expected, all three mixes experi-
enced some swelling during the first several hours. This was
caused by simultaneously occurring (1) autogenous swelling
induced by the creation of early hydrated products and (2) chem-
ical shrinkage leading to self-desiccation. Swelling dominates at
the beginning then decreases over time [22]. Reabsorption of
bleeding water also causes an initial expansion in sealed samples,
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Fig. 4. Autogenous shrinkage of SFC, SCC and SCCF mortar.
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which is even more pronounced than the swelling caused by the
formation of hydrates [23].

SCC showed 40% higher autogenous shrinkage than SFC at
14 days. This is due to the lower w/c ratio of SCC (0.4 versus 0.43
for SFC) along with its higher cement-to-sand ratio. Typically fly
ash is considered a pozzolanic material with low reactivity, effec-
tive in reducing the autogenous shrinkage of cements and con-
cretes. However, the replacement of 30% of cement with fly ash
in SCCF increased the autogenous shrinkage development during
the first day. This may be attributed to increased ettringite forma-
tion and water consumption, which have been reported to occur
between 2 and 5 h after mixing in fly ash–cement–water mixtures
[24]. In addition, the hydration of cement particles is accelerated
by the nucleation sites provided by the fly ash, as well as their dilu-
tion effect [25]. Another study showed that the autogenous shrink-
age of concrete increased when the replacement of fly ash was 25%,
but decreased when it was 50% [26]. After 2 days, SCCF showed a
clear reduction in rate of shrinkage, went on to experience lower
absolute autogenous shrinkage compared to SCC. However, the
rate of shrinkage of SCC decreased with time while it stayed con-
stant for SCCF, due to the pozzolanic effect of the fly ash. By day
14, the shrinkage of SCCF was very close to that of SCC, indicating
no mitigating effect of fly ash on autogenous shrinkage longer
term.

Fig. 5 presents the influence of the clays, at an addition of 2% by
mass of binder, on the autogenous shrinkage of SCCF mortar. There
is no initial swelling in any of the clay mixtures. This can be ex-
plained by the high specific surface area and water adsorption of
the clays, which would improve the consistency of fresh mortar
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Fig. 6. Total shrinkage and water loss of SFC, SCC and SCCF spe
by reducing bleeding in the tube specimens. C1 and C3 increased
the autogenous shrinkage overall while C2 increased the autoge-
nous shrinkage during the first 5 days but had little influence at la-
ter ages.

The addition of C1 and C3 increased the autogenous shrinkage
at very early ages but this increase became less significant over
time; shrinkage strains were 10–15 microstrain higher than the
control mortar at 2 weeks. C1 is a highly purified magnesium alu-
mino silicate of uniform size and shape, with an average length of
1.5–2 lm and an average diameter of 3 nm. This fibrous clay has a
high specific area of 150 m2/g and specially charged surfaces,
which allows it to easily gel and adsorb 200% water by mass [3].
This can reduce the free water-to-binder ratio from 0.4 to 0.36. This
is likely the reason for the higher early-age autogenous shrinkage,
which increases linearly as w/c decreases from 0.60 to 0.25 [27].
The physically adsorbed water is gradually released during cement
hydration, which explains why the clay mixes experienced similar
autogenous shrinkage as plain SCCF at later ages. Furthermore,
metakaolin (the main composition in C3) has a higher pozzolanic
reactivity and filler effect, which has been validated by the
increased strength after 1 day when 5% metakaolin was used to
replace cement [28]. This would refine the pore structure and
likely lead to an increase in autogenous shrinkage, as observed in
this study. However, in other work the replacement of cement by
5% metakaolin was reported to reduce early age autogenous
shrinkage of paste with water to binder ratio of 0.5 [29]. C2 has a
moderate adsorption effect and a very high fineness, which led to
higher autogenous shrinkage during the first 5 days. After that, it
had little influence on shrinkage, as it is composed of kaolinite,
illite and silica and therefore anticipated to be inactive in cement
paste.
3.2. Drying shrinkage and water loss

The total shrinkage and water loss over time of SFC, SCC and
SCCF specimens under drying conditions are presented in Fig. 6.
Higher shrinkage occurred in the SCC specimens than the SFC spec-
imens during the test due to higher autogenous shrinkage (dis-
cussed in Section 3.1) and higher cement paste content. However,
no measurable difference was found between the water loss curves
of SCC and SFC, which maybe attributable to the following two
counteracting effects: the lower w/c ratio tends to reduce the water
loss and the higher paste content increases the effective surface
exposure of the specimen to drying. During the first 2 weeks,
shrinkage was somewhat reduced by the 30% replacement of ce-
ment with fly ash, which can be attributable to three aspects: the
decreased autogenous shrinkage (see Fig. 4), the inert filler effects
of fly ash to restrain shrinkage and the changed pore structure of
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the fly ash–cement paste. SCCF mixture with fly ash possibly has a
coarser pore structure than SCC due to the coarser particle size of fly
ash than cement [10] and, consequently, showed the reduced
strength by more than 10% at 14 days as measured in this study.
This is the most important reason for a tremendous increase in
water loss observed in SCCF sample. Although the addition of fly
ash did not lead to a measurable increase in shrinkage strain at
early ages, aggravated desiccation in the fly ash–cement paste at la-
ter ages resulted in a slightly higher shrinkage of SCCF than SCC.

The influence of a 2% addition of clay on the drying shrinkage
and water loss of SCCF are shown in Fig. 7. C1 and C2 both
increased drying shrinkage and water loss. The governing factor
is likely linked to the water adsorption of the clays. The physically
adsorbed water on the clay particles undergo desorption from
environmental drying and cement hydration, contributing to volu-
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Fig. 8. Influence of different additions of clays
metric shrinkage [30]. On the other hand, C3 led to decreases in
both drying shrinkage and water loss. C3 is composed of metakao-
lin, which has high pozzolanic reactivity [31]. The reduction of to-
tal shrinkage upon drying can be partly attributed to the increased
difficulty of moisture transport as the hydration and pozzolanic
reactions consume more free water and lead to a finer pore struc-
ture. Similar results have been observed by Brooks and Johari [32]
on concrete containing 5–15% metakaolin. There is no evidence
that C1 is reactive in cementitious materials and kaolinite, the
main component of C2, has little pozzolanic reactivity when being
calcined below 700 �C [33]. Therefore, the pozzolanic reactivity of
the clays significantly influences the shrinkage behavior of drying
specimens at long-term ages.

The effects of different additions (1.0–2.0%) of each clay type on
the shrinkage of SCCF are presented in Fig. 8. Similar to what was
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shown in Fig. 7, C1 and C2 increased drying shrinkage strain while
C3 decreased it. And increasing the addition content further
enhanced these effects. Overall, additions of up to 1.5% for all clays
did not lead to significant changes in measurable drying shrinkage
strain.

3.3. Restrained ring test

The strain and crack width development of the rings without
clay additions are presented in Figs. 9a and 10a, respectively. In
comparison with SFC, the SCC rings showed a higher rate in strain
development and a higher final strain, as well as a 25% greater final
crack width. These results correlate well with those of the free
shrinkage tests, where SCC specimens experienced higher total
shrinkage and shrinkage development rates. The SCCF rings expe-
rienced a significant decrease in rate of strain development and a
delay in cracking time by 66 h compared to the SCC rings. The
30% replacement of cement with fly ash also led to a decrease in
crack width development, with a 27% reduction in final crack
width. Furthermore, SCCF showed higher cracking resistance than
SFC although it had a higher total free shrinkage under drying. This
can be explained by the lower modulus and higher creep perfor-
mances induced by the addition of fly ash [34].

At additions of 2% by mass of binder, all three clays increased
strain development in SCCF, as shown in Fig. 9b. C1 and C3 mix-
tures had earlier cracking times (90.5 and 104.5 h, respectively)
than the plain SCCF rings (123.5 h). C2 did not have as much of
an effect on cracking time (118.5 h). Although the C3-2% mix expe-
rienced decreased total free shrinkage at later ages compared to
SCCF (see Fig. 8c), it had an earlier cracking time. When the addi-
tion dosage was reduced to 1.5%, C1 and C3 both still led to earlier
cracking, as shown in Fig. 9c. The further increase in ring strain
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Fig. 9. The development of steel ring strain with drying time (a
(compared to 2% dosage) could be attributed to the modulus devel-
opment of mortar.

Fig. 10b compares the crack width development of SCCF rings
against those with clay additions of 1.5% and 2.0%. C1 and C2 both
had minor effects on crack width development while C3 led to a
notable decrease. The results of final crack width are in good agree-
ment with the free shrinkage results at 28 days (see Figs. 7 and 8).
The early age cracking sensitivity was aggravated by the addition
of C1 and C3, as indicated by the earlier cracking times. However,
this did not necessarily result in greater crack growth. And C2 had
no evident effect on the cracking sensitivity or crack development
of mortar. Anyway, clay and fly ash modified SCC showed an
improved early age cracking performance overall than SFC, which
demonstrates the applicability of this new type of concrete in
practice.

3.4. Mechanical performances

The influences of 1.5% addition of C1 and C3 on the mechanical
properties of SCCF are shown in Fig. 11. At 12 h, the flexural
strength, compressive strength and modulus were all increased
by the addition of the clays due to adsorption and filler effects.
At 1 day, the strengths were marginally decreased by the addition
of clay. After 3 days, strength and modulus continued to decrease
in C1 mixture, but increase slightly in C3 mixture. This is due to
the difference in pozzolanic reactivity of each type of clay, as dis-
cussed previously.

The reduced flexural strength is another reason for the early
cracking time C1 exhibited in the restrained shrinkage tests. The
similar strength and modulus development of mortar with and
without C3, however, is contrary to the previous results of the
cracking test, where C3 rings had earlier cracking times than plain
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Fig. 11. Strength and modulus development with curing time (a) flexural strength; (b) compressive strength; (c) Young’s modulus.
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SCCF rings. The difference between curing conditions for the
strength and shrinkage cracking specimens should be considered
in a future study (strength specimens were moist cured while
shrinkage specimens were not), along with creep performance of
mortar containing clay, which is another important factor influenc-
ing early age cracking.

4. Conclusions

Fly ash and clay-modified SCC have enhanced fresh-state prop-
erties, i.e. high green strength and high initial fluidity, which lead
to increased efficiency during the paving process. In this study, it
was determined whether the shrinkage and cracking behavior of
fly ash modified self-consolidating concrete (SCCF) with clays were
comparable to that of slipform concrete (SFC), properties that are
critical for paving applications. The following conclusions can be
drawn from this study:

(1) SCC showed higher autogenous shrinkage and higher total
shrinkage and cracking tendency under drying than conven-
tional SFC. The addition of 30% fly ash delayed the cracking
time and reduced the final crack width of SCC, although it
increased water evaporation and total free shrinkage of
specimens upon drying. Therefore, SCCF showed a better
restrained cracking performance than SFC.

(2) All three clays slightly increased the very early age autoge-
nous shrinkage of SCCF due to adsorption effects. At later
ages, the increase was neglectable.



X. Gao et al. / Cement & Concrete Composites 34 (2012) 478–485 485
(3) A 2% addition by mass of binder in SCCF of C1 (clay com-
posed of purified magnesium alumino silicate) and C2 (clay
composed of kaolinite, illite, silica) led to an increase in total
shrinkage under long-term drying while C3 (clay composed
of metakaolin) led to a decrease. At lower additions of 1.0%,
little influence on total shrinkage was measured for all clays.

(4) C1 increased cracking tendency due to higher shrinkage and
decreased flexural strength development. C2 had very lim-
ited influence on the cracking time and crack width, which
correlated well with the results of the free shrinkage test.
C3 decreased total shrinkage and did not affect strength or
modulus development. However, C3 experienced earlier
cracking than plain SCCF in the restrained shrinkage tests.
This may be due to the curing conditions – restrained
shrinkage specimens did not undergo a period of moist cur-
ing after demolding. Factors such as creep and curing condi-
tions should be considered in further studies.

(5) At low addition levels (up to 2%), none of the clays had a
greatly adverse effect on shrinkage and early-age cracking
– overall, SCC mixes modified with fly ash and small addi-
tions of clay showed comparable performance as conven-
tional SFC.
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