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Abstract

A combination of limestone and calcined clay has emerged as a promising sup-

plementary cementitious material due to its abundant availability to replace tra-

ditional supplementary cementitious materials such as fly ash or ground-

granulated blast-furnace slag in reducing concrete's carbon footprint. Although

different properties have been considered, very limited attention was paid to the

early-age cracking behavior of limestone calcined clay cement (LC3) concretes.

This study aims to investigate the influence of calcined clay reactivity on the

early-age cracking potential of LC3 concretes using the restrained ring test.

Mechanical properties, time to cracking, tensile creep coefficient, and total

shrinkage were measured. Results showed that the reactivity of calcined clay sig-

nificantly impacted total shrinkage, creep coefficients, and time to cracking.

LC3 concretes exhibited higher tensile creep coefficients than pure ordinary

Portland cement concrete, which can provide beneficial tensile stress relaxation

delaying concrete cracking. An apparent calcined clay reactivity coefficient

(Rapp) was proposed correlating well with the time to cracking of the restrained

LC3 concrete rings, thus offering practical guidance for the selection of suitable

calcined clays and mix designs for specific high-risk applications.
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1 | INTRODUCTION

The global effort to achieve the net-zero target by 2050
has driven significant focus on the construction materials
industry.1,2 Concrete, being the second-most consumed
material worldwide after water, plays a crucial role in
this mission.3,4 However, the decarbonization pathway is
facing several challenges due to the intrinsic hard-
to-abate feature of concrete.5 Specifically, carbon dioxide

emissions are mostly linked to cement production, which
accounts for 5%–8% of anthropogenic CO2 emissions.6 To
address this, the partial replacement of ordinary Portland
cement (OPC) by supplementary cementitious materials
(SCMs) has been an effective approach to reducing the
carbon footprint of concrete.7,8 Nonetheless, the future
availability of traditional SCMs such as fly ash or ground-
granulated blast-furnace slag (GGBFS) is uncertain due
to the closure of coal-fired power station or alternative
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methods such as electrolysis and direct reduced iron in
steel production.9–11

Calcined clay has gained significant attention, in the
past two decade, as an alternative SCM because clay is
available in abundant amount worldwide.12,13 The binder
with cement substituted by calcined clay and limestone up
to 50 wt.% is denoted as limestone calcined clay cement
(LC3), which is demonstrated as an alternative to OPC con-
crete. Previous studies have reported comparable or supe-
rior performance in terms of mechanical and durability
properties compared to OPC concretes. For instance, Joseph
et al.14 indicated that LC3 concretes, produced from cal-
cined clay with at least 40 wt.% kaolinite content, could
achieve similar 28-day strength as conventional OPC con-
crete. Extended curing beyond 7 days after casting is not
necessary for LC3 concretes, as the predominant micro-
structure development occurs within the first 7 days.15 In
terms of durability properties, resistivity, absorption rate,
and chloride diffusion resistance improved significantly due
to pore structure refinement with the presence of calcined
clay and limestone in LC3 concrete.16–18 However, the high
replacement levels of calcined clay and limestone cause a
lack of calcium hydroxide buffer in the microstructure,
reducing the resistance against carbonation.19 LC3 blends
also demonstrated good performance in terms of sulfate
expansion and alkali-silica reaction resistance.20,21

Concrete cracking potential is a crucial factor that sig-
nificantly affects both the structural and durability proper-
ties. Cracking occurs when tensile stress exceeds the
tensile strength within a concrete element.22,23 It can lead
to reduced load-bearing capacity or accelerated deteriora-
tion of reinforced concrete structures, as it provides a path-
way for aggressive ions to reach the steel-concrete
interface.24 Shrinkage, an inevitable process in cementi-
tious materials, is one of the major causes of concrete
cracking. Concrete cracking potential induced by shrink-
age also depends on several factors, including tensile
strength, elastic modulus, tensile creep coefficient, degree
of restraint, and increasing rate of tensile stress develop-
ment.25,26 For example, higher tensile strength and tensile
creep coefficient can delay the cracking time while higher
shrinkage and degree of restraint can increase the risk of
early-age cracking and shorten the cracking time. There-
fore, studies on shrinkage-induced concrete cracking have
been conducted for both conventional and blended SCM
concretes. Miltenberger et al.27 and See et al.28 demon-
strated that using shrinkage-reducing admixtures could
effectively decrease the cracking potential of concrete. Fly
ash has been found to reduce shrinkage and increase
relaxation, resulting in enhanced cracking resistance of fly
ash blended concrete.29 Similarly, the improved cracking
resistance of fly ash concrete was also reported in other
studies.30,31 On the other hand, GGBFS reduced the

cracking resistance of blended cement concretes for com-
pressive strength less than 40 MPa while GGBFS concrete
presented a similar cracking potential to 100 wt.% OPC
concrete for compressive strength higher than 50 MPa.31

This was attributed to the different instantaneous stress
rate development in low and high strength grades con-
cretes with high slag content.31

The early-age cracking potential of LC3 concretes was
investigated in few studies. Ston and Scrivener reported
lower basic creep compliance compared to reference OPC
concrete when subjected to a 10%–15% stress level of
28-day strength.32 Scrivener et al.33 reported a similar
autogenous shrinkage while higher autogenous shrink-
age of LC3 pastes than that of OPC paste was exhibited
in other studies.34,35 Total shrinkage was found to be sim-
ilar between LC3 and OPC concretes.22,36 Afroz et al.37

identified that the risk of early-age cracking of LC3 con-
crete was high based on their shorter cracking time com-
pared to 100 wt.% OPC reference mix. The greater risk of
early-age cracking of LC3 concretes, and mortars in
Sumaiya's study was attributed to the higher total shrink-
age rate/autogenous shrinkage rate ratio of LC3 blends.
However, only one type of calcined clay was used.37

This study aims to investigate the influence of cal-
cined clay reactivity on early-age cracking of LC3 con-
cretes. Two calcined clays were used (low and high
reactivity). Different replacement contents of calcined
clay and limestone in the binder were considered. Several
properties influencing the performance of LC3 concrete
cracking including compressive strength, tensile strength,
elastic modulus, total shrinkage, tensile stress, and creep
coefficient were evaluated and compared to reference
concretes including OPC and blended cement (with fly
ash and GGBFS) concretes. Furthermore, correlations
between calcined clay reactivity and properties related to
the risk of early-age cracking are explored in this study.

2 | MATERIALS AND MIX
DESIGNS

2.1 | Materials

To investigate the influence of clay reactivity on the risk
of early-age cracking, two calcined clays denoted as cal-
cined clay 1 and calcined clay 2 (CC1 and CC2) were
used in this study. The kaolinite content of the raw clays
was unknown to the authors because these calcined
clays were received as commercial products. Instead, the
amorphous content (wt.%) in the two calcined clays was
measured by X-ray diffraction (XRD) and considered gov-
erning the reactivity of the calcined clays. A random
powder specimen was prepared by back loading method

CANDA ET AL. 1893

 17517648, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202301131 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [23/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



and a known quantity of crystalline silicon was added to
determine the amorphous proportion. XRD measurement
was conducted by PANalytical X'Pert PRO XRD system
with 45 kV and 40 mA, scan range from 5� to 70� and
0.013� 2θ step size. Data collected were processed by High
Score Plus software using PDF 4+ databased followed by
Rietveld refinement to quantify the crystalline phases
and the amorphous fraction.38,39 After the measurement,
the amorphous content in CC1 and CC2 is 79 wt.% and
51 wt.%, respectively. The details of the XRD-Rietveld
analysis of the two calcined clays are presented in
Table 1. Moreover, the XRD-Rietveld pattern of calcined
clay 1 is presented in Figure 1. Based on the amorphous
content, which is considered as a suitable clay reactivity
indicator, CC1 and CC2 were categorized as medium-
grade and low-grade calcined clay, respectively. General
purpose (GP) cement (Australian Standard AS 379240)
was used in this study. Limestone was supplied by Omya

Australia compliant with ASTM C595.41 The chemical
composition of all materials determined by X-ray fluores-
cence and particle size distribution determined by laser
diffraction are presented in Table 2 and Figure 2, respec-
tively. The coarse aggregate was Basalt with a maximum
nominal size of 10 mm and a specific gravity of 2.8. Syd-
ney sand was used as fine aggregate in this study with
water absorption of 3.5% and specific gravity of 2.65. The
gradation of aggregates was presented in a previous study
by the authors.31

2.2 | Mix designs

Four concrete mix compositions were created with one
reference mix containing only GP cement and three
blended cement mixes with calcined clays (LC3 mixes).
The replacement percentage of LC3 mixes ranged from
30 to 44 wt.%. Due to the high reactivity of calcined clay
CC1, only a replacement rate of 44 wt.% was considered.
All concrete mixes were designed to achieve a concrete
grade between 32 and 40 MPa at 28 days. Consequently,
the water/binder ratios were modified according to the
different calcined clay reactivity and replacement rates
while keeping a constant total binder mass. The mass
ratio of calcined clay: limestone in all LC3 mixes was
approximately 2:1. The aggregates were in saturated sur-
face dry condition prior to the mixing, and a vibration
table was used for concrete compaction. The superplasti-
cizer was added to obtain acceptable workability for all
mixes. Based on the cracking time of restrained rings

TABLE 1 X-ray diffraction-Rietveld results of the two calcined

clays.

Calcined
clay 1

Calcined
clay 2

Quartz (SiO2) 2.0 ± 0.1 49.1 ± 0.1

Mullite (Al(Al1.272Si0.728O4.864)) 6.4 ± 0.1 –

Dickite (Al2Si2O5(OH)4) 7.3 ± 0.1 –

Kaolinite (Al2Si2O5(OH)4) 4.1 ± 0.1 –

Anatase (TiO2) 1.5 ± 0.1 –

Amorphous 78.8 ± 0.1 50.9 ± 0.1

FIGURE 1 X-ray diffraction-rietveld patterns of calcined clay 1.
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(Section 4.2), the effects of superplasticizers on shrinkage
and cracking time could be disregarded as all mixes
cracked after 5 days. The concrete casting was conducted
in a controlled room at a temperature of 23�C and con-
crete specimens were demoulded 1 day after batching.
Table 3 shows the details of the concrete mixes with
aggregate mass in saturated surface dry condition and the
average 28-day compressive strength obtained under
standard wet curing condition (fcm,28) compliant with
Australian Standard AS 1012.8.4 and ASTM C192.42,43

3 | METHODOLOGY

3.1 | Time-dependent mechanical
properties and total shrinkage

Mechanical properties relevant to the risk of early-age
cracking, including indirect tensile strength (Brazil test)
and elastic modulus, were measured in accordance with
ASTM C496 and C469,44,45 respectively, using standards
cylinders 100 � 200 mm. The cylinders were cured at
ambient conditions in a controlled room with 23 ± 2�C

and 50 ± 3% relative humidity (RH) to match the testing
condition of shrinkage and tensile creep experiments.
The mechanical properties were tested at 1, 2, 3, 7, and
28 days after casting. The total shrinkage was determined
by using concrete prisms of 75 � 75 � 280 mm for up to
28 days. Twenty-four hours after casting, the prisms were
demoulded, and initial shrinkage value was measured
within 5 min after demoulding. The subsequent shrink-
age values were monitored with a vertical comparator in
a controlled room at a temperature of 23 ± 2�C and RH
of 50 ± 3%.46 All mechanical properties and shrinkage
were determined in triplicate and the average values
were reported in this study.

3.2 | Concrete restrained and
unrestrained ring test

The concrete ring test was modified from ASTM C158147

and was used in previous studies by the authors.25,31,48,49

Two types of concrete rings were fabricated: restrained
ring and unrestrained ring. All ring specimens, except for
LC3-CC2-44, were demoulded after 1 day of casting. Ring
specimens of LC3-CC2-44 mix design were demoulded
after 2 days due to their low tensile strength, which sig-
nificantly increased the risk of cracking during demould-
ing process. The concrete rings inner diameter is
260 mm, outer diameter of 340 mm, height of 70 mm and
thickness of 35 mm. The restrained concrete ring was
cast with a steel ring on inner surface to evaluate the risk
of early-age cracking induced by restrained shrinkage.
For unrestrained rings, the inner steel mold was removed
during the demoulding process. Unrestrained concrete
rings without the steel ring were used to monitor the
total shrinkage in unrestrained conditions compared to
restrained rings with inner steel ring. The inner surface
of unrestrained rings was covered with waterproof alumi-
num foil to maintain the same drying condition as
restrained condition. Three strain gauges were attached
at mid-height of the inner surface in each ring specimen
and were connected to a data acquisition system to
record the strain values up to 28 days. The strain mea-
surement of both restrained and unrestrained steel rings

TABLE 2 Chemical compositions of binder constituents.

Wt. % SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 SO3 LOI

GP cement 18.96 4.81 3.14 63.76 1.20 0.21 0.46 0.22 2.37 3.96

CC1 51.22 39.37 2.56 0.18 0.10 0.20 0.09 2.88 0.02 2.19

CC2 70.42 22.34 2.34 0.49 0.16 0.10 0.19 1.10 0.02 1.76

Limestone 1.10 0.24 0.17 54.84 1.53 – – – 0.03 43.11

Abbreviations: CC1, calcined clay 1; CC2, calcined clay 2; GP, general purpose; LOI, loss on ignition.

FIGURE 2 Particle size distribution of general purpose

(GP) cement, calcined clays, and limestone.
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started after demoulding. The details of the restrained
and unrestrained ring are shown in Figure 3. Two
restrained rings and two unrestrained rings were fabri-
cated for each mix design. Except for the inner surface,
all other surfaces of the restrained and unrestrained rings
were exposed to drying at a temperature of 23 ± 2�C and
a RH of 50 ± 3%.

3.3 | Early-age tensile creep by dog-bone
specimens

A dog-bone-shaped specimen under uniaxial tensile load
was utilized to measure the tensile creep.25,31,48–50 The

specimen length is 300 mm, biggest width of 200 mm,
smallest width of 70 mm and thickness of 35 mm. The
coarse aggregate size of 10 mm is lower than size limit of
13 mm in ASTM C158147 which using the similar speci-
men's thickness. The detailed dimensions of the dog-bone
specimens are presented in Figure 4a. The specimens
were connected to the creep rig using embedded threaded
bolts and steel plates at each end. Two strain gauges were
attached at the middle of each specimen and connected
to the data acquisition system. The homogeneity of speci-
mens was validated by the consistent strain data between
two strain gauges. The creep rig test arrangement is
shown in Figure 4b. The dog-bone specimens were
loaded in the creep rig after 2 days of casting with the

TABLE 3 Concrete mixtures

details.
Materials (kg/m3) Ref LC3-CC1-44 LC3-CC2-30 LC3-CC2-44

Coarse aggregate 1043 1010 1053 1092

Fine aggregate 853 827 862 893

GP cement 360 201.6 252 201.6

Calcined clay 1 – 108 – –

Calcined clay 2 – – 72 110.2

Limestone – 50.4 36 48.2

Water 176.4 176.4 144 115.2

Total binder 360 360 360 360

Binder replacement (%) 0 44 30 44

Water/binder ratio 0.49 0.49 0.40 0.32

fcm,28 (MPa) 32.5 ± 0.6 39.6 ± 0.4 37.8 ± 1.5 37.0 ± 0.9

Abbreviations: CC1, calcined clay 1; CC2, calcined clay 2; GP, general purpose; LC3, limestone calcined clay
cement.

FIGURE 3 Details of (a) restrained

rings, and (b) unrestrained rings in mm.
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sustained loading at 50% of the 2-day tensile strength
measured by indirect (splitting) tensile test ASTM
C496.45 To be specific, the loading rate of Ref,
LC3-CC1-44, LC3-CC2-30, and LC3-CC2-44 was 2.82,
1.87, 1.62, and 1.64 kN, respectively. The identical dog-
bone-shaped specimens without loading, that is, free dog-
bone specimens were used to monitor shrinkage and cal-
culate the creep coefficient. The early-age tensile creep
coefficient was determined by using loaded dog-bone spec-
imens and companion free dog-bone specimens. The strain
measurement in loaded and unloaded dog-bone specimens
was the average of three replicates. The total strain
(εtotal(t)) at time tmeasured on loaded dog-bone specimens
is the combination of three components as follows:

εtotal tð Þ¼ εe t0ð Þþ εsh tð Þþ εcp tð Þ: ð1Þ

where εe t0ð Þ is the elastic concrete strain measured at the
initial loading time (Day 2 in this study), εsh tð Þ is
the shrinkage strain measured on the free dog-bone spec-
imens and εcp tð Þ is the tensile creep strain of the loaded
dog-bone specimens. The tensile creep coefficient
(φ t, t0ð Þ), depending on concrete age (t) and initial load-
ing time (t0 ¼ 2), is calculated based on Equation (2):

φ t,2ð Þ¼ εcp tð Þ
εe 2ð Þ ¼

εtotal tð Þ� εe 2ð Þ� εsh tð Þ
εe 2ð Þ : ð2Þ

4 | RESULTS AND DISCUSSION

4.1 | Time-dependent mechanical
properties and total prism shrinkage

Figure 5 presents the mechanical properties of concretes,
including indirect tensile strength (a) and modulus of
elasticity (b) up to 28 days after casting. In order to pro-
vide a comprehensive comparison between different

SCMs, three additional blended cement concretes from a
previous study by the authors were included in
Figure 5.25 These concretes, containing 30% fly ash, 40%
GGBFS, and 60% GGBFS, denoted as FA concrete, slag
concrete 40%, and slag concrete 60% in Figure 5, respec-
tively, achieving the same concrete grade of 32 MPa.25

LC3-CC2-44 exhibited the lowest indirect tensile strength
at 1 day after casting (Figure 5a). This can be attributed
to the lower reactivity and high replacement level of
CC2. In contrast, the 1-day indirect tensile strength
of LC3-CC2-30 (with a lower replacement rate) and
LC3-CC1-44 (with higher clay reactivity) were higher
than LC3-CC2-44 and the concrete containing 60%
GGBFS. The Ref concrete displayed the highest 1-day
indirect tensile strength of approximately 1.8 MPa. From
Day 2 to Day 7, LC3-CC2-30 and LC3-CC2-44 demon-
strated a similar indirect tensile strength while
LC3-CC1-44 had the highest indirect tensile strength
among three LC3 concretes. The Ref concrete obtained
the highest indirect tensile strength in the first 7 days.
The development rate of the indirect tensile strength in
LC3 concretes was higher than that of reference concrete
(100% GP cement) from 7 to 28 days. Noticeably, at
28 days, LC3-CC2-30 concrete showed the highest indi-
rect tensile strength among all concretes which can be
attribute to the pozzolanic reactions and reaction
between calcined clay and limestone at 30% replacement
rate, outperforming the reference concrete.17,51 The three
LC3 concretes exhibited a lower elastic modulus at Day
1 compared to the reference and other blended cement
concretes (Figure 5b). Among the three LC3 concretes,
LC3-CC1-44 showed the highest 1-day and 2-day elastic
modulus while LC3-CC2-30 presented the highest
elastic modulus from Day 3 to Day 28. The Ref concrete
had the highest modulus of elasticity among all concretes
over the whole test duration, except for Day
1. LC3-CC2-30 had the highest elastic modulus increas-
ing rate from Day 1 to Day 28 while LC3-CC1-44 concrete
showed the lowest rate.

FIGURE 4 (a) Details of a dog-bone

specimen and (b) tensile creep test

set-up.
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The total shrinkage of the concrete prisms up to
28 days is shown in Figure 6a and the development of total
shrinkage over the first 7 days is shown in Figure 6b. The
type of SCM and the replacement rate significantly influ-
enced the development of the total shrinkage. Specifically,
3 days after casting, concrete with 40% GGBFS, fly ash con-
crete, LC3-CC1-44, and LC3-CC2-30 showed a lower
shrinkage compared to Ref concrete. The 6-day total
shrinkage value was similar among LC3-CC2-30,
LC3-C2-44, and concrete with 40% GGBFS at a value of
�190 μm/m. From Day 6 to Day 14, only the fly ash con-
crete displayed smaller shrinkage values than the reference
concrete. From Day 7 to Day 28, the increasing shrinkage
rate of LC3-CC2-44 concrete was slow, leading to the low-
est total shrinkage value of �330 μm/m among the LC3

concretes at 28 days. The LC3-CC1-44 concrete exhibited
the highest total shrinkage value among all concretes from
4 days of casting, reaching a 28-day total shrinkage value
of approximately �550 μm/m. The high shrinkage of
LC3-CC1-44 can be attributed to the high reactivity of cal-
cined clay 1. The LC3-CC1-44 shrinkage may be decreased
by utilizing a longer curing duration, as suggested by Li
et al.52 LC3-CC2-30 concrete demonstrated higher total
shrinkage from Day 7 to Day 14 compared to 40% GGBFS,
followed by a similar shrinkage development trend as the
concrete with 40% GGBFS, with a shrinkage value of
�400 μm/m at 28 days. Comparing LC3-CC1-44 and
LC3-CC2-44 concretes, which had the same replacement
rate of 44% for calcined clay and limestone, the higher
reactivity of CC1 resulted in a significantly higher total

FIGURE 5 Time-dependent

mechanical properties on dry

curing condition: (a) indirect

tensile strength and (b) modulus

of elasticity. CC1, calcined clay 1;

CC2, calcined clay 2; LC3,

limestone calcined clay cement.
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shrinkage of approximately �220 μm/m at 28 days com-
pared to LC3-CC2-44, despite LC3-CC2-44 concrete having
a lower water/binder ratio (Table 2). The higher reactivity
of CC1 may result in higher hydration degree and higher
autogenous shrinkage in LC3-CC1-44 concrete.22,53 This
highlights the important effect of the calcined clay reactiv-
ity on the total shrinkage development of LC3 concretes.

4.2 | Time to cracking in concrete rings

Figure 7a presents the restrained shrinkage-induced
time to cracking in the restrained rings, and Figure 7b

shows the total shrinkage of the unrestrained rings.
Although two restrained rings were used to monitor the
cracking time, time to cracking was determined conser-
vatively as the first observed crack in the restrained ring
was recorded as a sudden drop in steel strain by the
datalogger.31 The reference concrete (100% GP cement)
cracked after 12 days of casting. Fly ash concrete exhib-
ited the longest cracking time at 16.25 days while
LC3-CC1-44 concrete displayed the shortest cracking
time at 5 days. The high total shrinkage observed in
LC3-CC1-44 (Figure 6) can account for its short crack-
ing time in comparison with other 32 MPa grade con-
cretes. In contrast, the use of CC2 (low reactivity)
instead of CC1 (high reactivity) significantly increased

FIGURE 7 (a) Cracking time in days of restrained rings and

(b) total shrinkage of unrestrained rings. CC1, calcined clay 1; CC2,

calcined clay 2; LC3, limestone calcined clay cement.

FIGURE 6 (a) Total prism shrinkage up to 28 days after

casting and (b) zoomed total prism shrinkage up to 7 days after

casting. CC1, calcined clay 1; CC2, calcined clay 2; LC3, limestone

calcined clay cement.
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the cracking time. Specifically, LC3-CC2-44 extended
the time to cracking to 8 days, which is similar to the
cracking time of concrete containing 40% or 60%
GGBFS. In addition, by reducing the proportion of CC2
and limestone in the binder from 44 to 30 wt.%, the
cracking time of LC3-CC2-30 increased to 11.5 days,
comparable to the cracking time of Ref concrete
(12 days). This result indicates that different calcined
clays with varying reactivity can significantly impact
the shrinkage-induced cracking time, and LC3 con-
cretes can obtain comparable cracking time to conven-
tional concrete (100% GP cement) or other blended
concrete with GGBFS, for example, by using CC2 in this
study.

The total shrinkage of the unrestrained concrete rings
is shown in Figure 7b. LC3-CC2-44 exhibited the lowest
total shrinkage, approximately �210 μm/m, up to
28 days. This can be attributed to the total shrinkage of
LC3-CC2-44 being recorded from Day 2 instead of Day
1 in other mixes. Among the three LC3 concretes,
LC3-CC1-44, with highly reactive CC1 calcined clay,
obtained the highest total shrinkage at �350 μm/m at
28 days. This result is consistent with the results of total
shrinkage obtained with the standard concrete prisms.
The high total shrinkage of LC3-CC1-44 unrestrained
rings can lead to the shortest cracking time at 5 days in
restrained rings. However, GGBFS concrete with 40%
replacement obtained the highest total shrinkage in unre-
strained rings while exhibiting a time to cracking at
9.25 days. This result reveals that the cracking time is
dependent on several factors in addition to total shrink-
age, which is thoroughly discussed in the following
sections.

The concrete tensile stress (σc,act) in the restrained
rings can be calculated from the measured steel strain,25

εst in Equation (3), as follows:

σc,act MPað Þ¼�εst�Est�R2
OS�R2

IS

2R2
OS

�R2
OCþR2

OS

R2
OC�R2

OS

: ð3Þ

where Est is the steel ring elastic modulus (200 GPa), ROS

is the outer radius of the steel ring (135 mm), RIS is the
inner radius of the steel ring (130 mm), and ROC is
the outer radius of the concrete ring (170 mm).

Furthermore, the early-age cracking potential can be
also evaluated from the instantaneous stress rate (S) from
the development rate of steel strain31,47 as presented in
Equation (4):

S MPa=dayð Þ¼G� αavg
�� ��

2
ffiffi
t

p : ð4Þ

where αavg is the average strain rate development factor
against the square root of duration ([m/m]/days1/2).31 An
example of average strain rate calculation of Ref concrete
is presented in Figure 8. t is the elapsed time at cracking
(days) and G is the ring dimensions and steel ring elastic
modulus, which is calculated as follows:

G GPað Þ¼Est�RIC�hst
RIS�hc

ð5Þ

where Est = 200GPa, RIC is the inner radius of concrete
ring (RIC=ROS= 135mm), RIS= 130mm, hst is the thick-
ness of steel (5mm), and hc is the thickness of concrete
ring (35mm).

The concrete tensile stress (σc,act) and the instanta-
neous stress rate (S) plotted against the square root of
duration are presented in Figure 9a,b, respectively. In
Figure 9a, a sudden drop was noticed in all concrete
mixes except for fly ash concrete, where a microcrack
was observed in fly ash concrete rings at 16.25 days
instead of brittle cracking. An example of microcrack and
brittle crack is presented in Figure 10a,b, respectively.
LC3-CC2-30 concrete showed the highest tensile stress
(σc,act) values at cracking while LC3-CC1-44 presented
the lowest tensile stress at around 3 and 1.7 MPa, respec-
tively. LC3-CC2-44 showed similar σc,act values at crack-
ing to that of concrete containing 40% GGBFS. Generally,
except for LC3-CC1-44, the cracking of the restrained
rings occurred when σc,act values were higher than
2.2 MPa. This can be attributed to the longer time to
cracking (after 8 days), which allowed the concrete
to develop tensile strength (f t) and resist cracking caused
by the tensile stress (σc,act) development due to restrained
shrinkage. In Figure 9b, the cracking potential classifica-
tions (low, moderate-low, moderate-high, and high)
based on instantaneous stress rate (S) are included
according to ASTM C1518.47 The instantaneous stress

FIGURE 8 An example of average strain rate calculation of

Ref concrete.
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rate is presented from the starting of drying (Day 1 or
Day 2 for LC3-CC2-44) until the concrete cracking
occurred versus square root of duration (day1/2). As the
drying duration increased, the S values continuously
decreased. At cracking, the S values were in “low” cate-
gory for fly ash concrete, “moderate-low” for Ref concrete
(100% GP cement), and “moderate-high” for others
including LC3 and GGBFS concretes. Noticeably,
LC3-CC2-30 exhibited comparable S value to Ref at
cracking time, with values of 0.18 and 0.14MPa/day,
indicating similar performance in resisting the restrained
shrinkage-induced cracking. The development of the

instantaneous stress rate of LC3-CC1-44 was equivalent
to that of the concrete with 60% GGBFS.

4.3 | Early-age tensile creep

The tensile creep coefficient (φ) of all mixes up to 28 days
is shown in Figure 11. The development of the tensile
creep coefficients strongly was influenced by the types of
SCMs and the binder replacement rates. The variation in
creep coefficients based on the different types of SCMs
was indicated in a previous study.54,55 A higher creep
coefficient can have positive effects by reducing the con-
crete tensile stress caused by shrinkage under restrained
condition.56 All LC3 concretes presented a higher tensile
creep coefficient than that of Ref concrete up to 10 days
after casting. The creep coefficient of LC3-CC1-44,
LC3-CC2-30, and LC3-CC2-44 at 10 days was 0.93, 1.52,
and 1.55, respectively. From 10 to 28 days, LC3-CC1-44
exhibited a slower increase in creep coefficient compared
to GP cement concrete (Ref). The φ values of
LC3-CC1-44 and Ref concretes at 28 days were 1.25 and
1.82, respectively. The creep coefficients of reference GP
cement concretes were within the range between 1 and
2 of CEM I concrete.57 LC3-CC2-44 concrete displayed
the highest creep coefficient among all concrete mixes
until Day 10. Subsequently, the creep coefficient values
of LC3-CC2-30 surpassed those of LC3-CC2-44, becoming
the highest creep coefficient with an φ value of 2.18 at
28 days, approximately 20% higher than the φ value of
Ref concrete. At cracking time of the restrained concrete
ring, the φ value of LC3-CC2-30 was approximately 48%
higher than that of the Ref concrete. LC3-CC2-44 had a
similar creep coefficient value to Ref concrete from 15 to
28 days. Among the blended concretes with SCMs,
LC3-CC1-44 had higher φ values than fly ash concrete
and 60% GGBFS concrete for up to 14 days. From 14 to
28 days, fly ash concrete demonstrated higher φ values
compared to LC3-CC1-44 and 60% GGBFS concrete. Con-
crete with 60% GGBFS exhibited the lowest creep coeffi-
cient over the test duration, which is consistent with the
creep coefficient of high slag concrete (CEM III/B)
reported in a previous study by Li et al.57 In addition,
LC3-CC2-44 showed a higher creep coefficient than 40%
GGBFS concrete until 25 days of casting.

4.4 | Analytical model for the
development of concrete tensile stress in
restrained rings

An analytical model was proposed to predict the develop-
ments of concrete tensile stress in restrained rings in a

FIGURE 9 (a) Concrete tensile stress and (b) instantaneous

stress rate.CC1, calcined clay 1; CC2, calcined clay 2; LC3,

limestone calcined clay cement.
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previous study.25 The model offers several advantages as it
can effectively consider the influence of factors such
as restrained shrinkage, modulus of elasticity, tensile
creep, and aging coefficient of concrete on early-age crack-
ing. Furthermore, the validity of this model was verified
using a large dataset of 21 concrete mixes including differ-
ent SCMs such as fly ash and GGBFS, through both experi-
mental results and finite element simulations.25 The
model can be represented by the following Equation (6):

σc,analytical tð Þ MPað Þ¼DR tð Þ� εsh tð Þ�Ee tð Þ ð6Þ

where σc,analytical tð Þ is the concrete tensile stress at time t
calculated by the analytical model, DR(t) is the degree of
restraint at time t (Equation 7), εsh(t) is the concrete-free
shrinkage at time t. The free shrinkage measured using
standard concrete prisms is assigned as εsh(t) for simplic-
ity, as concrete rings and standard concrete prisms have
a similar hypothetical thickness, that is, volume-
to-surface area. Ee tð Þ is the age-adjusted effective modu-
lus58 at time t as presented in Equation (8):

DR tð Þ¼
1

Ee tð Þ
Est

� 1þυsð ÞR2
ISþ 1�υsð ÞR2

OS

� �

R2
OS�R2

IS

þ 1þυcð ÞR2
OCþ 1�υcð ÞR2

OS

� �

R2
OC�R2

OS

�R2
OCþR2

OS

R2
OC�R2

OS

ð7Þ

Ee tð Þ¼ Ec tð Þ
1þχ t, t0ð Þ�φ t, t0ð Þ ð8Þ

where νs and νc are the Poisson's ratio of steel and con-
crete, respectively, in this study νs = 0.3 and νs = 0.18.
χ t, t0ð Þ= 0.8 is the recommended aging coefficient for the
relaxation problem of concrete loaded at less than 20 days
of age.56 The aging coefficient value of 0.8 was success-
fully utilized to predict the degree of restraint and early-
age cracking time of OPC concretes and blended cement
concretes containing fly ash and GGBFS.25,50,56

FIGURE 11 Tensile creep coefficients up to 28 days. CC1,

calcined clay 1; CC2, calcined clay 2; LC3, limestone calcined clay

cement.

FIGURE 10 (a) Microcracks in red circles and (b) brittle crack.
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In addition, the creep coefficient of a concrete speci-
men depends on the geometry, concrete age (t) and initial
loading time (t0). To take into account these differences,
the creep coefficient of dog-bone specimens is converted
to that of the concrete rings in Equation (9) as follow:

φ t,1ð Þr ¼φ t,2ð Þd�
k2�k3ð Þr
k2�k3ð Þd

ð9Þ

where φ t,1ð Þr and φ t,2ð Þd are the creep coefficient of a
ring specimen (loaded at Day 1) and dog-bone specimen
(loaded at Day 2), respectively. k2 is a parameter account-
ing for the dimension and the concrete age in
Equation (10) and k3 accounts for the initial loading time
(t0) (Equation 11), as described in Australian Standard
AS 360059:

k2 ¼ α2� t0:8

t0:8þ0:15� th
ð10Þ

k3 ¼ 2:7
1þ log t0ð Þ ð11Þ

where α2 ¼ 1þ1:12� e�0:008�th with th is the hypothetical
thickness: th ¼ 2�Ag

ue
. Ag and ue are the cross-section area

and exposed perimeter of the cross-section, respectively.
Figure 12 shows the correlation between the concrete

tensile stress assessed experimentally (σc,act) and the

concrete tensile stress calculated using the analytical
model (σc,analytical) at the time of concrete cracking. The
dotted line in Figure 12 represents the alignment
between the experimental and analytical results. It can
be observed that σc,analytical values are well-agreeing with
σc,act values for all three LC3 concretes (R2= 0.96). The
experimental concrete tensile stress was higher in
LC3-CC1-44 while it was slightly lower than the analyti-
cal concrete tensile stress for LC3-CC2-30 and
LC3-CC2-44 concretes. These results indicate that the
analytical model outlined in Equation (6) can effectively
predict the concrete tensile stress in the concrete
restrained rings, thereby allowing to assess the risk of
early-age cracking in LC3 concretes based on the free
total shrinkage without carrying out the restrained ring
test. This can be achieved thanks to the inclusion of the
stress relaxation through the tensile creep and the aging
coefficient in the equations. In addition, this analytical
model can be considered as a predictive tool for other
applications, for example, different cracking time due to
different degree of restraint as proposed in a previous
study by the authors.25

4.5 | Effect of calcined clay reactivity on
the risk of early-age concrete cracking

Figure 13 shows the correlation between the instanta-
neous stress rate at cracking and the net time to cracking
for both Ref and LC3 concretes. The net time to
cracking was determined as the difference in days
between the age of concrete at cracking and the age when
drying was initiated. In addition, the classifications of
potential for cracking including low, moderate-low,

FIGURE 12 The comparison between concrete tensile stress

assessed experimentally and the tensile stress calculated by the

analytical model at concrete cracking. CC1, calcined clay 1; CC2,

calcined clay 2; LC3, limestone calcined clay cement.

FIGURE 13 Correlation between instantaneous stress rate at

cracking and net time to crack. CC1, calcined clay 1; CC2, calcined

clay 2; LC3, limestone calcined clay cement.
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moderate-high, and high based on ASTM C158147 are
integrated in Figure 12. The Ref concrete was classified
in the moderate-low category while all LC3 concretes
were in moderate-high category. However, the difference
between Ref and LC3-CC2-30 concrete in terms of instan-
taneous stress rate and net time to cracking was less than
10%, indicating that Ref and LC3-CC-30 concretes had a
similar potential for cracking. On the other hand,
LC3-CC1-44 and LC3-CC2-44 concretes had higher
instantaneous stress rate at cracking and lower net time
to cracking, implying a higher potential for cracking
compared to Ref and LC3-CC2-30 concretes. These find-
ings can be attributed to the variations in calcined clay
reactivity (in Section 2.1) and binder replacement rates,
resulting in distinct mechanical and viscoelastic proper-
ties among the LC3 concretes.

To provide more insights regarding the impacts of cal-
cined clay reactivity (%), that is, amorphous content (%)
and binder replacement rate on the risk of early-age
cracking of LC3 concretes, the apparent calcined clay
reactivity was calculated as follows:

Apparent calcined clay reactivity Rapp
� �

¼Calcined clay reactivity %ð Þ�mcalcined clay

mbinder

ð12Þ

where mcalcined clay and mbinder are the mass (kg) of cal-
cined clay and binder in the concrete mix as shown in
Table 3. The apparent calcined clay reactivity of the three
LC3 concretes is presented in Table 4. LC3-CC1-44 con-
crete exhibited the highest Rapp value of 23.7wt.% due to
the high reactivity of CC1 (79wt.% of amorphous phase)
and high proportion of CC1 in the concrete mix. With
the same replacement rate, the apparent calcined clay
reactivity of LC3-CC2-44 was only 15.6wt.% compared to
23.7wt.% of LC3-CC1-44 due to the low reactivity of
CC2 at 51wt.% of amorphous phase. The Rapp value
of LC3-CC2-30 concrete was the lowest at 10.2wt.%
(Table 4).

The correlations between the apparent calcined clay
reactivity (Rapp) and the mechanical properties

(compressive strength, indirect tensile strength, and elas-
tic modulus) of LC3 concretes from Day 1 to Day 28 are
shown in Figure 14. The average coefficients of

TABLE 4 Apparent calcined clay reactivity of LC3 concretes.

Concrete mixes
Apparent calcined clay
reactivity wt.% (Rapp)

LC3-CC1-44 23.7

LC3-CC2-30 10.2

LC3-CC2-44 15.6

Abbreviations: CC1, calcined clay 1; CC2, calcined clay 2; LC3, limestone

calcined clay cement.

FIGURE 14 Correlations between apparent calcined clay

reactivity and mechanical properties: (a) compressive strength,

(b) indirect tensile strength, and (c) Modulus of elasticity.
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determination (R2) are also provided. The apparent cal-
cined clay reactivity presented poor correlations with the
compressive strength (Figure 14a) and the indirect tensile
strength (Figure 14b), with average R2 values only 0.50
and 0.67, respectively. Lee et al.60 also reported a weak
correlation between the compressive strength, tensile
strength and the cracking time of restrained concrete
rings using dune sand and crushed sand. A better correla-
tion was observed between the apparent calcined clay
reactivity and the modulus of elasticity (Figure 14c), with
an average R2 value of 0.89. Noticeably, the correlations
displayed opposite trends between early days (less than
7 days after casting) and later days (28 days). In the early
days, compressive strength, indirect tensile strength, and
modulus of elasticity increased with the increase in
apparent calcined clay reactivity, indicating the influence
of rapid pozzolanic reaction of calcined clays on the
development of the mechanical properties. However, at
28 days, the mechanical properties were primarily gov-
erned by GP cement hydration, and the highest values
were observed in LC3-CC2-30, which had the highest
percentage of GP cement in the concrete mix. The better
mechanical properties of LC3-CC2-44 concrete compared
to LC3-CC1-44 can be attributed to the lower calcined
clay reactivity of CC2 which facilitated the hydration of
the ternary binder. Cardinaud et al.61 also reported that
LC3 blends with low kaolinite content clay presented
higher pozzolanic reactivity than LC3 with a higher
metakaolin content. Both compressive strength and indi-
rect tensile strength presented an increasing trend with
the increase of Rapp from Day 1 to Day 7 but a decreasing
trend with the increase of Rapp at 28 days. By contrast,
the modulus of elasticity exhibited an upward trend at
Day 1 and Day 2 while showing a downward trend from
Day 3 to Day 28. This suggests that GP cement content
governed the elastic modulus of LC3 concretes earlier
than for the compressive strength and the indirect tensile
strength. In general, the apparent calcined clay reactivity
Rapp cannot accurately be used to predict the mechanical
properties of LC3 concretes.

Figure 15 illustrates the correlations between the
apparent calcined clay reactivity and the total shrinkage
measured using the concrete prisms and the unrestrained
concrete rings. The apparent calcined clay reactivity and
the prism total shrinkage in Figure 15a exhibited a poor
correlation with the average R2 value of 0.61. When
increasing the apparent calcined clay reactivity higher
than 15.6 wt.% in LC3-CC1-44 concrete, the total con-
crete shrinkage significantly increased. The Rapp very
poorly correlated with the total shrinkage of the unre-
strained concrete rings (average R2 = 0.28). The correla-
tion trend was similar to that of the prism total
shrinkage, except for the shrinkage at cracking. The

total shrinkage values of the unrestrained rings showed
an opposite trend at the time of concrete cracking of the
corresponding restrained concrete rings. It can be attrib-
uted to the significant difference in cracking time
between the LC3 concretes with low and high Rapp value.
Specifically, LC3-CC2-30 (Rapp = 10.2 wt.%) and
LC3-CC1-44 (Rapp = 23.7 wt.%) cracked at 11.3 days and
5 days, respectively. As a result, LC3-CC2-30 concrete,
which cracked at 11.3 days, developed more shrinkage
than LC3-CC1-44 concrete, which cracked at 5 days.
Overall, similar to mechanical properties, Rapp is not suit-
able to assess LC3 concrete shrinkage.

To gain further insights into the properties at the time
of concrete cracking, Figure 16 presents the correlation
between the apparent calcined clay reactivity Rapp and

FIGURE 15 Correlations between apparent calcined clay

reactivity and total shrinkage: (a) concrete prisms and

(b) unrestrained concrete rings.
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the cracking time (a), the concrete tensile stress σc,act (b),
the instantaneous stress rate S (c), the tensile creep coeffi-
cient φ, and (d) at the time of concrete cracking. Except
for instantaneous stress rate, S (Figure 16c), the apparent
calcined clay activity Rapp exhibited excellent correlations
with time to cracking, concrete tensile stress, and tensile
creep coefficient at concrete cracking, with R2 values
exceeding 0.96. Noticeably, the correlation between Rapp

and cracking time showed the highest R2 value of 0.98,
indicating that Rapp could potentially be used as an indi-
cator of LC3 concrete cracking time, that is, the cracking
potential in LC3 concretes. Specifically, an increase in
the apparent calcined clay reactivity led to a higher risk
of early-age cracking in LC3 concretes. The correlation
between the apparent calcined clay reactivity and the
cracking time could be linked to the tensile creep of LC3
concrete. Lower Rapp value resulted in higher LC3 con-
crete tensile creep coefficient at cracking (Figure 16d).
For instance, LC3-CC2-30 concrete with Rapp = 10.2 wt.%
had the tensile creep coefficient (φ) of 1.6 at cracking,
which was approximately twice the φ value of 0.8 in
LC3-CC2-44 (Rapp = 23.7 wt.%). As mentioned earlier
in Section 4.3, higher tensile creep produces better relaxa-
tion effects on concrete tensile stress delaying the occur-
rence of concrete cracking.56 Ston and Scrivener32

revealed that LC3 blend had lower basic compression

creep coefficients than OPC paste but no drying or total
creep was reported. The lower basic creep coefficients are
attributed to the higher viscosity and different porosity of
C-S-H in LC3 compared to OPC paste.32 In this study, the
total tensile creep of concrete, including tensile basic
creep and tensile drying creep, was measured, showing
that the tensile creep coefficient of LC3 concretes is
higher than that of plain GP cement concrete. By con-
trast, Stone and Scrivener32 assessed the compressive
creep of LC3 pastes, leading to opposite conclusions. Dif-
ferent values of compression and tensile creep coeffi-
cients measured on the same concrete were reported by
previous studies.62–64 For instance, Huang et al.62

reported a higher tensile creep compared to compressive
creep for fly ash concretes loaded at the same age. As
shown in Figure 16b, the concrete tensile stress σc,act
decreased with the increase in apparent calcined clay
reactivity, which is consistent with the correlation with
time to cracking (Figure 16a). In other words, a longer
cracking time allowed higher concrete tensile stress σc,act
to develop in LC3 concretes, thereby producing similar
trends in Figure 16a,b. On the other hand, an increase of
Rapp decreased the instantaneous stress rate S at cracking
in Figure 16c, with a R2 of 0.71 in the correlation. This
can be attributed to the higher strain development in
LC3-CC1-44 (Rapp = 23.7 wt.%) due to a higher shrinkage

FIGURE 16 Correlations of

apparent calcined clay reactivity and

(a) Time to cracking, (b) Concrete

tensile stress at cracking,

(c) instantaneous stress rate at cracking,

and (d) tensile creep coefficient at

cracking.
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and a lower tensile creep coefficient than the other LC3
concretes. The relationships described in this paper are
based on only three LC3 concretes. As a result, further
studies are required to better understand the correlations
between the apparent calcined clay reactivity (Rapp) and
the properties related to the early-age cracking potential
of LC3 concretes.

5 | CONCLUSION

This study investigates the influence of the calcined clay
reactivity on the risk of restrained shrinkage-induced
early-age cracking in LC3 concretes. Mechanical proper-
ties, time to cracking, tensile creep coefficient, total
shrinkage, and tensile stress development were evalu-
ated. Two types of calcined clay with significantly differ-
ent reactivity and two different replacement rates were
considered. The results were compared with a plain GP
cement concrete and blended concretes incorporating fly
ash or GGBFS. The main findings from this study are pre-
sented as follows:

• The high reactivity of the calcined clay CC1 resulted in
a significantly higher concrete total shrinkage than
that of calcined clay CC2 concretes, also resulting in
the highest total shrinkage values among all reference
concretes. The total shrinkage of the low reactivity cal-
cined clay (CC2) concretes fell within the range of total
shrinkage of the concretes containing fly ash and
GGBFS. Noticeably, the LC3 concrete with 44 wt.%
replacement rate with low reactivity calcined clay
(LC3-CC2-44) showed a lower total shrinkage than
that of reference concrete, demonstrating the signifi-
cant impact of the calcined clay reactivity on the devel-
opment of total shrinkage in LC3 concrete.

• The restrained concrete ring with high reactivity calcined
clay (LC3-CC1-44) presented the shortest cracking time
at 5 days. However, by using low reactivity calcined clay
(CC2 instead of CC1), the cracking time increased signifi-
cantly. The cracking time of LC3-CC2-30 concrete was
comparable to the reference concrete at 11.5 days while
LC3-CC2-44 exhibited a cracking time similar to concrete
containing 40 or 60 wt.% GGBFS.

• LC3-CC1-44 and LC3-CC2-44 concretes showed higher
tensile creep coefficients than that of reference con-
crete up to 10 days and 16 days, respectively.
LC3-CC2-30 presented a higher tensile creep coeffi-
cient than that of reference concrete until 28 days. At
the cracking time of the restrained concrete ring, the
tensile creep coefficient of LC3-CC2-30 was approxi-
mately 48% higher than that of the Ref concrete. The
higher creep coefficient can provide beneficial

relaxation toward concrete tensile stress to delay con-
crete cracking.

• The analytical model, initially developed for GP
cement, fly ash, and GGBFS, successfully predicted the
development of the concrete tensile stress in the LC3
concrete restrained rings. This demonstrates that the
analytical model can be applied to LC3 concretes, simi-
larly to other traditional SCMs in concretes.

• According to ASTM C1581, LC3 concretes were classi-
fied as moderate-high category of early-age cracking.
However, the instantaneous stress rate of LC3-CC2-30
was very close to that of the reference concrete, in the
moderate-low category.

• In this study, an apparent calcined clay reactivity coef-
ficient (Rapp) was proposed accounting for both reactiv-
ity of calcined clay and replacement rate in the binder.
Rapp exhibited an excellent correlation with the crack-
ing time of the restrained LC3 concrete rings. Further-
more, the correlation between Rapp and both concrete
tensile stress and creep coefficient at cracking time
was also excellent, although Rapp did not correlate well
with the development of the mechanical properties of
LC3 concretes. The Rapp coefficient could potentially
be used in practice to assess the early-age cracking
potential of LC3 concretes, allowing to reduce the risk
of restrained shrinkage-induced cracking of LC3 con-
crete structures by selecting appropriate calcined clays
and mix design for specific high-risk applications.
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