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Shrinkage-induced cracking can impair the durability of concrete structures. In the past few decades, this
topic has drawn more and more attention. Shrinkage of mortar and concrete is actually the result of the
interaction between the shrinking cement paste and the non-shrinking aggregates. In recent years, differ-
ent models that consider the restraining effect of aggregates, i.e. Series model and Hobbs’ model, have
been proposed to predict the autogenous shrinkage of mortar and concrete. However, in these models
both aggregate particles and cement paste matrix are considered as elastic materials. In fact, cement
paste is not ideally elastic. Creep also plays an important role in autogenous shrinkage of mortar and con-
crete. In this paper an extended Pickett model, which takes the effect of creep into consideration, is pro-
posed. The autogenous shrinkage of CEM I and CEM III/B cement mortar and concrete is simulated by
using this model and compared with the experimental results to evaluate the accuracy of the predictions.
The results show that the extended Pickett model can well predict the autogenous shrinkage of mortar
and concrete.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Portland cement is widely used in civil engineering since its
invention in the early 19th century. The primary application of
Portland cement is concrete which is made of cement paste matrix
and aggregates. The focus about concrete is traditionally on the
mechanical properties of the material, especially strength. In
recent years, the durability of concrete structures has drawn more
and more attention. Many structures need to be repaired after
serving a certain period of time. Several factors affect the durability
of concrete, e.g. alkali-aggregate reaction, carbonation and sul-
phate attack. Cracks in concrete would provide potential access
for water and corrosive agents to penetrate into the concrete and
accelerate the deterioration. The tensile stress induced by
restrained shrinkage is one of the major reasons of cracking in con-
crete structures.

There are many different kinds of shrinkage, e.g. chemical
shrinkage, drying shrinkage and autogenous shrinkage [1]. Among
these different kinds of shrinkage, autogenous shrinkage was con-
sidered negligible for a long time. In recent years, due to the
increasing utilization of high-performance concrete and ultra-
high performance concrete, autogenous shrinkage becomes more
and more important. Although the leading mechanism of autoge-
nous shrinkage is still under debate, the existence of relationship
between the internal relative humidity change and autogenous
shrinkage is accepted by most researchers [2–7]. Surface tension,
disjoining pressure and capillary tension are the three most fre-
quently discussed mechanisms [8]. Based on these mechanisms,
a few simulation models have been proposed during the past few
years [5,9–11]. In these models, the autogenous shrinkage of
hydrating cement paste matrix is simulated first and then the
restraining effect of aggregate on the shrinking cement paste is
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taken into consideration. Both aggregate particles and cement
paste matrix are considered as elastic materials. However, the pre-
diction of autogenous deformation by using the existing models is
not satisfactory since there are always pronounced differences
between the measured and calculated results after the first 24 h
[5]. A few researchers thought that these differences are due to
the ignorance of time-dependent behaviour of the material, i.e.
creep, in these proposed models [5,12–14].

Creep is the long-term deformation of a solid material under
persistent mechanical stress. The mechanism of creep has been
debated during the past few decades and the most often men-
tioned mechanisms include seepage, viscous flow and micro-
cracking. Although no single proposed theory describes the phe-
nomena of creep comprehensively, the proposed mechanisms have
one thing in common: they all relate to the change of microstruc-
ture and water content of the cement paste [15]. Based on the pro-
posed mechanisms, different simulation models have been
developed to predict the time-dependent behaviour of cement
paste, e.g. solidification model [16]. Among these developed mod-
els, activation energy concept, which is proposed by Arrhenius in
1889 [17], has been applied by many researchers [18,19] to
describe the creep behaviour of cementitious materials during
the past few years.

In this paper, hydrating cement paste is dealt as visco-elastic
material. The activation energy concept is adopted to simulate
the time-dependent behavior of cement paste, i.e. creep. The auto-
genous shrinkage of cement mortar and concrete is calculated
based on the autogenous shrinkage of the cement paste and the
restraining effect of the aggregate particles. The restraining effect
of the aggregates on the autogenous shrinkage of cement mortar
and concrete is simulated by using an extended Pickett model.
Pickett model [20] is a simulation model of shrinkage of concrete
as a function of shrinkage of cement paste and aggregate content.
Cement paste and aggregates are considered as elastic materials in
Pickett model. In the extended Pickett model the effect of creep is
also taken into consideration. The autogenous shrinkage of CEM I
and CEM III/B cement mortar with fine sand is simulated by this
model and compared with experimental results to evaluate the
accuracy of the predictions. The extended Pickett model is also
used to predict the early-age autogenous shrinkage of CEM I and
CEM III/B concrete with coarse aggregates.
2. Methodology

2.1. Driving force of autogenous shrinkage

Cement paste is a porous material and consists of solid skeleton
and pores. During the hydration process under the sealed condi-
tion, pore water is gradually consumed and internal relative
humidity decreases. This phenomenon is called self-desiccation.
There is a general agreement about the existence of a relationship
between autogenous shrinkage and self-desiccation of the harden-
ing cement paste. But the mechanism that causes autogenous
shrinkage is still subject of debate. Surface tension, disjoining pres-
sure and capillary tension are three most frequently discussed
mechanisms. In this paper, capillary tension rcap [MPa] is adopted
as the major mechanism of autogenous shrinkage which can be
calculated with Laplace law [21]:

rcap ¼ �2c
r

ð1Þ

where c [N=m] is the surface tension of the pore fluid, 0:073N=m for
pure water; r is the radius of the largest capillary pore still filled
with water, i.e. Kelvin radius. It can be calculated as [22,23]:
2

r ¼ � 2cVw

RTln RH
RHS

ð2Þ

where Vw [m3=mol] is the molar volume of water,18.02 � 10�6

m3=mol; R[J=ðmolÂ � KÞ] is the ideal gas constant, 8.314

J=ðmolÂ � KÞ; T K½ � is the absolute temperature; RH is the measured
relative humidity and RHS reflects the effect of dissolved ions on rel-
ative humidity. In this paper, the value of RHS is taken as 0.97 [6].

With capillary tension rcap [MPa] the internal pressure exerted
by the pore water on the solid skeleton of cement paste, i.e. inter-
nal driving force of autogenous shrinkage, can be calculated by
using effective stress method [24]:

re ¼ jSwrcap ð3Þ
where Sw [-] is the degree of saturation, which can be calculated as
the ratio between the evaporable water content Vew in the cement
paste and the total pore volume Vp of the cement paste [25]:

Sw ¼ Vew

Vp
¼ Viw � Vnew

Viw � Vnew þ Vcs
ð4Þ

where Viw [cm3 water/cm3 paste] is the initial water content; Vnew

[cm3 non-evaporable water/cm3 paste] is the non-evaporable water
content and Vcs[cm3 chemical shrinkage/cm3 paste] is the volume of
chemical shrinkage.

j [-] is the Biot coefficient and can be written as [26]:

j ¼ 1� KP

KS
¼ 1� E

3ð1� 2#ÞKS
ð5Þ

where KP [MPa� is the bulk modulus of the cement paste; KS [MPa� is
the bulk modulus of the solid skeleton of cement paste and its value
can be taken as 44 GPa [27].

2.2. Autogenous shrinkage of cement paste

In this paper, the autogenous shrinkage of cement paste is
divided into an elastic part and a time-dependent part:

epðtÞ ¼ eelðtÞ þ ecrðtÞ ð6Þ
where epðtÞ [m=m] is the autogenous shrinkage of cement paste;
eelðtÞ [m=m] is the elastic part of autogenous shrinkage; ecrðtÞ
[m=m] is the time-dependent part of autogenous shrinkage, which
is also called creep part.

2.2.1. Elastic part of autogenous shrinkage eel(t)
According to Hooke’s law, the elastic part of autogenous shrink-

age eelðtÞ can be calculated as [28]:

eelðtÞ ¼ rðtÞ
EðtÞ 1� 2#ð Þ ð7Þ

where rðtÞ[MPa] is the internal driving force at time t;EðtÞ [MPa] is
elastic modulus of cement paste at time t; # is the Poisson’s ratio. In
this paper, the value of Poisson’s ratio of cement paste is taken as
0.2 [27].

2.2.2. Creep part of autogenous shrinkage ecr(t)
According to the activation energy concept [29], the work done

during creep of cement paste is made up of an elastic component
Wel, and an internal frictional component WR:

Fx ¼ Wel þWR ð8Þ
in which F is the load that causes the deformation and x is the

deformation.
Assuming Hooke’s Law, the elastic component Wel can be

expressed as:



Fig. 1. Schematic illustration of a spherical aggregate particle with cement paste
shell.
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Wel ¼ Al
Z e

0

Eede ¼ AlE
e2

2
¼ Al

E
2
x2

l2
¼ AE

2l
x2 ð9Þ

where A[m2] and l [m] are the cross-section and length of the sam-
ple, respectively. E [MPa] is the elastic modulus.

The frictional componentWR is proportional to both _x and num-
ber of points of contact in the cement gel which can be expressed
as the amount of hydrated cement aC0(C0equals the amount of ini-
tial cement per unit volume and a is the degree of hydration), then
[29]:

WR ¼ R0aC 0x _x ð10Þ
Where R0R0[N=m] is a parameter of proportionality. The value of R0

increases with increasing deformation. According to Wittmann
[30,31], R0 can be written in form of activation energy as:

R0 ¼ Ar
xsinhðgrÞlNa expð

Q
RT

Þ ð11Þ

where Q [J] is the activation energy of the cement paste;x [-] and g
[m2=N] are structure dependent parameters and constant for a
given material [32]; R [J=ðmol � KÞ] the universal gas constant and
T [K] the absolute temperature.

Inserting Equation (9) and Equation (10) in Equation (8) gives:

Fx ¼ AE
2l

x2 þ R0aC0x _x ð12Þ

If we solve this equation, the time-dependent deformation of
the cement paste specimen x is obtained [31]:

x tð Þ ¼ 2Fl
AE

ð1� expð� AE
2lR0Na

tÞÞ ð13Þ

The time-dependent strain of the cement paste specimen can be
written as [32]:

ecr tð Þ ¼ 2r
E

1� exp � AE
2lR0Na

t
� �� �

ð14Þ

Combining Equation (11) and Equation (14), we obtain:

ecr tð Þ ¼ 2r
E

1� exp �xsinh grð ÞE
2rexp Q

RT

� � t

 ! !
ð15Þ
2.3. Restraining effect of aggregates on shrinkage of cement mortar
and concrete

In order to quantify the restraining effect of aggregate particles
on the shrinkage of cement mortar and concrete, an extended Pick-
ett model is proposed in this paper. In extended Pickett model,
aggregate particles are considered as elastic material and the sur-
rounding cement paste is considered as homogeneous and visco-
elastic material. The restraining effect of one spherical aggregate
particle on the shrinking cement paste is calculated first. According
to Pickett [20], the cement paste in the mixture is represented as
one single shell surrounding the spherical aggregate particle. The
restraint by the spherical aggregate particle when the surrounding
cement paste tends to shrink will cause the following stresses in
the large cement paste shell as shown in Fig. 1 [28,33]:

rr ¼ � pa3

r3
b3 � r3

b3 � a
3 ð16Þ

rt ¼ pa3

2r3
b3 þ 2r3

b3 � a
3 ð17Þ

where rr [MPa� is the stress in the radial direction, rt [MPa� is the
stress perpendicular to the radius, r [m� is the radial coordinate,
3

a[m� is the radius of the inner sphere, b[m� is the radius of the outer
shell, p [MPa� is the unit pressure between inner particle and outer
shell generated by the shrinkage of the outer shell.

In extended Pickett model, the change of radius d of the outer
shell (Fig. 2) caused by the restraining effect of the aggregate par-
ticle is supposed to consist of an elastic and a time-dependent
parts, as shown by:

d ¼ de þ dc ð18Þ
where de is the elastic part and dc is creep.

For the elastic part de, it holds the same as described in Pickett
model [20]:

de ¼ r
E
½ 1� lð Þrt � lrr � ð19Þ

The activation energy concept introduced in Section 2.2.2 is
adopted to calculate the creepdc , which is written as:

dc ¼ 2r
E
½ 1� lð Þrt � lrr � 1� exp �xsinh grð ÞE

2rexp Q
RT

� � t

 ! !
ð20Þ

From Equations 16–20, the change of radius d can be calculated
as:

d ¼ de þ dc ¼ pa3

Er2
1� l
2

b3 þ 2r3

b3 � a
3 � l b3 � r3

b3 � a
3

" #

� 1þ 2 1� expð�xsinh grð ÞE
2rexp Q

RT

� � tÞ
 !" #

ð21Þ

The restraint of the aggregate particle reduces the shrinkage of
the total body by the amount:

4pb2d r¼ bj ¼3pVi

E
1�l
2

� �
3b3

b3�a3
1þ2 1�exp �xsinh grð ÞE

2rexp Q
RT

� � t

 ! !" #

ð22Þ

where Vi ¼ 4=3pa3 is the volume of the inner aggregate particle.
If there is no restraint, the surrounding cement paste shell will

reduce in volume by 3eV , where V m3
� �

is the volume of the mix-
ture and e m=m½ � is the linear shrinkage. The reduction in volume
shrinkage due to restraint by the aggregate particle can be desig-
nated as �3DeV , where De is the reduction in the linear
shrinkage:



Fig. 2. Schematic representation of restraining effect of an aggregate particle on the shrinkage of cement paste.
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�3DeV ¼ 3pVi

E
1� l
2

� �
3b3

b3 � a3

� 1þ 2 1� expð�xsinh grð ÞE
2rexp Q

RT

� � tÞ
 !" #

ð23Þ

Due to the shrinkage of the cement paste shell, pressure p will
generate on the inner aggregate particle and this pressure will
cause a volume reduction of the inner aggregate particle, which
can be calculated as:

3 1� 2li

� �
pVi

Ei
¼ 3eVi � 4pa2d r ¼ bj ð24Þ

where Ei [MPa] and li½�� are Young’s modulus and Poisson’s ratio,
respectively, for the inner aggregate particle. In this paper, the val-
ues of Ei and li are taken as 70 MPa [5] and 0.25 [34].

Eliminating p from Equation (23) and (24) gives:

�DeV ¼ beVi ð25Þ
where b is a factor which can be calculated as:

b ¼ 3ð1� lÞ
1þ lþ 2ð1� liÞE=½1þ 2 1� expð�xsinh grð ÞE

2rexp Q
RTð Þ tÞ

� �
�E

i

ð26Þ

The previous text describes the restraining effect of one aggre-
gate particle on the shrinkage of the cement paste shell. The
restraining effect of all aggregate particles in the cement mortar
and concrete on the shrinkage can be calculated with the following
formulas. Let the volume of aggregate per unit volume of mix be g.
The increase in g due to the addition of one particle of volume Vi to
the mixture will be:

Dg ¼ gV þ Vi

V þ Vi
� g ¼ ð1� gÞ Vi

V þ Vi
ð27Þ

Combining Equation (25) and (27) results in:

De
e

¼ � bDg
1� g

V þ Vi

V
� � bDg

1� g
ð28Þ

In differential form,

de
e

¼ � bdg
1� g

ð29Þ

Then integrate it,

et ¼ epð1� gÞb ð30Þ
where et is the shrinkage of mortar and concrete, ep is the shrinkage
of corresponding paste.
4

2.4. Simulation model of autogenous shrinkage of cement mortar and
concrete

In the proposed model, early-age properties of cement paste, i.e.
non-evaporable water content, chemical shrinkage, internal rela-
tive humidity and elastic modulus should be obtained by experi-
ments as inputs. With these measured properties, the
autogenous shrinkage of hardening cement paste is calculated first.
Based on the calculated autogenous shrinkage of hardening cement
paste, the autogenous shrinkage of cement mortar and concrete is
predicted by using the extended Pickett model. In Fig. 3, a flow
chart of the whole calculation procedure is shown.

2.5. A comparison between the original picket model and the extended
Pickett model

Fig. 4 shows the autogenous shrinkage of blast furnace slag
cement mortars (CEM III 42.5 N) with water-cement ratio 0.3
and different sand-cement weight ratio, i.e. 0.1, 0.3, 0.5 and 0.7,
calculated with the original Pickett model and the extended Pickett
model. This figure shows that the autogenous shrinkage calculated
with the extended Pickett model is smaller than that with the orig-
inal Pickett model. The difference between the calculated autoge-
nous shrinkage with Pickett’s model and the extended Pickett
model of cement mortar increases with increasing sand content.
For example, due to creep the calculated autogenous shrinkage of
a BFS cement mortar with water-binder ratio 0.3 and sand-
cement weight ratio 0.7 at 7 days changes from 180 lstrain to
120 lstrain, so decreasing by 60 lstrain (yellow dotted line and
yellow solid line in Fig. 4). This is in line with results reported by
Grasley [12], who studied the autogenous shrinkage of fly ash con-
crete with water-binder ratio of 0.33. The fly ash dosage in blended
mixtures was 35% by weight of the binder. The sand-cement
weight ratio was 0.74. According to Grasley [12], by taking creep
into consideration, the calculated autogenous shrinkage of con-
crete at 10 days changed from 144 lstrain to 94 lstrain, decreasing
50 lstrain.

3. Prediction of autogenous shrinkage of cement mortar

3.1. Mixture design

The materials used to synthesize mortar were Portland cement
(CEM I 42.5 N) and blast furnace slag (BFS) cement (CEM III/B
42.5 N), water and quartz sand. The Portland cement had a calcu-
lated Bogue composition of C3S 67.1%, C2S 5.9%, C3A 7.8%, and C4AF
9.6%. The mean particle size D50 of Portland cement and BFS



Fig. 3. Scheme of simulation model of autogenous shrinkage.

Fig. 4. Calculated autogenous deformation of BFS cement paste and mortar (sand-cement weight ratio is 0.1, 0.3, 0.5 and 0.7) with Pickett model and the extended Pickett
model with water-binder ratio of 0.3.
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cement were 22 lm and 24 lm, respectively. Quartz sand with size
of 0.125 ~ 0.250 mm was added.
5

Eight mortar mixtures were utilized to study the autogenous
shrinkage of cement mortar. The Portland cement pastes were
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made with CEM I 42.5 N and CEM III/B 42.5 N was used to prepare
slag cement pastes. In both cases, the water-binder ratios were 0.3
and 0.4. The mortars were made of the same pastes, with the sand-
cement weight ratios 0.1 and 0.3. The mixture compositions of
pastes and mortars are listed in Table 1. Mortar was mixed in a
5lL epicyclical Hobart mixer. The mixing process followed ASTM
305-99 [35].

3.2. Experimental methods and results

In order to calculate the autogenous shrinkage of cement paste
mortar by using the proposed model, several early-age properties
of cement paste need to be measured. The early-age properties of
cement paste include non-evaporable water content, chemical
shrinkage, internal relative humidity and elastic modulus. These
measured early-age properties of Portland and BFS cement pastes
can be found in a previous study [36] and are not presented in this
paper.

In order to measure the autogenous shrinkage, cement paste
and mortar were cast under vibration into corrugated plastic molds
as shown in Fig. 5(a) (low-density polyethylene plastic, LDPE) [37].
The length and diameter of the samples were approximately
430 mm and 29 mm, respectively. After final setting time, when
a solid skeleton of cement paste and mortar was formed, the mea-
surements of autogenous shrinkage started. In this study, the final
setting time was determined by the Vicat method according to
standard NEN-EN 196-3:2005 [38]. The samples were placed in a
glycol bath (as show in Fig. 5(b)). The temperature of the glycol
bath was kept at 20 ℃. The longitudinal deformation was mea-
sured by a TRANS-TEK 350-000 displacement transducer with a
measurement accuracy of ± 5 lm=m. Three specimens were tested
for each measurement. Autogenous deformation of the specimens
was recorded every 5 min.

Figs. 6 and 7 show the measured autogenous deformations of
Portland and BFS cement pastes and mortars with water-binder
ratio 0.3 and 0.4. The starting time of the measurements is the final
setting time. From Figs. 6 and 7 it can be noticed that the autoge-
nous shrinkage of cement mortars decreases with the increasing
sand dosage. This phenomenon is due to the restraining effect of
sand which will be numerically simulated in the following section.
(Note: Deformation [lstrain] in Figures means Autogenous strain
and the unit is [lm=m]).

3.3. Numerical simulation of autogenous shrinkage of cement paste
and mortar

Based on the measured early-age properties of cement paste,
the materials parameters include degree of saturation, capillary
tension and elastic modulus are calculated firstly. Then the autoge-
Table 1
Mixture composition of different cement pastes and mortars (% by weight).

Paste/mortar mixture name Binder

w/b CEM I 42

OPC 0.3 0.3 100
OPC 0.3 + 10%sand 0.3 90
OPC 0.3 + 30%sand 0.3 70
OPC 0.4 0.4 100
OPC 0.4 + 10%sand 0.4 90
OPC 0.4 + 30%sand 0.4 70
BFS 0.3 0.3 0
BFS 0.3 + 10%sand 0.3 0
BFS 0.3 + 30%sand 0.3 0
BFS 0.4 0.4 0
BFS 0.4 + 10%sand 0.4 0
BFS 0.4 + 30%sand 0.4 0

6

nous shrinkage of cement paste and mortar is calculated with
these parameters by using the proposed model. The calculated
degree of saturation, capillary tension and elastic modulus of
cement paste can be found in [36]. The calculated autogenous
shrinkage of cement paste can also be found in [36] and is shown
in this paper as reference.

3.3.1. Portland cement paste and mortar with w/b ratio 0.3
Fig. 8(a) shows the measured and calculated autogenous shrink-

age of Portland cement pastes with water-binder ratio 0.3 after the
final setting time. A fast measured shrinkage can be noticed after
final setting. This fast shrinkage is followed by a short period of
swelling after which the specimens shrink steadily. According to
some researchers [39–42] taking the final setting time as the start-
ing point of autogenous shrinkage is questionable and the fast
measured shrinkage cannot be counted into autogenous shrinkage
[36]. The time when the maximum (macroscopic) swelling is
observed is taken as the starting time of autogenous shrinkage in
this paper [43]. In Fig. 8(b), autogenous shrinkages of Portland
cement paste with water-binder ratio 0.3 after the short period
of swelling are presented.

Fig. 9(b) and Fig. 10(b) show the calculated and measured auto-
genous shrinkage of the Portland cement mortars with water-
binder ratio of 0.3 and sand-cement weight ratio 0.1 and 0.3 after
the short period of swelling. The calculated contributions of elastic
and time-dependent part of autogenous shrinkage are also shown
in these figures. It can be noticed that the creep plays an important
role in autogenous shrinkage of cement mortar and should not be
neglected. This result is in line with the finding reported by Lura
[5].

Figs. 9 and 10 also show the autogenous shrinkage of cement
mortar with higher sand-cement weight ratio is smaller than that
of cement mortar with lower sand-cement weight ratio. This is
due to the restraining effect of sand on shrinking cement mortar
and the effect can be simulated by using the extended Pickett
model.

3.3.2. Portland cement paste and mortar with w/b ratio 0.4
Fig. 11 shows the measured and calculated autogenous shrink-

age of Portland cement pastes with water-binder ratio 0.4 [36].
Fig. 12(b) and Fig. 13(b) show the calculated and measured

autogenous shrinkage of the Portland cement mortars with
water-binder ratio of 0.4 and sand-cement weight ratio 0.1 and
0.3 after the short period of swelling. By comparing Fig. 12(b)
and Fig. 13(b) with Fig. 9(b) and Fig. 10b), it can be noticed that
creep plays a more important role in autogenous shrinkage of
cement mortars with high water-binder ratio. This is due to the
lower stiffness of Portland cement mortar with higher water-
binder ratios. The Cement mortar with lower stiffness normally
Sand (%)

.5 N (%) CEM III/B 42.5 N (%)

0 0
0 10
0 30
0 0
0 10
0 30
100 0
90 10
70 30
100 0
90 10
70 30



Fig. 5. The setup for the autogenous shrinkage measurement.

Fig. 6. Autogenous deformation of Portland cement paste and mortar with water-binder ratio of 0.3 and 0.4.

Fig. 7. Autogenous deformation of BFS cement paste and mortar with water-binder ratio of 0.3 and 0.4.
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Fig. 8. Measured and calculated autogenous deformation of Portland cement paste with water-binder ratio 0.3 [36].

Fig. 9. Measured and calculated autogenous deformation of Portland cement mortar (10% sand) with water-binder ratio 0.3.
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has a bigger creep coefficient due to the higher porosity [44]. Sim-
ilar result can be found in Hu’s thesis [45].

3.3.3. BFS cement paste and mortar with w/b ratio 0.3
Fig. 14 shows the measured and calculated autogenous shrink-

age of BFS cement pastes with water-binder ratio 0.3 [36]. Figs. 15
and 16 show the calculated and measured autogenous shrinkage of
the BFS cement mortars with water-binder ratio of 0.3 and sand-
cement weight ratio 0.1 and 0.3.

The calculated autogenous shrinkage of BFS cement mortar
after maximum swelling is shown in Fig. 15(b) and Fig. 16(b),
divided into an elastic part and a creep part. The calculated autoge-
nous shrinkage of BFS cement mortar is much bigger than that of
Portland cement mortar with the same water-binder ratio at the
same curing age (See Figs. 9 and 10). The bigger calculated autoge-
nous shrinkage of BFS cement paste may have two reasons, i.e.
lower elastic modulus and bigger capillary tension of BFS cement
paste [36].
8

3.3.4. BFS cement paste and mortar with w/b ratio 0.4
Fig. 17 shows the measured and calculated autogenous shrink-

age of BFS cement pastes with water-binder ratio 0.4 [36]. Figs. 18
and 19 show the calculated and measured autogenous shrinkage of
the BFS cement mortars with water-binder ratio of 0.4 and sand-
cement weight ratio 0.1 and 0.3.

The calculated autogenous shrinkage of BFS cement mortar
after maximum swelling is shown in Fig. 18(b) and Fig. 19(b),
including an elastic part and a creep part. It can noticed that the
difference between the measured and calculated autogenous
shrinkage at the first several days is big but the autogenous shrink-
age at seven days is predicted well with the model. For BFS cement
paste with water-binder ratio of 0.4, the relative humidity is close
to 100% [36] and the measuring equipment of relative humidity is
not very sensitive at that range. This may lead to a smaller mea-
sured drop of relative humidity at the first several days, which will
result in smaller calculated autogenous shrinkage of cement paste
and mortar.



Fig. 10. Measured and calculated autogenous deformation of Portland cement mortar (30% sand) with water-binder ratio 0.3.

Fig. 11. Measured and calculated autogenous deformation of Portland cement paste with water-binder ratio 0.4 [36].
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4. Prediction of autogenous shrinkage of concrete

In previous section the extended Pickett model was used to pre-
dict the autogenous shrinkage of cement mortar with a relatively
low aggregate content (lower than 30%). In this section, Portland
and BFS concretes were studied to check whether the autogenous
shrinkage of mixtures with gravels and high aggregate fraction
can also be accurately predicted.
4.1. Mixture design

Portland cement concrete and BFS concretes are considered for
studying the autogenous shrinkage of concrete. The measured
autogenous shrinkage of Portland cement concrete is taken from
Zhang’s paper [46]. The concrete was made with Type I (ASTM)
normal Portland cement. The water-binder ratio was 0.3. The
coarse aggregate used was crushed granite with a maximum size
of 20 mm. The fine aggregate used was natural sand. The density
of both the coarse and fine aggregates was 2650 kg=m3. The vol-
ume fraction of aggregate of concrete is 71%. The measured autoge-
9

nous shrinkages of the BFS concrete are taken from Mors [47]. The
BFS concretes were made with CEM III/B 42.5 N. The water-binder
ratio was 0.44 and 0.5. The fine aggregate used was sand with size
of 0–4 mm. The coarse aggregate used was gravel with size 4–8
mm and 8–16 mm. The volume fraction of aggregate of concrete
was 70%. The mixture compositions of Portland cement concrete
and BFS concretes are listed in Table 2.
4.2. Portland cement-based concrete

4.2.1. Experimental measurement of autogenous shrinkage (by
Zhang [46])

The concrete was mixed in a laboratory pan mixer. The fine and
coarse aggregates were mixed first, followed by the addition of
cement, mixing and adding water. Two specimens of
400�100�100 mm were cast for measuring the total shrinkage.
The strain transducers were embedded in the concrete prism and
connected to a computer-controlled data logger right after casting
of the concrete specimen. Immediately after casting, each prism
was sealed for the entire period of the experiment. The weight



Fig. 12. Measured and calculated autogenous deformation of Portland cement mortar (10% sand) with water-binder ratio 0.4.

Fig. 13. Measured and calculated autogenous deformation of Portland cement mortar (30% sand) with water-binder ratio 0.4.
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change of each prism was measured. The autogenous shrinkage
was measured during 28 days after casting and shown in Fig. 22.
4.2.2. Numerical simulation of autogenous shrinkage
In order to simulate the autogenous shrinkage of the Portland

cement concrete with the extended Pickett model, the needed
parameters, i.e. the relative humidity, degree of saturation and
elastic modulus of the concrete, are simulated with HYMOSTRUC
[48]. In HYMOSTRUC, the degree of hydration a of cement is simu-
lated as a function of the particle size distribution and of the chem-
ical composition of the cement, the water/cement ratio and the
reaction temperature. The relative humidity and degree of satura-
tion of the concrete are simulated based on the degree of hydration
a. Elastic modulus is calculated using the composite model [49].
Capillary tension is calculated from the simulated relative humid-
ity using Kelvin equation (Equation (1)). The calculated results are
shown in Figs. 20 and 21. The calculated autogenous shrinkage of
Portland cement concrete is shown in Fig. 22. The contributions
10
of both the elastic and time-dependent part of autogenous defor-
mation to autogenous shrinkage are shown.

Fig. 22 shows that the prediction of the autogenous shrinkage of
Portland cement concrete with the extended Pickett model is in
very good agreement with the measurements. Fig. 22 also shows
that the elastic part of autogenous shrinkage is almost constant
after the first 14 days. After the first 14 days the creep part still
increases with time and plays a more and more important role in
autogenous shrinkage.
4.3. Blast furnace slag concrete

4.3.1. Experimental measurement of autogenous shrinkage (by
Mors [47])

Two prisms of 400�100�100 mm were cast for measuring the
autogenous shrinkage. After demoulding the prisms are directly
wrapped in plastic foil and sealed with aluminium foil to prevent
moisture exchange with the surrounding environment. A dial
gauge was attached at two opposite sides of the prism to measure



Fig. 14. Measured and calculated autogenous deformation of BFS cement paste with water-binder ratio 0.3 [36].

Fig. 15. Measured and calculated autogenous deformation of BFS cement mortar (10% sand) with water-binder ratio 0.3.
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the autogenous shrinkage. The measuring length of the dial gauge
is 20 cm and the accuracy of the dial gauge is 1 lm. The weight loss
of each prism was measured. The measured weight loss was used
to correct the autogenous shrinkage measurement for minor leak-
age through the sealing. The corrected autogenous shrinkage of BFS
concrete with water-binder ratio 0.44 and 0.5 are shown in Figs. 25
and 26.

4.3.2. Numerical simulation of autogenous shrinkage
The calculated autogenous shrinkage of BFS concrete with

water-binder ratio 0.44 and 0.5 using the extended Pickett model
is shown in Figs. 25 and 26. The inputs of the model, i.e. the relative
humidity, degree of saturation and elastic modulus of the BFS con-
crete are shown in Figs. 23 and 24. These inputs are simulated with
HYMOSTRUC [48].

In Figs. 25 and 26 the predictions of the autogenous shrinkage
of the BFS concrete mixture with the extended Pickett model are
shown. It can be noticed that the calculated autogenous shrinkage
is bigger than the measured result. More detailed discussion about
the difference will be given in the following section.
11
5. Further discussion

In this paper, the extended Pickett model, which takes the creep
behavior of the cement paste into consideration, was used to pre-
dict the autogenous shrinkage of Portland and BFS cement mortar
and concrete. The comparison between the calculated and mea-
sured autogenous shrinkage of Portland and BFS cement mortar
reveals that the extended Pickett model predicts the autogenous
shrinkage of cement mortar with low aggregate volume fraction
quite well.

For concrete with high aggregate fraction, the trend of the auto-
genous shrinkage can be predicted by using the extended Pickett
model. However, it must be mentioned that the microcracking is
not taken into consideration in the calculation with the extended
Pickett model. Due to the restraining effect of the non-shrinking
aggregate in concrete, cement paste in concrete is under tension.
At the interface between the cement paste and inert particle, the
tension is the largest. Due to the tension and low tensile strength
of the cement paste, cracks perpendicular to the surface of the
aggregate particle may form in the paste phase [50]. There is high



Fig. 16. Measured and calculated autogenous deformation of BFS cement mortar (30% sand) with water-binder ratio 0.3.

Fig. 17. Measured and calculated autogenous deformation of BFS cement paste with water-binder ratio 0.4 [36].

Fig. 18. Measured and calculated autogenous deformation of BFS cement mortar (10% sand) with water-binder ratio 0.4.
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Fig. 19. Measured and calculated autogenous deformation of BFS cement mortar (30% sand) with water-binder ratio 0.4.

Table 2
Mixture composition of different concrete (% by weight).

Name Reference Binder Mixture composition

Type I normal CEM III/B w/b Volume fraction
Portland cement 42.5 N of aggregate
(%) (%) (%)

OPC 0.3 Zhang et al. 2003 100 0 0.3 71
BFS 0.44 Mors 2011 0 100 0.44 70
BFS 0.5 Mors 2011 0 100 0.5 70

Fig. 20. Calculated relative humidity and capillary tension of Portland cement concrete.
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probability of microcracking in concrete after the first few days if
the aggregate volume fraction is higher than 0.5 [6]. Microcracking
can result in debonding between cement paste and sand particles
and a reduction of the autogenous shrinkage. According to Mar-
uyama [51] the value of calculated autogenous shrinkage of con-
crete may decrease by about 15% when the microcracking caused
by internal restraint is taken into consideration. The adjusted auto-
genous shrinkage of Portland and BFS concretes by taking the
13
microcracking into consideration (decrease by 15%) is indicated
with the dashed line in Figs. 27, 28 and 29. From Fig. 27 it can be
noticed that the measured and predicted shrinkage curves of Port-
land cement concrete are even closer. Fig. 28 and Fig. 29 show that
the predicted autogenous shrinkage of BFS concrete is closer to the
measured autogenous shrinkage after 14 days. However, it should
be noticed that the effect of microcraking on shrinkage, i.e. 15%
reduction, is estimation according to [51]. More attention should



Fig. 21. Calculated degree of saturation and elastic modulus (with HYMOSTRUC) of Portland cement concrete.

Fig. 22. Measured autogenous shrinkage [46] and calculated autogenous shrinkage of Portland cement concrete with the extended Pickett model.

Fig. 23. Calculated relative humidity and capillary tension of BFS concretes.
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Fig. 24. Calculated degree of saturation and elastic modulus (with HYMOSTRUC) of BFS concretes.

Fig. 25. Measured autogenous shrinkage of of BFS concrete with w/b 0.44 [47] and calculated autogenous shrinkage of BFS concrete with the extended Pickett model.

Fig. 26. Measured autogenous shrinkage of of BFS concrete with w/b 0.45 [47] and calculated autogenous shrinkage of BFS concrete with the extended Pickett model.
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Fig. 27. Measured and adjusted calculated autogenous shrinkage of Portland cement concrete.

Fig. 28. Measured and adjusted calculated autogenous shrinkage of BFS concrete with w/b 0.44.

Fig. 29. Measured and adjusted calculated autogenous shrinkage of BFS concrete with w/b 0.5.
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be paid to accurate quantification of the influence of microcracking
on the autogenous shrinkage in the future research.
6. Concluding remarks

In this paper, Pickett model, which can be used to predict the
restraining effect of aggregates on autogenous shrinkage, is
extended to take the creep behaviour of cement paste into consid-
eration. In the extended Pickett model, creep is simulated with for-
mulas based on the activation energy theory. The predictions of
autogenous shrinkage with the extended Pickett model were eval-
uated by comparing the calculated and measured autogenous
shrinkage of Portland and BFS cement mortars. The comparison
of the measured autogenous shrinkage with the autogenous
shrinkage calculated with the extended Pickett model reveals that
the extended Pickett model predicts the autogenous shrinkage of
Portland and BFS cement mortars quite well.

The extended Pickett model was also used to predict the auto-
genous shrinkage of Portland and BFS concretes with high aggre-
gate content. From the comparison between the calculated and
measured results, it was found that the trend of autogenous
shrinkage of the investigated concretes can be predicted by using
the extended Pickett model. But the effect of microcracking is
not taken into consideration in the extended Pickett model which
will lead to bigger predicted autogenous shrinkage of concrete.
After adjusting the calculated autogenous shrinkage for the effect
of microcracking, the measured and predicted shrinkage curves
of Portland cement concrete are even closer and the measured
and predicted shrinkage curves of BFS cement concrete is closer
after the first 14 days. However, it should also be noticed that
the effect of microcraking on shrinkage, i.e. 15% reduction, is only
an estimation according to the research of Maruyama. More atten-
tion should be paid to accurate quantification of the influence of
microcracking on the autogenous shrinkage in the future research.
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