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ARTICLE INFO ABSTRACT

Keywords: The addition of supplementary cementitious materials (SCMs), which is an effective method to reduce the COy

A_u_mgeﬂous shrinkage emission during the cement production, will change the autogenous shrinkage of early-age hydrating cementi-

;;hca lflume tious systems. In this paper the effect of different SCMs, i.e., silica fume and fly ash, on the physical properties
y as|

and autogenous shrinkage of cement paste is studied, both experimentally and numerically. The experiment
results show that autogenous shrinkages of cement pastes reduce significantly with the increase of water-binder
ratio. The addition of fly ash will lead to smaller autogenous shrinkage while the influence of the dry densified
silica fume on the autogenous shrinkage is not pronounced. A numerical simulation model, in which autogenous
shrinkage is split up into an elastic part and a time-dependent part is proposed in this paper. The two parts are
calculated separately. The simulation of the visco-elastic response of the cement paste to the internal driving
force was performed by using a solidification theory model that takes the aging into consideration. The physical
properties of different kinds of cement paste are experimentally investigated and the measured results are taken
as input parameters of the simulation model. The simulated autogenous shrinkage of different kinds of cement

Cement paste
Solidification theory

pastes are compared with the measured results to verify the prediction of the proposed model.

1. Introduction

Global warming, which is primarily caused by the emission of
greenhouse gases, is now a serious environmental problem. Carbon di-
oxide (COy) is a major component of greenhouse gases. According to
Olivier [1], CO; contributes 73% to global total greenhouse gas emission
during the period from 1970 to 2015. One of the principal sources of COy
emission is conventional ordinary Portland cement (OPC) production.
During the production process of OPC clinker, a large amount of coal
and petroleum coke is combusted. It was reported that 3.4% of global
CO4 emission was from fossil fuel combustion for cement production
[2]. Therefore, reduction in CO2 emission during the OPC clinker pro-
duction process has a great significance on slowing global warming.

One of the effective ways to reduce the CO, emission of cement in-
dustry is the replacement of cement by supplementary cementitious
materials (SCMs). SCMs are by-products of other industries with
pozzolanic reactivity [3]. The commonly used SCMs include natural
pozzolans, ground granulated blast furnace slag, fly ash and silica fume
[3-7]. The utilization of SCMs can significantly reduce the dosage of
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OPC clinker and therefore decrease the CO, emission related to the OPC
clinker production. Moreover, many researches show that the addition
of SCMs can improve the performances of concrete, such as workability,
durability and strength [4-11]. Due to their eco-friendly characteristics
and ability to enhance the mechanical and durability properties of
concrete, SCMs are now widely used in cementitious systems, e.g., in
Ultra-High-performance concrete with low water-binder ratio [12-14].

After the mixing of cement and water, water is consumed and the
internal relative humidity of the cementitious system decreases, which is
known as self-desiccation [15]. The shrinkage of cement pastes and
concretes related to self-desiccation is called autogenous shrinkage [16].
Traditionally, autogenous shrinkage is considered to be negligible when
compared with other early age deformations of OPC concrete, e.g.,
drying shrinkage and chemical shrinkage. But due to its low water-
cement ratio, the self-desiccation and corresponding autogenous
shrinkage of Ultra-high-performance concrete are much greater than
that of normal OPC concrete. Thus, the risk of early-age cracking
induced by the restrained autogenous shrinkage has gained more and
more attention [17-19].
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Apart from water-binder ratio, the addition of SCMs in cementitious
system also has a considerable impact on the autogenous shrinkage
[20-23]. During the past few decades, many investigations about this
topic have been carried out [23-25]. It was reported that the use of silica
fume would increase the autogenous shrinkage [26-28], whereas the
addition of fly ash in concrete resulted in smaller autogenous shrinkage
[29-31]. However, most of the researches are only experimental studies
without the deeper insight into the mechanisms of autogenous
shrinkage. The variation of autogenous shrinkage of concrete with the
addition of SCMs can be attributed to two factors, i.e., changes of the
internal relative humidity of the pore system [32-34] and modification
of physical properties of the binders, such as elastic modulus and
compressive strength [4,21,35-39]. Both two factors are caused by the
change of pore structure of cementitious system associated with the
pozzolanic reaction of SCMs [40-43]. On the one hand, some cementi-
tious materials with supplementary materials have a finer pore structure
than that with pure OPC [44]. Finer pore structure leads to a smaller
radius of water—air meniscus and larger internal driving force of
autogenous shrinkage, e.g., capillary tension [45]. One the other hand,
cementitious systems, e.g., OPC paste and concrete, are not ideally
elastic materials. The deformation of cementitious systems includes two
components, elastic deformation and time-dependent deformation, i.e.,
creep [16,19,35,46]. Both the elastic deformation and creep are deter-
mined by the physical properties of the material, namely elastic modulus
and creep compliance. Numerous researches show that there is general
agreement about the existence of a relationship between porosity and
physical properties [47,48]. Therefore, the change of the microstructure
of cementitious systems due to the addition of SCMs will affect the
magnitude of the elastic deformation and creep and consequently the
magnitude of autogenous shrinkage.

In order to predict the early-age deformation and evaluate the
cracking potential of concrete with SCMs, a numerical simulation model
about the time-dependent behaviour of cementitious systems is needed.
Traditional analytical expressions and mathematical models about the
time-dependent behaviour of cementitious systems [49-53] are not
suitable for simulating the creep part of early-age autogenous shrinkage.
One of the limitations is that most of the models, e.g., double and triple
power law [50,51], are empirical and only proposed for the time-
dependent deformation of certain kinds of cement paste or concrete. It
is not suitable for some kinds of cement paste with SCMs. Another
limitation is that the existing models are proposed to simulate the creep
of hardened cement paste or concrete of which the microstructure and
physical properties are almost invariable, e.g. after 28 days of curing
[52,53]. In recent years, some new numerical models [54,55] about the
basic creep of aging cementitious materials have been proposed. For
early-age hydrating cementitious systems, the new proposed numerical
models might be very useful for simulating the time-dependent
behaviour.

About the prediction of autogenous shrinkage caused by self-
desiccation, a lot of models have been proposed during the past few
years. In 1978, a vast number of creep and shrinkage tests has been
performed around the world and the database was gathered at North-
western University [56]. This database was expanded to a RILEM
database and used to develop RILEM Model B4. The RILEM Model B4
[57], as well as fib Model Code 2010 [58], was frequently used to predict
the creep of concrete [59,60]. Recently, RILEM Model B4 was exploited
to develop empirical predictive equations about the autogenous
shrinkage [56] based on the test data. The equations are in form of
power law of time. The effect of water-cement ratio, aggregate-binder
ratio, cement type, supplementary materials and curing condition on
the autogenous shrinkage were taken into consideration in these equa-
tions. Apart from RILEM Model B4 and fib Model Code 2010, there are
also some proposed models [61-64] in which the autogenous shrinkage
is taken as the visco-elastic-plastic response of the material to the in-
ternal driving force, e.g., capillary stresses.

In this paper, a numerical model of autogenous shrinkage of OPC
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paste with SCMs is proposed. The hydrating cement paste is considered
as visco-elastic material in the proposed model and the elastic defor-
mation and creep are calculated separately. The creep part of this model
is based on the solidification theory [65,66] and takes the continuously
changing physical properties of hardening cement paste into consider-
ation. The effects of SCMs on the internal relative humidity of cement
paste are also experimentally studied. Pure OPC paste (CEM I 42.5 N)
and two kinds of cement paste with silica fume and fly ash are studied.
The dosage of silica fume and fly ash is 10% and 30% by weight of the
binder, respectively. Two water-binder ratios of these cement pastes, 0.3
and 0.4, are considered. The simulated autogenous shrinkages of
different kinds of cement paste are compared with the measured results
to evaluate the accuracy of the predictions.

2. Theoretical basis of this study
2.1. Driving force of autogenous shrinkage

Autogenous shrinkage is the volume reduction of sealed hydrating
cementitious system under isothermal condition without any external
load [33,63]. Although the mechanism of autogenous shrinkage is still
under discussion, there is a consensus that autogenous shrinkage is
related to the drop of internal relative humidity of the pore system
[67-69]. Hydrating cementitious system is a partially saturated porous
media and the status of the pore fluids in pore structure, including water
and moist air, will change with the drop of internal relative humidity.
According to Gray et al. and Gawin et al. [70,71], the changed pore
fluids will exert pressure on the solid skeleton of cementitious system,
which is the internal driving force of autogenous shrinkage and can be
expressed:

6" = [S6" + (1 — S)o** |k @
where ¢ [MPa] is the total pressure exerted by the pore fluids on the
solid skeleton; ¢%% [MPa] is the gas pressure; S [-] is the degree of
saturation; x [-] is the Biot coefficient; 6¥* [MPa] is the total pressure
exerted by the water. According to Gawin et al. [71], the total pressure
exerted by the water ¢** is mainly made up by three parts:

O.wat — O_(:ap + o_di.\' + O,\'ur (2)

where ¢°® [MPa] is capillary tension; 6% [MPa] is the disjoining pres-
sure and ¢ [MPa] is the surface tension of solid gel particles.

Among these different kinds of pressure exerted by the pore fluids,
the gas pressure ¢8% is negligible compared with others [71]. In early-
age sealed cement paste, the relative humidity is always above 75%
[72], while the surface tension ¢ only plays a significant role when
relative humidity is lower than 50% [73]. Therefore, surface tension ¢
can also be considered negligible for autogenous shrinkage. Some re-
searchers proposed that the repulsive disjoining pressure ¢% and
attractive capillary tension o‘” are related to each other and either
capillary tension or disjoining pressure can be used to calculated
autogenous shrinkage [19,74]. In this paper, the capillary tension ¢°® is
employed to simulate the autogenous shrinkage of cement paste.

2.2. Numerical simulation model of autogenous shrinkage

The early age hardening cementitious systems, e.g., cement paste
and concrete, exhibit visco-elastic characteristic. Once load is applied on
the materials, a simultaneous volume change, which is called elastic
deformation and governed by Hooke’s law, occurs. Apart from elastic
deformation, a time-dependent deformation which is named as creep
can also be observed from the materials under sustained load. The flow
in the cement paste, seepage, closing of internal voids and delayed
elasticity are the most discussed mechanisms of creep [75,76]. During
the past few decades, a lot of models about the deformation character-
istic of cementitious materials have been proposed. Among these
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models, solidification model proposed by Bazant [65,66] has been
widely developed and used to predict the time-dependent behaviour of
hardening and hardened cementitious materials [75,77,78]. In the so-
lidification model, the total deformation of cementitious materials is
made up of an elastic part, a viscoelastic part and a viscoplastic part
(Equation (3). As shown in Fig. 1, the elastic part is represented as an
elastic spring. The viscoelastic part is represented as a Kelvin-chain
which includes an elastic spring and a dashpot. The viscoplastic part is
considered as a dashpot and visualized in Fig. 1.

e(t) = e.(t) + €2 () + €7 (1) 3
where ¢(t) [-] is the total deformation; e.(t) [-] is the elastic part; €(t)
[-] is the viscoelastic part and 8}"’(t) [-] is the viscoplastic part.

The elastic part of total deformation can be calculated according to
Hooke’s law which is expressed as:

o(t)

(¢

where o(t) [MPa] is the applied load at time t and E(t) [MPa] is the
elastic modulus of cement paste at time t.

In order to calculate the magnitude of creep, a lot of different
formulae of creep compliance J(t, tp), which describes the relationship
between the creep deformation and applied load, have been proposed by
researchers [73,77-79]. Among these existing formulae, a closed-form
one proposed by Hedegaard [75], which describes the time-dependent
behaviour of concrete, is adopted and extended for the case of cement
paste in this paper due to its concise expression. The creep compliance
proposed by Hedegaard can be written as Equation (5). According to
Hedegaard, the second and third term of Equation (5) together represent
the viscoelastic part of creep. The fourth and fifth term of Equation (5)
stand for the viscoplastic flow part of creep.

J(t, 1) = !

(%) ) (5
= i 2
E,' K fo — ﬁ t ﬂ
o) Jerm(e) « () (5
where J(t, t) [MPa '] is the creep compliance; t, [days] is the time at
loading; E; [MPa] is the instantaneous modulus which is related to
elastic modulus E [MPal], in this paper, it is taken as 1.43 E [75]; P;
[MPa~!] is the viscoelastic compliance constant depends on the
compressive strength f, [75], in this paper, it is expressed as 20.7¢~00%,
More details of the parameters E; and P; can be found in literature
[75,80,81]. P, [MPa™'] is the flow constant and its value is taken as 7 x

10’6; B [days] is the time constant whose value is 2 x 107° and K
[days’l] is the rate constant whose value is 0.5 [75].

£.(1) “@

=

To

) + Pt 5)
ty

(a)

(b)
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If a hardened cementitious system is under a constant load ¢ [MPa],
the creep deformation can be calculated with creep compliance as:
Ec(t) = J(t7 tﬁ)a

B () (5 el
P\ /t— 1o t
() (52) + pan o

For early-age cement paste, the skeleton gets stronger with hydration
process as shown in Fig. 2. The physical properties of cement paste
related to the microstructure, e.g., elastic modulus and compressive
strength, changes with the evolution of the solid skeleton of cement
paste. Meanwhile, the internal relative humidity decreases and corre-
sponding capillary tension increases. The capillary tension is the one of
the main mechanisms of autogenous shrinkage. In order to predict the
creep part of early-age autogenous shrinkage, the increasing driving
force and changing physical properties of cement paste should be taken
into consideration in the solidification model.

According to Hedegaard [66], at the a given time t, (as shown in
Fig. 2) the creep compliance rate can be express as:

. _ 1 Pl([,,) Pz
J(tyy19) = (Kt,, + 1)(tn —wip T

©

) )
The increment of creep Ae.(t,) (Fig. 2) that formed from time ¢, to
time t, +At under the internal driving force o(t,) can be calculated as:

Pl(tn) &
h— 1 +ﬂ Iy

. 1

Ae (1) = o(t,)J (t,, 1) At = a(t,,)(Kl (€))

VAt

The time-dependent part of autogenous shrinkage &.(t,.1) is the
summation of increments of creep that formed before time t,,; and it can
be expressed as:

Ae(t,) + ec(ta)
1 Pit) P n
= o(1,) (Ktn + 1) (_tn —lto +_ﬂ+t—:) Ar+ ; Ae. (1)

For the tri-axial internal load condition, which is the case for
autogenous shrinkage, combining Eq. (1) and Eq. (9), the creep part of
autogenous shrinkage can be calculated as:

1 Pi(t, P:
ectus1) = S6°P (t1)x(1 —29) (K_t,,+ 1) (%*t—:)

Ec(tn-H)

€©)

Ar+ i Ae.(t;)

i=1

(10)

For the elastic part of autogenous shrinkage, the Coussy’s method
[82] which takes the contribution of the interface energy into account,
should be introduced to replace the average capillary pressure in Eq. (1)

(c)

Fig. 1. Multi-scale structure of concrete: (a) concrete; (b) schematic microstructure of cement paste; (c) schematic microstructure of different layers of cement paste

(after Bazant [64] and Abate [69]).
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Fig. 2. Schematic representation of evolving solidifying layers, microstructure and autogenous shrinkage of hardening cement paste.

by the equivalent pore pressure as:

(S5 (1,41) + U)x

eeltns) =g -y (1=29)
vl + k T —20) an

where 9 [-] is the Poisson’s ratio and U [Pa] is the interface energy.
According to Hu [83], interface energy is relatively low at high satura-
tion degrees in the self-desiccation case, therefore the elastic part of
autogenous shrinkage is calculated in a simplified form in this paper as:

So“P (t,1)k
Eo(tn1) = %

The total autogenous shrinkage can be calculated as the summation
of the elastic part and creep:

(1-29) (12)

S(IrH»l) = Se(tn+1) + SC(t)l+1) (13)

2.3. Calculation of autogenous shrinkage

In the proposed model, the autogenous shrinkage of hardening
cement paste is the sum of the elastic and the creep part which can be

calculated with Equation (12) and Equation (10) respectively. The
calculation equations of elastic modulus, degree of saturation and
capillary tension is given in Section 5.1-5.3. The flow chart of the whole
calculation procedure is shown in Fig. 3.

3. Materials and experiments

The materials used in this study are OPC (CEM I 42.5 N), silica fume
and fly ash. OPC (CEM I 42.5 N) is made up of four main mineral
compounds: C3S 67.1%, C2S 5.9%, C3A 7.8% and C4AF 9.6%. The par-
ticle size distributions of these materials which were measured by laser
diffraction are presented in Fig. 4. The mean particle sizes of Portland
cement, silica fume and fly ash are 22 pm, 23 ym and 18 pm. From Fig. 4
it can be noticed that the mean particle size of silica fume is not
significantly smaller than that of Portland cement. This is due to the fact
that the silica fume used in study is dry densified silica fume. According
to Diamond [84], the particle size of dry densified silica fume is close to
that of OPC. More information about dry densified silica fume can also
be found in Diamond’s paper [84]. The chemical compositions of these
materials are given in Table 1.

Six different kinds of cement paste mixtures are studied in this paper.
Pure Portland cement pastes (CEM I 42.5 N) are prepared as reference.
Silica fume cement pastes are made of Portland cement (CEM I 42.5 N)
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Fig. 3. Flow chart of the proposed model of autogenous shrinkage.
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Fig. 4. Particle size distribution of materials used in this study.

Table 1

Chemical composition of the materials used in this study.
Chemical composition (% by weight) CEM142.5N Silica fume Fly ash
Ca0O 64.4 0.39 7.14
SiO9 20.36 97.2 48.4
Aly03 4.96 0.51 31.4
Fe,03 3.17 0.18 4.44
SO3 2.57 0.26 1.18
Nay,O 0.14 - 0.72
K,O 0.64 1.04 1.64
MgO 2.09 - 1.35
Total 98.33 99.58 96.7

and dry densified silica fume. Fly ash cement pastes are made of Port-
land cement (CEM I 42.5 N) and fly ash powder. The dosage of silica
fume and fly ash is 10% and 30% by weight of the binder, respectively.
The water/binder ratios are 0.3 and 0.4. Cementitious material is mixed
with water in a 5L epicyclic Hobart mixer. The mixing procedure is
according to ASTM 305-99 [85]. The mixture composition of different

kinds of cement pastes is listed in Table 2.

3.1. Final setting time

The final setting time of sealed specimens was determined with a
Vicat apparatus (penetration method) according to the procedure
described in standard EN 196-3 [86]. The diameters of the upper surface
and the bottom surface of the sample were 70+1 mm and 80+1 mm,
respectively. The height of the sample was 40+0.2 mm. The sample was
cured in sealed condition at 20 °C before the test.

3.2. Internal relative humidity

The internal relative humidity of cement paste was measured by
Rotronic hygroscopic DT stations equipped with HC2-AW RH station
probes (Fig. 5a) with an accuracy +0.5%. Two samples were tested for
each mixture. The diameter of the sample was 30 mm and the thickness
of the sample was less than 7 mm. During the measurement, the sample
was placed in a sample holder which was immersed in the water bath at
20+0.1 °C (Fig. 5b). The humidity probe was placed above the sample.
The humidity probes were calibrated by three saturated salt solutions
with known constant relative humidity in the range of 65-95% before
and after each test. The internal relative humidity of the specimen was
continuously measured every 3 min for 7 days after mixing.

Table 2
Mixture composition of different kinds of cement pastes used in this study (% by
weight).

Name Water-binder ratio CEM142.5N Silica fume Fly ash
OPC 0.3 0.3 100 0 0

SF 0.3 0.3 90 10 0

FA 0.3 0.3 70 0 30
OPC 0.4 0.4 100 0 0

SF 0.4 0.4 90 10 0

FA 0.4 0.4 70 0 30
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(a) Equipment for internal relative humidity measurement
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(b) Top view of temperature-controlled water bath

Fig. 5. Measurement of internal relative humidity.

3.3. Chemical shrinkage

In order to measure the chemical shrinkage, 50 g cement paste was
cast in an Erlenmeyer flask. The capacity of the flask was 250 ml. The
thickness of the sample was 8 mm. The flask was fully filled with paraffin
oil. There was a thin layer of water between the sample and paraffin oil.
The water level of a graduated tube, which was fixed on the rubber
stopper of the flask, was recorded to calculate the chemical shrinkage.
The flask was immersed in a water bath whose temperature is kept at
20 °C. Measurements lasted for 7 days. The chemical shrinkage is the
ratio between the absolute volume reduction of cement paste and the
mass of the binder [87]. Two specimens were tested simultaneously for
each mixture.

3.4. Non-evaporable water content

For determining the non-evaporable water content, about 10 g of
fresh cement paste was cast and cured in a sealed plastic vial at 20 °C.
The samples were ground to powder and immersed in liquid nitrogen to
stop hydration at the required ages, i.e. 1 day, 3 day and 7 day. The
powder was divided into two approximately equal parts which were
kept in an oven at 105 °C for 20 h. After removing from the oven, the
samples were weighed and placed in a furnace at 950 °C for 4 h. When
the samples were taken out from the furnace their mass was measured
again. The average difference of the mass measurements between 105 °C
and 950 °C was calculated as the non-evaporable water content.

3.5. Compressive strength

The size of cubic specimen of compressive strength test was 40 x 40
x 40 mm?3. The compressive strength at age of 1, 3 and 7 days were
measured. Before the test the cubes were cured in sealed condition at
20 °C. For each measurement three samples were tested.

3.6. Autogenous shrinkage

The autogenous deformation of mixtures was measured according to
ASTM C1698-09 [88] standard developed by Jensen and Hansen [89].
Freshly mixed cement paste was cast under vibration into a corrugated
tube and the tube was sealed by plugs and sealing glue (Fig. 6). The
length of the tube was approximately 430 mm and the outer diameter
was 29 mm. The autogenous shrinkage of specimens was recorded every
5 min by linear variable differential transformers (LVDTs). Specimens
and test instruments were immersed in a box filled with glycol, of which
the temperature was kept at 20+0.1 °C. Three parallel samples were
measured for each mixture with a measurement accuracy of +5 pm/m.

Fig. 6. Corrugated tube for autogenous shrinkage measurement.

4. Experimental results and discussion
4.1. Final setting time

The measured results of final setting time of different kinds of cement
paste are shown in Fig. 7. From Fig. 7 it can be noticed that the measured
final setting time of all kinds of cement paste prolongs with the increase
of water binder ratio. This result is in line with the finding of Marar [90]
and Hu [91]. The longer final setting time of cement pastes with higher
water-binder ratio can be attributed to effect of w/b ratio on the distance
among cement particles. The final setting time is the time when the paste
completely loses its plasticity and has certain strength to resist pressure.
After mixing hydration reaction takes place in cement paste and hy-
dration product forms around the cement particles. The expansive
cement particles become interconnected and a solid skeleton which is
the key of strength is formed. The contact area between the inter-
connected cement particles is the most important parameter of the
strength of the cement paste [47]. For cement paste with higher water-
binder ratio the interparticle distance is larger so that more time is
needed for the hydrating system to form sufficient contact area and
strong enough solid skeleton to resist pressure. Therefore, the final
setting time increases with water-binder ratio of all different kinds of
cement pastes.

Fig. 7 also shows that the addition of fly ash will significantly in-
crease the final setting time compared with that of other two kinds of
cement paste with same water-binder ratio. Similar result was also re-
ported by Dave [92]. According to Taylor [3], the early age reaction
activity of fly ash is lower than that of Portland cement. The 30-percent-
age replacement of low active fly ash leads to higher effective water-
binder ratio. The higher water binder ratio results in longer final
setting time as discussed in last paragraph.
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Fig. 7. Measured final setting time of different kinds of cement paste.

4.2. Internal relative humidity

In Fig. 8 the measured internal relative humidity of cement pastes
with water-binder ratio of 0.3 and 0.4 as a function of age is presented.
After the start of measurement, some time is needed for the moisture
equilibrium between the sensor and sample to be reached. During this
period, the number of the sensor increases with time. When the moisture
equilibrium is reached, the measured value of the sensor is the real in-
ternal relative humidity which decreases with time.

Fig. 8 shows that the relative humidity of silica fume cement paste is
higher than that of Portland cement paste with same water-binder ratio.
From Fig. 4 it can be found that the particle size distribution of silica
fume is close to that of Portland cement. According to Diamond [84], dry
densified silica fume is primarily in the form of linked clusters of par-
ticles. The early-age reaction activity of dry densified silica fume is
lower than that of Portland cement paste. More free water exists in the
pore structure of silica fume cement paste which leads to higher internal
relative humidity. The lower early-age reaction activity of dry densified
silica fume is also confirmed by the experimental results of non-
evaporable water content and compressive strength.

Fig. 8 also shows that the drop of internal relative humidity of fly ash

100

cement paste is much smaller than that of Portland cement paste with
same water-binder ratio during the first seven days. Similar results were
also reported by Varga [34]. The reason of the smaller drop of internal
relative humidity of fly ash cement paste is same to that of silica fume
cement paste, i.e., low reaction activity of fly ash at the early age.

4.3. Chemical shrinkage

Chemical shrinkage will be used for calculating degree of saturation
of cement paste. The measured chemical shrinkages of Portland cement,
silica fume cement and fly ash cement are shown in Fig. 9. From Fig. 9 it
can be noticed that the chemical shrinkage of the fly ash cement paste is
much smaller than that of other two kinds of cement paste. This result is
in accordance with the finding of Varga [34]. It is generally accepted
that there is a relationship between chemical shrinkage and the degree
of hydration [93,94]. The amount of inactive minerals in fly ash, e.g.,
mullite and quartz, is larger than that of Portland cement and silica fume
[3]. Fly ash cement hydrates slower at early age which leads to smaller
chemical shrinkage [95].

RH [%]

84 T T

0 2 4
=—(QPCO0.3 o SF 0.3
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6 8
A Q.3
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Fig. 8. Measured internal relative humidity of different kinds of cement paste.
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Fig. 9. Measured chemical shrinkage of different kinds of cementitious binders.

4.4. Non-evaporable water content

In Fig. 10 the measured non-evaporable water contents of cement
pastes with water-binder ratio of 0.3 and 0.4 are shown. It can be noticed
that the measured non-evaporable water contents of silica fume cement
paste are lower than that of Portland cement paste with same water-
binder ratio. This finding is in accordance with the results reported by
Yogendran [96] and Zhang [97]. The low water binding capacity of
silica fume during the hydration is an important reason for this phe-
nomenon [3]. The low water binding capacity of silica fume leads to less
chemical bound water. Another reason of the low measured non-
evaporable water contents of silica fume is the low early-age reaction
activity of dry densified silica fume. Lower reaction activity results in
lower degree of hydration and less water consumption during the early-
age hydration. Fig. 10 also shows that the non-evaporable water content
in fly ash cement pastes is lower than that in ordinary Portland cement
pastes with the same water-binder ratio at the same curing age. Similar
measurement results are also reported by Maltais [98] and Schwarz
[99]. The reason of this phenomenon is similar to that of silica fume
containing cement paste.

0.14

4.5. Compressive strength

The measured compressive strengths of the all mixtures are provided
in Fig. 11. For all kinds of cement paste, the compressive strength de-
creases with the increase of water-binder ratio. A lot of researchers have
reported similar measurement results [100-102]. According to Singh
[102], the microporosity of the cement paste is a function of the water-
binder ratio. The higher water-binder ratio, the higher porosity and
looser skeleton structure of cement paste which result in lower strength.

From Fig. 11 it can be found that the addition of silica fume will have
negative effect on the compressive strengths of cement pastes. This is
contrary to common sense that the use of silica fume will enhance the
strength of concrete. Toutanji [103] pointed out the enhancement of
compressive strength of concrete with silica fume is caused by the
improvement of the interfacial transition zone (ITZ) between cement
paste and aggregate. For the silica fume cement pastes without sand and
aggregate, there is no strengthening effect. Fig. 11 also shows that the
compressive strength of fly ash cement paste is lower than that of
Portland cement paste with same water-binder ratio. Ramezanianpour
[38] attributed this to the higher total and capillary porosity of fly ash
cement paste.
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Fig. 10. Measured non-evaporable water content of different kinds of cement paste.
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Fig. 11. Measured compressive strength of different kinds of cement paste.

4.6. Autogenous shrinkage

The development of autogenous deformations of different kinds of
cement paste with time is shown in Fig. 12. The final setting time is the
starting point of measurement. From Fig. 12 a fast shrinkage can be
noticed after final setting. After a short period of swelling the specimens
shrink steadily. According to some researchers [104-107] taking the
final setting time as the starting point of autogenous shrinkage is ques-
tionable. The start of autogenous shrinkage is defined as the time when
the cementitious materials develop sufficient structure to enable tensile
stress transfer through the concrete [108,109]. It is not necessarily
identical with the final setting time [110]. Bjgntegaard [111] proposed
that the time when the maximum swelling is reached can be taken as the
beginning of the autogenous shrinkage and this approach is adopted in
this paper. But it should be noticed that the early-age deformations
observed on macroscale are the result of expansion and shrinkage pro-
cesses which develop simultaneously. When shrinkage is dominant, the
external volume of cement paste will decrease. But the mechanisms of
expansion still exist and play a role in the early-age autogenous

deformation. The ignorance of any influence of expansion mechanism in
the simulation model might lead to an overestimated autogenous
shrinkage.

The autogenous shrinkage of different kinds of cement pastes after
the maximum swelling is shown in Fig. 13. From Fig. 13 it can be
observed that there is a significant effect of the addition of SCMs on
autogenous shrinkage. The effect of the addition of SCMs on autogenous
shrinkage will be detailed discussed in the following section.

4.7. Discussion

From the results of measurements, it can be noticed that the starting
time of different measurements is not the same. For example, some time
is needed for the moisture equilibrium between the sensor and sample to
be reached in the relative humidity test. There are two kinds of starting
time of autogenous shrinkage, i.e., final setting time and after the
maximum swelling. In order to avoid unnecessary misunderstanding,
the starting time of different measurements of all mixtures is given in
Table 3. In the next section of simulation results, all the calculations start
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Fig. 12. Measured autogenous shrinkage of different kinds of cement paste (Starting time: final setting time).
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Fig. 13. Measured autogenous shrinkage of different kinds of cement paste (Starting time: after the maximum swelling).

Table 3
Starting time of different measurements in this study (The time 0 is when the
cement is mixed with water).

Measurement OPC OPC SF 0.3 SF 0.4 FA 0.3 FA 0.4
0.3 0.4 (days) (days) (days) (days)
(days) (days)
Internal relative 0.24 0.33 0.23 0.55 0.28 0.36
humidity
Chemical 0 0 0 0 0 0
shrinkage
Autogenous 0.22 0.28 0.23 0.29 0.30 0.43
shrinkage
Autogenous 0.71 1.70 0.68 1.94 1.60 1.58
shrinkage —
After maximum
swelling

at the time when the cement is mixed with water. The calculated
autogenous shrinkage is plotted after the final setting time to be iden-
tical with the measured results.

5. Simulation results of material parameters and autogenous
shrinkage

In order to simulate the autogenous shrinkage of cement pastes by
using the proposed numerical model, elastic modulus E, capillary ten-
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(a) Measured compressive strength

Elastic modulus [GPa]

sion ¢°® and degree of saturation S should be determined (Eq. (10) and
Eq. (12)) first.

5.1. Elastic modulus

In the proposed numerical model of autogenous shrinkage, the
elastic modulus E [MPa] is needed for calculation of elastic deformation
(Eq. (12)). Previous researches showed that elastic modulus and
compressive strength of cementitious material are related and a lot of
calculating equations of elastic modulus have been proposed [112,113].
In this paper, the equation developed by Takafumi (Eq. (14)) [113] is
used to calculate the elastic modulus. The calculated elastic modulus of
different kinds of cement paste based on the measured compressive
strength (Fig. 14(a)) are presented in Fig. 14(b).

E = kikgf.'?p? a4
where f, [MPa] is the compressive strength; p [Kg/m3] is the density; ¢
[-] is a fitting coefficient; k; [-] and ko [-] are the correction factor
related to the aggregate and SCMs. For cement paste,k; is taken as 1
because there is no effect of aggregate on the elastic modulus of cement
paste. k; is related to the type of supplementary material and its value of
different binders is given in Table 4. ¢ is a fitting coefficient, its value is
taken as 0.0015 [113].
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(b) Elastic modulus calculated with Eq. 14

Fig. 14. Measured compressive strength and calculated elastic modulus of different kinds of cement paste.
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Table 4
Practical values of correction factor ko for pastes made with different binders
[113].

Type of addition ka
Silica fume, ground-granulated blast-furnace slag, fly ash 0.95
Fly ash 1.1
Addition other than above 1.0

5.2. Capillary tension

As discussed in Section 2.1, capillary tension ¢°® [MPa] is considered
as the major component of internal driving force of autogenous
shrinkage in this paper. The capillary tension in the pore fluid is related
to the water-air menisci in the partly empty pores. Capillary tension puts
the solid skeleton in compression, which goes along with a decrease of
the volume of the cement paste. The magnitude of capillary tension is
determined by the radius of water-air menisci, which is also named
Kelvin radius y; [pm]. The Kelvin radius is a function of internal relative
humidity (Eq. (15)) [114]. With the drop of internal relative humidity,
caused by self-desiccation of hydrating cement paste, the Kelvin radius
decreases and capillary tension increases which result in increasing
autogenous shrinkage.

2yVy

" TIRHRT T

2yVyw

15
ln%RT as

where y [N/m] is the surface tension of the pore solution; RHk [-] is the
internal relative humidity related to air-water menisci; RH [-] is the
measured relative humidity; RHg the effect of dissolved ions on relative
humidity, in this paper, its value is taken as 0.97 [35,115]; V;, [m3/mol]
is the molar volume of the pore solution is taken as the value of molar
volume of water, i.e., 18.02x107® m3/mol in this study [116]; R [J/
(moleK)] is the universal gas constant and T [K] is the absolute
temperature.

According to Laplace law [45,114], the calculation equation of
capillary tension is:

 RTInRHi _ RTIng

T Wy Vi a6

Ceap

The calculated capillary tension of different kinds of cement paste
based on the measured relative humidity (as shown in Fig. 15(a)) is
shown in Fig. 15(b). The beginning of the calculation is the peak of the
measured relative humidity when the moisture equilibrium between the
sensor and sample is reached.

RH [%]
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(a) Measured relative humidity

Fig. 15. Measured relative humidity and Calculated capillary tension of different kinds

calculated with Eq. (16).
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5.3. Degree of saturation

In order to calculate the autogenous shrinkage caused by the internal
pressure exerted by pore fluids, i.e., capillary tension, the degree of
saturation S [-] should be determined (Egs. (10) and (12)). According to
Powers [117], the degree of saturation can be calculated as:

Vo ViV

Vi w

—_— 17
Vp - Vnew + Va ( )

w

where V,, [m3/m?] is unit evaporable water content; V), [m3/m?] is the
unit pore volume; Vj, [m3/m?] is the unit initial water content; V. [m®/
m3] is the unit volume of chemical shrinkage and Vj, is the unit non-
evaporable water content.

In this paper, the degree of saturation of different kinds of cement
paste is calculated with Eq. (17) based on the measured evaporable
water content (Fig. 16(a)). The calculated results are shown in Fig. 16

(o).

5.4. Autogenous shrinkage

Based on the calculated early-age parameters of cement paste, i.e.,
elastic modulus, capillary tension and degree of saturation, the autog-
enous shrinkage of different kinds of cement paste can be simulated by
using the proposed model. As discussed in Section 4.6, the measured
deformation after the maximum swelling is taken as the autogenous
shrinkage and used to verify the prediction of the proposed simulation
models.

5.4.1. OPC paste with water-binder ratio of 0.3 and 0.4

Fig. 17(a and b) show the measured and calculated autogenous
shrinkage of Portland cement pastes with water-binder ratio 0.3 and 0.4
respectively. The measured autogenous shrinkage of cement paste after
maximum swelling is used to validate the simulation results. The con-
tributions of elastic deformation and creep to autogenous shrinkage are
presented in these figures. From Fig. 17(a and b) it can be noticed that
creep plays an important role in autogenous shrinkage and the autoge-
nous shrinkage of OPC paste can be better predicted by taking the creep
into consideration. Similar report can be found in [63].

From Fig. 17 it can also be noticed that the influence of water-binder
ratio on the autogenous shrinkage of Portland cement paste is remark-
able. This result is in line with the finding of other researchers
[26,67,118]. With the increase of water-binder ratio, more free water is
available in the pore structure of cement paste during the first seven
days of hydration. More free water in the pore leads to higher internal
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(b) Capillary tension calculated with Eq. 16

of cement paste. (a) Measured relative humidity; (b) Capillary tension
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Fig. 16. Measured non-evaporable water content, calculated evaporable water content and degree of saturation of different kinds of cement paste specimens.
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Fig. 17. Measured and calculated autogenous deformation of OPC paste with water-binder ratio of 0.3 and 0.4 after the maximum swelling (Time O day is the final
setting time).

relative humidity (as shown in Fig. 8) and smaller driving force, i.e., the driving force is more prominent and lead to smaller measured and
capillary tension as shown in Fig. 15(b), of autogenous shrinkage. calculated shrinkage.

Although the increase of water binder ratio also decreases the stiffness of

cement paste, e.g., elastic modulus (as shown in Fig. 14(b)), and resis- 5.4.2. Silica fume cement paste with water-binder ratio of 0.3 and 0.4
tance to deformation. The influence of the increasing water content on In Fig. 18(a and b), autogenous shrinkages of silica fume Portland
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Fig. 18. Measured and calculated autogenous deformation of silica fume cement paste with water-binder ratio of 0.3 and 0.4 after the maximum swelling (Time 0

day is the final setting time).

cement pastes with 30% water-binder ratio 0.3 and 0.4 are presented.
From Fig. 18(a) it can be noticed that the calculated autogenous
shrinkage is bigger than the measured result at the first several days.
This can be explained by the neglection of influence of the early age
expansion in the proposed model. During the hydration process, the
reaction can accompany with an external expansion which is supposed
to be caused by several mechanisms e.g., crystal pressure and hydration
dispersion [119,120]. The measured early-age deformation on macro-
scale of cement paste is the result of the competition between expansion
and shrinkage process as shown in Fig. 12. After the maximum swelling,
the shrinkage process is dominant and the external volume of cement
paste decreases. However, the expansion mechanism still plays a role in
the deformation and the neglection of its influence will lead to the
overestimation of autogenous shrinkage.

As shown in Figs. 8 and 15(b), the drop of relative humidity and
increase of capillary tension of silica fume cement paste are smaller than
these of Portland cement paste with same water-binder ratio. But from
the comparison between Fig. 17 and Fig. 18, it can be noticed that the
difference between the autogenous deformations of Portland cement
paste and silica fume cement paste with same water-binder ratio is not
pronounced. This is due to the fact that the stiffness of silica fume
cement paste, i.e., compressive strength and elastic modulus as shown in
Fig. 14, is lower than that of Portland cement paste. As discussed in
Section 2, both capillary tension and mechanical properties together
determine the magnitude of autogenous shrinkage. Lower stiffness leads
to bigger autogenous shrinkage of silica fume cement paste with the

Time [days]

4

Deformation [pm/m]

Calculated-elastic part
—— Calculated-creep part

Calculated-autogenous shrinkage
——— Measured-autogenous shrinkage

(a) water-binder ratio 0.3

similar capillary tension. Therefore, although the capillary tension of
silica fume cement paste is smaller than that of Portland cement paste,
the autogenous shrinkage of silica fume cement paste is similar to that of
Portland cement paste.

5.4.3. Fly ash cement paste with water-binder ratio of 0.3 and 0.4

The calculated autogenous shrinkages of fly ash cement pastes with
water-binder ratio 0.3 and 0.4 are shown in Fig. 19. From the compar-
ison between Fig. 17 and Fig. 19, it can be noticed that the autogenous
shrinkage of fly ash cement paste is significantly smaller than that of
Portland cement paste with same water-binder ratio. Similar results can
be found in other researchers’ work [29-31]. For fly ash cement paste,
the dosage of low active fly ash leads to higher effective water-binder
ratio. As discussed in Section 5.4.1, the autogenous shrinkage of
cement paste with higher water-binder ratio is smaller.

Fig. 19(a) shows that there is still some discrepancy between the
measured and calculated results even the trend of the autogenous
shrinkage is predicted quite well by using the proposed model. Besides
early age expansion discussed in last section, the different ratio between
the creep and elastic deformation of fly ash cement paste may be another
reason of the discrepancy. According to Hu [83], the ratio between the
creep and elastic deformation of fly ash cement paste is different with
that of Portland cement paste and this can be attributed to the higher
porosity of fly ash cement paste at early age. This influencing factor is
not explicitly in the proposed model which may also leads to mis-
estimating of autogenous shrinkage.
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Fig. 19. Measured and calculated autogenous deformation of fly ash cement paste with water-binder ratio of 0.3 and 0.4 after the maximum swelling (Time 0 day is

the final setting time).
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5.5. Discussion

From Figs. 17-19 it can be found that the significance of creep part on
the autogenous shrinkage is quite pronounced. By taking the creep into
consideration the trend of autogenous shrinkage of different kinds of
cement paste can be predicted quite well with the proposed model. But
there are still some differences between the measured and calculated
results as shown in Table 5. It should be realised that not all the factors of
autogenous shrinkage are taken into consideration in the proposed
model. The internal driving force and mechanical properties are the only
considered influencing factors of autogenous shrinkage in the proposed
model. The internal driving force and mechanical properties of cement
paste with SCMs is calculated and then the autogenous shrinkage is
predicted based on these calculated results. But the addition of SCMs
will also affect other factors of autogenous deformation. For example,
the proposed model does not take early age expansion into consideration
which leads to discrepancy between the measured and calculated results
during the first several days. The influences of different SCMs on the
early age expansion are different and the magnitudes of the discrepancy
of corresponding cement paste are different. Beside early age expansion,
ion concentration of pore solution also influences capillary tension and
autogenous shrinkage. According to Equation (15), the value of calcu-
lated capillary tension is affected by dissolved ions and measured rela-
tive humidity. The effect of dissolved ions in the pore solution on the
calculated capillary tension changes with the ion concentration. In this
study, the change of effect of dissolved ions is ignored. In fact, the ion
concentration of pore water of cement paste increases with time during
the first 28 days after mixing [3]. Its influence on the calculated capil-
lary tension also increases with time. Without taking the increasing ion
concentration of pore water into consideration may lead to mis-
estimating of autogenous shrinkage. Other influencing factors of
autogenous deformation which are re not taken into consideration in
this study includes ratio between creep and elastic deformation, micro-
cracking and relaxation [121-123]. In order to better predict autoge-
nous shrinkage, further improvements of the proposed model by taking
these effects into consideration are needed in the researchers’ future
work.

6. Conclusions

In this paper, the effect of SCMs, which include silica fume and fly
ash, on physical properties and autogenous shrinkage of cement paste
were experimentally studied. Based on the experiment results, it can be
found that the addition of fly ash will significantly affect the physical
properties. The relative final setting is prolonged and the non-
evaporable water content decreases. The use of fly ash has negative
influence on the compressive strength. The chemical and autogenous
shrinkage of fly ash cement is smaller than that of Portland cement paste
with same water-binder ratio. Low early-age reaction activity of fly ash
is main reason of these measured results. The silica fume used in this
paper is the dry densified silica fume. It is primarily in the form of linked
clusters of particles. Its particle size is not much smaller than that of
Portland cement. The reaction activity and filling effect of dry densified
silica fume is not very noteworthy as silica fume in slurry form. The
effect of dry densified silica fume on the physical properties and
autogenous shrinkage is not very pronounced.

Autogenous shrinkage of Portland, silica fume and fly ash cement
paste with water-binder ratios of 0.3 and 0.4 were also measured. The
measured results show that autogenous shrinkages of cement pastes
reduce significantly with the increase of water-binder ratio. The addi-
tion of fly ash will lead to smaller autogenous shrinkage while the in-
fluence of the dry densified silica fume on the autogenous shrinkage is
not pronounced. A simulation model was proposed to predict the
autogenous shrinkage of these different kinds of cement paste. In this
model, the autogenous shrinkage is divided into an elastic part and a
creep part, which are calculated separately. The creep part of this model
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Table 5
Measured and calculated autogenous shrinkage of different kinds of cement
pastes (Starting time: after the maximum swelling).

Name Measured Calculated Deviation (J|p~ Deviation
shrinkage at 7 shrinkage at 7 days  strain|) (%)
days (pstrain) (pstrain)

OPC 407 386 21 5.16

0.3

SF0.3 393 394 1 0.25

FA0.3 205 238 33 16.10

OPC 232 205 27 11.64

0.4
SF0.4 176 149 27 15.34
FA0.4 75 76 1 1.33

is based on the solidification theory and takes the continuously changing
physical properties of hardening cement paste into consideration. From
the comparison between the calculated and measured results, it was
found that the trend of autogenous shrinkage of different cement pastes
can be predicted by using the proposed model quite well. However,
several influencing factors of autogenous deformation are not taken into
consideration in this model, e.g., early age expansion, ion concentration,
ratio between creep and elastic deformation, micro-cracking and
relaxation. Therefore, further improvements of the proposed model by
taking these effects into consideration are needed for better prediction of
autogenous shrinkage.
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