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ARTICLE INFO ABSTRACT
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A structure-based modelling framework was established to simulate the three-dimensional autogenous shrinkage
of cement paste. A cement hydration model, HYMOSTRUC3D-E, was used to obtain the microstructures and ionic
concentrations of the cement paste. A lattice fracture model based on the effective stress and effective modulus
was used to consider the elastic and creep parts of autogenous shrinkage. For Portland cement pastes with water-
to-cement ratios of 0.3 and 0.4 (where the time zero of autogenous shrinkage was set as the time of the drop in

internal relative humidity), the simulated linear elastic autogenous shrinkage was respectively —188 and —79
pm/m at 160 h. The obtained linear total autogenous shrinkage including elastic and creep deformations was
respectively —501 and —236 pm/m at 160 h. These values of the elastic autogenous shrinkage and total
autogenous shrinkage are close to the predications of poromechanical models and experimental data obtained

using a corrugated tube.

1. Introduction

Autogenous shrinkage is a main reason for the cracking of high-
performance concrete; indeed, the autogenous shrinkage of high-
performance concrete is often appreciable at an early age owing to a
low water-to-cement (W/C) ratio (e.g., <0.4) and a high content of
pozzolans, such as silica fume [1,2]. There is considerable interest in
predicting the autogenous shrinkage of cement paste [3-8] because it is
important for the optimization of binders with less autogenous
shrinkage and can be used to evaluate the autogenous shrinkage of
concrete [9,10].

Cement paste is a porous material that comprises a solid skeleton,
capillary pores, and gel pores. In modelling the autogenous shrinkage of
cement paste, a central problem is to consider the imposing of the
driving force on the solid skeleton of the cement paste. In recent de-
cades, poromechanical models have attracted much attention [3,6-8].
In developing the poromechanical models, the change in the pore fluid
pressure, such as the capillary pressure, has been considered as the force
driving shrinkage. The concept of effective stress has been adopted to

establish the linear relationship between the autogenous shrinkage and
driving force, wherein the effective stress has been calculated as a
function of the degree of saturation of the cement paste, the driving
force and bulk modulus of the cement paste and the bulk modulus of the
solid skeleton of the cement paste [3]. Lura et al. [3], for example,
considered the cement paste as elastic material and calculated the
autogenous shrinkage of the cement paste using poromechanical
models. They found that the simulated autogenous shrinkage of cement
paste was much smaller than the experimental result with the progres-
sion of the decrease in relative humidity (RH). This difference between
simulation and experiment was probably due to the time-dependent
behaviour of the cement paste (i.e., creep) not being included in the
poromechanical models [3,6-8]. The quantification of the creep part of
autogenous shrinkage has thus become an important research topic in
recent years [6-8,11,12]. Hu et al. [6], for example, used the Kelvin-
Voigt model to predict the visco-elastic component of cement paste.
Lu et al. [7] calculated the creep part of autogenous shrinkage as a
function of the activation energy of cement paste. The obtained autog-
enous shrinkage was in line with experimental observations.
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Fig. 1. Schematic diagram for simulating the 3D autogenous shrinkage of cement paste.

As computer science and technology have advanced, modellers have
directly quantified and visualised the three-dimensional (3D) microscale
deformations of porous materials. Bentz et al. [13], for example, used a
finite element method to impose the capillary force on the pore wall of
porous Vycor in simulating the elastic deformations of porous Vycor
glass. In a recent study by our group [5], the microstructure of cement
paste was established using a cement hydration model (HYMOS-
TRUC3D). The 3D autogenous shrinkage of cement paste was obtained
by applying the lattice fracture model to impose capillary pressure on
the capillary water-solid surface of cement paste. Additionally, Liu et al.
[14] used the lattice fracture model to simulate the 3D drying shrinkage
of cement paste, wherein the capillary pressure was imposed on C-S-H
gels and the capillary water-solid surface of cement paste. However,
these studies did not quantify the creep part of shrinkage in the 3D
modelling process. Do et al. [8] recently applied a finite element method
to obtain the creep compliance of cement paste by considering the local
creep compliance of the hydration products of cement. The obtained
creep properties of cement paste were then applied in poromechanical
models to quantify the contribution of creep in the autogenous shrinkage
of cement paste [8]. These studies suggest that the autogenous shrinkage
of cement paste can be simulated using a 3D modelling method such as
the finite element method. However, there remains the need to incor-
porate both the elastic and creep deformations in modelling the 3D
autogenous shrinkage of cement paste.

The current study established a structure-based modelling frame-
work to address both the elastic part and creep part of the autogenous
shrinkage of cement paste. The elastic part was obtained by applying the
lattice fracture model in simulating the imposing of a local force on the
hydration products of cement at the microscale. The shrinkage of

hydration products, which was calculated by applying the poro-
mechanical model, was used to calculate the local force imposing on the
hydration products. The creep compliance of hydration products, which
was calculated following the creep function by considering the hydra-
tion time of cement, was used to calculate the effective modulus of hy-
dration products. By applying the lattice fracture model, the obtained
effective modulus was used to address the 3D autogenous shrinkage of
cement paste involving both the elastic part and creep part.

2. Modelling methods

Fig. 1 shows the modelling methods used in this study. The study
models (1) the hydration, microstructures and ionic concentrations of
the cement paste; (2) the 3D elastic autogenous shrinkage of the cement
paste; (3) the 3D total autogenous shrinkage of the cement paste; and (4)
the Young's modulus of the cement paste. The microstructures of cement
pastes, which were obtained using the cement and hydration model,
were different in different simulations because the particles were
randomly packed in the cube. This might affect the simulation results of
autogenous shrinkage. To consider this influence, simulations were
conducted three times for each of (1) to (4).

2.1. Hydration, microstructures and ionic concentrations of the cement
paste

The HYMOSTRUC3D-E model was used to obtain the hydration,
microstructures and ionic concentrations of the cement paste. The
HYMOSTRUC3D-E model was developed by the Delft University of
Technology to handle the hydration and microstructure of Portland
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Fig. 2. Schematic diagram for establishing the lattice mesh from the microstructure of the cement paste output by the HYMOSTRUC3D-E model. Note that PC-OP
elements are not shown in this figure. However, it is possible to have PC-OP elements with two digitising adjacent particles.

cement (PC) paste blended with blast furnace slag and/or fly ash
[15,16]. The main inputs of the HYMOSTRUC3D-E model were the
mineral composition and particle size distribution of the cement and the
W/C ratio of the cement paste. A hydration module was established to
calculate the reaction rates of the cement as a function of the water
distribution, ionic concentrations, and temperature of the system. A pore
solution module, which was based on Taylor's method [17] and the
solubility equilibria of calcium hydroxide and gypsum, was used to
simulate the ionic concentrations. A cement particle growth module was
used to deal with the penetration of cement particles and the precipi-
tation of inner and outer hydration products. The representative
elementary volume of the cement paste was set at 100 x 100 x 100 pm?®.
A discrete logarithmic time was used in the simulation (see Fig. A.1).
Further details of the HYMOSTRUC3D-E model are presented in Ap-
pendix A.

2.2. Three-dimensional elastic autogenous shrinkage of the cement paste

The progression of the hydration process decreases the RH of the
sealed cement paste and thereby affects the internal stresses and leads to
the autogenous shrinkage of cement paste [1-3]. In principle, the
driving forces of autogenous shrinkage such as capillary forces are
imposed on the solid surfaces that are wetted by water. Many re-
searchers used the poromechanical models to describe this process and
predict the linear autogenous shrinkage of cement paste [6-8]. At the
microscale, the solid skeleton of the cement paste comprises unreacted
PC, inner hydration products (IPs) and outer hydration products (OPs).
IPs and OPs are porous phases that have smaller capillary pores and gel
pores. With ongoing hydration of cement, unreacted PC are surrounded
by IPs and OPs. To simulate the 3D autogenous shrinkage of cement
paste at the microscale, it is necessary to consider how to impose the
driving forces of autogenous shrinkage at this scale.

In current study, the capillary forces are assumed to be imposed on
the solid surfaces that are wetted by water in the porous IPs and OPs, and
cause the shrinkage of IPs and OPs. As the internal RH decreases, the IPs
and OPs shrink, which cause the generation of local forces at the
microscale. The local forces will result in the deformation of cement
paste. In the simulation, the key point is how to calculate the local forces
imposed on the IPs and OPs. The current study utilized the poro-
mechanical models to predict the autogenous shrinkage of the per unit
volumes of IPs and OPs, and used a concept of effective forces to
calculate the local forces imposed on the IPs and OPs. After that, the 3D
elastic autogenous shrinkage was simulated using a lattice fracture
model to impose the local forces on all the IPs and OPs of cement paste.
In comparison with the traditional poromechanical models, the advan-
tage of the current study is to simulate how the autogenous shrinkage of
IPs and OPs cause the 3D autogenous shrinkage of cement paste at the
microscale.

In a lattice fracture model, discretised lattice elements are often used
to describe the structure of an object. The non-linear behaviour of ma-
terials is analysed in a sequence of linear analysis steps. In each step, the
lattice analysis is similar to the standard finite element analysis [18-20].
Generally, the lattice fracture model has the advantage of computing
efficiency [18-20]. In recent years, the lattice fracture model has been
applied in many studies to deal with the fracture behaviours of cement-
based materials [14,18-23]. The current study used a lattice fracture
modelling program (GLAK) established by the Delft University of
Technology. The details of the modelling process are presented as
follows.

(1) Lattice mesh

The lattice mesh of the cement paste was constructed using the
method of Qian et al. [18-20]. The mesh size is an important parameter
in the lattice modelling, because it will impact the simulated fracture
behaviour of cement-based materials. Normally, the local mechanical
properties of cement particles should be considered by setting a proper
mesh size. According to the study of Qian et al. [18-20], a mesh with
resolution of 2 x 2 x 2 pm>/cell was used to digitise the microstructure
of the cement paste output by the HYMOSTRUC3D-E model (as shown in
Fig. 2a). A sub-cell (1 x 1 pmz) was placed in each cell. Lattice nodes
were randomly generated on the sub-cells and designated as PC, IP and
OP according to the main phase in the cell. A triangulation mesh can be
used to simulate the deformations (e.g., drying-induced deformations)
of cement-based materials in lattice fracture modelling [24], and the
lattice elements were thus obtained by connecting the lattice nodes
following the Delaunay triangulation algorithm [24,25] (Fig. 2b).
Depending on the types of connected lattice node, the lattice elements
are denoted PC-PC, IP-IP and OP-OP and the interface elements are
denoted PC-IP, PC-OP and IP-OP.

(2) Mechanical properties of lattice elements

Qian et al. [19,20] recently established a multiscale framework for
simulating the fracture behaviour of cement-based materials using the
lattice fracture model. They also obtained PC-PC, IP-IP, OP-OP, PC-IP,
PC-OP and IP-OP lattice elements by connecting lattice nodes. The
mechanical properties of PC-PC, IP-IP and OP-OP were taken from the
literature. The Young's modulus and shear modulus of interface ele-
ments were calculated from the mechanical properties of connected
phases using the harmonic average. The compressive strength and ten-
sile strength of interface elements were respectively set as the lower
value of the compressive strength and tensile strength of the connected
phases. Liu et al. [14] applied this method to calculate the mechanical
properties of lattice elements in modelling the drying shrinkage of
cement paste. The method of Qian et al. [20] was used in the current
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Table 1
Mechanical properties of lattice elements [20].
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Young's modulus (GPa)

Shear modulus (GPa)

Compressive strength (GPa) Tensile strength (GPa)

PC-PC 135 52
IP-IP 30 12
OP-OP 22 8.9
PC-IP 49 20
IP-OP 25 10
PC-OP 38 15

18 1.8
2.4 0.24
1.5 0.15
2.4 0.24
1.5 0.15
1.5 0.15

study. Table 1 gives the obtained mechanical properties of lattice
elements.

(3) Local force imposed on the lattice mesh

The effective stress method was used to calculate the local force
imposed on the lattice mesh. The effective stress is defined as the in-
ternal stress exerted by the pore water on the solid phase [7,26]. Many
studies have used the effective stress method to calculate the linear
shrinkage of cement-based materials [3,6,7]. IPs and OPs are porous
phases that contain pore water and it was thus assumed that capillary
pressure can be imposed on the solid phase of IPs and OPs via the pore
water, causing the linear shrinkage of IPs and OPs. To calculate the
effective stress of IPs and OPs, it is necessary to quantify the pore
structures of IP and OPs. However, the quantification of the pore
structures of IPs and OPs is a challenging issue. Different researchers
obtained different pore structures of IP and OPs. For the convenience of
comparison, the current study used the Jennings colloid model of C-S-H
gel [27] to describe the pore structures of IPs and OPs. The effective
stresses of IP and OP phases were calculated using the bulk moduli of
IPs, OPs and C-S-H globules and the capillary pressure based on the
effective stress concept (see Eq. (1)).

Ouri = <1 - gv)swam,, )

Here, K; is the bulk modulus of IPs or OPs and Ky, is the bulk modulus
of C-S-H globules. S,, is the degree of saturation of IPs or OPs. oqp is the
capillary pressure. The pore size of IPs or OPs is in the nanoscale range
(e.g., <5 nm) and the internal RH of sealed cement paste is normally
higher than 80 %. According to the Kelvin and Laplace equations, the
empty pore size is larger than 10 nm in diameter, which exceeds the pore
size of IPs or OPs. S,, was thus set as 1 in the current study. Notably, the
Sy might be changed if the pore structures of IPs and OPs are quantified
in further experiments or models.

The bulk modulus of IPs or OPs was calculated from the Young's
modulus and Poisson ratio of the IPs or OPs (Eq. (2)). In reality, the
Poisson ratios of hydration products, such as C-S-H gel, are time
dependent [28]. Hu et al. [6] used an empirical function to describe the
time-dependent behaviour of the Poisson ratio of cement paste. How-
ever, the function for describing the evolution of the Poisson ratios of
hydration products is unclear, particularly at an early age. In the current
study, the Poisson ratios of IPs and OPs were set constant (0.24) ac-
cording to Do et al. [8]. The same method was used to calculate the bulk
modulus of C-S-H globules, wherein the Young's modulus of C-S-H
globules was set at 47.75 GPa according to the literature [14]. The
capillary pressure was calculated using the Kelvin-Cohan equation by
considering the effect of ions on RH [6] (Eq. (3)).

E;

K=t
3(1—20,)

()]
Here, E; is the Young's modulus of IPs or OPs, and v; is the Poisson

ratio of IPs or OPs.

RTin (ﬂ)

RHy

v, 3)

Ocaqp = —

Local force (Npc.1p)
imposed on PC-IP

Local force (Npp_ip)
imposed on IP-IP

Local force (Npp_op)
imposed on IP-OP

Local force (Ngp.op)
e Vi ® imposed on OP-OP

Fig. 3. Schematic diagram of imposing local forces on lattice elements.

Here, RH is the measured internal RH of the cement paste and RHg is
the RH reduction factor calculated from the ionic concentrations of the
cement paste (Eq. 4). V;, is the molar volume of capillary water, R is the
molar gas constant (8.314 Jmol ! L’l), and T is the temperature (K).

RH, = Myar 4)
Myar + Cngt + Cx+ + Cegav + Cg02- + Con-

Here, nyq is the amount of capillary water. cng+, Ck+, Cca2t, Cs03- and
con- are the ionic concentrations in the capillary water simulated using
the HYMOSTRUC3D-E model. Notably, the influence of ions on the RH
can be quantified more accurately by considering the ionic strength of
pore solution [29].

The effective forces imposed on IP-IP and OP-OP lattice elements
were calculated using Eq. (5). The effective forces imposed on PC-IP and
PC-OP lattice elements were set as the same as those imposed on IP-IP
and OP-OP lattice elements, respectively. The effective force imposed
on IP-OP lattice elements was set as the average of the effective forces
imposed on PC-IP and PC-OP lattice elements.

Ni = 0,1:A 5)

Here, N; is the effective force imposed on IP-IP or OP-OP lattice el-
ements. A is the cross-sectional area of lattice elements. A was calculated
from the radius of lattice elements following the method of Qian et al.
[18-20].

To simulate the elastic autogenous shrinkage of the cement paste,
local forces were imposed on the lattice elements using the lattice
modelling software GLAK [18-20] (Fig.3). In the modelling process of
GLAK, the local forces (N;) were reduced as initial forces (N, ;) and
imposed on IP-IP, OP-OP, PC-IP, PC-OP and IP-OP lattice elements.
Tensile stresses were exerted in some elements owing to the restraining
of PC-PC elements. GLAK searched for the element with the highest ratio
of tensile stress to tensile strength. GLAK then strengthened the local
forces (Nj, pro) until this element was broken. In the current study, this
process proceeded only one step because N; were smaller than N; pro.
GLAK then output the coordinates of lattice nodes and the residual
stresses of lattice elements. The coordinates of lattice nodes and the
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Fig. 4. Schematic diagram of considering the effects of the incremental load and new hydration products on the stress redistribution of the system.

residual stresses of lattice elements were adjusted depending on the ratio
of N; pro to N;. By using the above simulation process, the elastic internal
restraint shrinkage of cement paste was obtained. The linear elastic
autogenous shrinkage of the cement paste (g, 1q) Was calculated as the
average deformations of the nodes on surfaces divided by the size of the
cement paste.

The microstructure of cement paste changes with the ongoing hy-
dration of cement. Additionally, the local forces change. It is important
to consider these dynamic changes in modelling the autogenous
shrinkage of cement paste. As schematically shown in Fig. 4, as the time
changes from ¢ to tj,1, new hydration products form in the system and
change the force equilibrium of the previous step, which will redis-
tribute the stress of the system formed at the previous hydration time.
Furthermore, the load changes from N; to Nj,;. The incremental load
(Nj;1-Nj) also changes the stress in the system. In considering these two
aspects, we used the lattice model to impose the load Nj,1 on the new
structure including the added hydration products. In this way, the effects
of both the incremental load (Nj,1-Nj) and the added hydration products
on the stress redistribution of the system were considered.

2.3. Three-dimensional total autogenous shrinkage of the cement paste

Imposing effective stress will result in creep in the IP-IP, OP-OP, PC-
IP, PC-OP and IP-OP lattice elements. In the present study, this creep is
called free creep. The total free shrinkage is the sum of the free elastic
shrinkage and free creep. However, due to the restraining of other lattice
elements such as PC-PC, the total free shrinkage of lattice elements will
be affected. The corresponding shrinkage is called the total internal
restraint shrinkage. To simulate the 3D elastic and creep shrinkage, we
calculated the total free shrinkage of lattice elements based on creep
functions and simulated the internal restraint shrinkage by incorpo-
rating the effective modulus concept in the lattice fracture model. The
simulation process is presented as follows.

(1) Total free shrinkage of lattice elements

The free creep of lattice elements was calculated from the creep
compliance (J) and the differentials of effective stress (Aceg) using the

method of Do et al. [8] (see Eq. (6)).
Etor,fre (tj) :J(t_h tzcr)geff(tzm‘) +J(tj - t:er+l ) tzm‘+l ) Adeﬁ’ (t:er+l) + - (6)
+7(6— 1,1;) Aoeg (1;)

Here, t,,, is the time zero of autogenous shrinkage and ¢ is the hy-
dration time at simulation step j.
The creep compliance was calculated as Eq. (7) [8,30,31]. In this

equation, 1/E represents the elastic part and ln(l + %) / C represents
the creep part [8].

1 1 ti— by
J(ljatzer) :E+Eln(1+%> @

Table 2
Calculated creep moduli of lattice elements.

Lattice elements Calculated creep modulus (GPa)

Ip-1P 190
OP-OP 135
PC-IP 311
IP-OP 233
PC-OP 158

Here, E is the Young's modulus of lattice elements, C is the creep
modulus of lattice elements, and 7 is the characteristic time. 7 was set at
0.58 s on the basis of the experimental study of Wei et al. [31].

In the current study, the creep modulus of lattice elements was
calculated from the creep modulus of connected phases using the har-
monic average, wherein the creep modulus of connected phases was
taken from the experimental data of Wei et al. [31]; that is, the moduli
for PC, IPs and OPs were 856, 190 and 135 GPa, respectively. Table 2
gives the obtained mechanical properties of lattice elements.

(2) Total internal restraint shrinkage of lattice elements

To describe the creep behaviour of concrete, Bazant [32] proposed
the concept of the effective modulus to calculate the creep of concrete
from the imposed stress. The effective modulus can be calculated from
the total shrinkage (i.e., the sum of the elastic part and creep part) and
the imposed stress. This concept of the effective modulus has been
applied in many studies for the prediction of the creep of concrete
structures [33-36]. In the current study, the effective modulus of lattice
elements was calculated as the effective stress and the free creep of
lattice elements (Eq. (8)).

Eor (1) = 0o () [ €oree (1) €))

The effective stress was then imposed on the lattice elements using a
method similar to that described in Section 2.2, wherein the elastic
moduli of lattice elements were replaced with the effective modulus.
Additionally, the shear moduli of lattice elements were updated ac-
cording to the ratio of the Young's modulus to the shear modulus. The
total internal restraint shrinkage of lattice elements were obtained by
the lattice modelling and the linear total autogenous shrinkage of
cement paste (ejin, o) (including the elastic part and creep part) was
calculated as the average deformations of the nodes on surfaces divided
by the size of the cement paste.

2.4. Young's modulus of the cement paste

The current study simulated the Young's modulus of cement paste
following the method of Qian et al. [20,21] to determine whether the
mechanical properties of the digitised cement paste are reasonable. The
bottom nodes of the cement paste were first fixed. An incremental tensile
displacement was then applied at the top nodes of the cement paste. The
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Table 3
Chemical composition of PC determined from X-ray fluorescence.
CaO SiOy Al,03 Fe,03 SO3 MgO K20 NayO Others LOI
63.28 20.07 4.98 3.65 2.75 1.1 0.44 0.1 0.74 2.89
Note: LOI means loss on ignition.
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Fig. 5. Particle size distribution of PC.

response stresses at the top surface nodes were obtained using GLAK.
The stress-strain curve of the cement paste under tensile load was ob-
tained by increasing the tensile displacement until the system failed. The
curve was then used to calculate the Young's modulus of the cement
paste.

3. Experimental methods

PC pastes with W/C ratios of 0.3 and 0.4 (respectively called WC0.3
and WCO0.4) were prepared to validate the modelling methods. The
chemical composition of PC, which was determined from X-ray fluo-
rescence (Axios PW4400), was used to calculate the mineral composi-
tion of PC by using the Bogue equation modified by Taylor [37]. Table 3
gives the measured chemical compositions of PC. The calculated mineral
composition of PC is 72.7 % C3S, 3.0 % CsS, 3.3 % C3A, 14.0 % C4AF.
Fig. 5 shows the obtained particle size distribution of PC determined
through laser diffraction (Malvern Mastersizer 2000). Additionally, the
particle size distribution of PC was fitted using the Rosin-Rammler-
Bennet distribution: G(x) = 1 — exp (—bx™). G(x) is the cumulative
weight and x is the particle diameter. n and b are fitting parameters used
as the inputs of the HYMOSTRUC3D-E model to represent the particle
size distribution of PC.

The internal RH of cement paste was measured using a RH sensor
based on the methods of Jensen and Hansen [38] and Huang and Ye
[39]. The internal RH of each mixture was calculated as the mean value
obtained in two tests. The degrees of hydration of cement were
measured using the non-evaporable water method [7,40]. The degree of
hydration of each mixture was calculated as the mean value for three
tests. The autogenous shrinkage of cement paste was measured using a
corrugated tube [7,38,39,41]. Specifically, after casting, the cement
paste was poured into a corrugated tube. The corrugated tube was then
sealed and immersed in an isothermal ethylene glycol bath (at 20 +
0.5 °C). The final setting time of the cement paste, which was deter-
mined according to the European standard EN 196-3 [42], was used as
the initial recording time. The autogenous shrinkage of each mixture
was the mean value obtained in three tests.

The Young's modulus of cement paste was measured referring to the

T T T
0 20 40 60 80 100 120 140 160 180 200

Time (hours)

Fig. 6. Degrees of hydration of PC in WC0.3 and WCO0.4.

standard method for determining the Young's modulus of concrete under
static compression (GB/T 50081-2019) [43]. The cement pastes were
cast into the mould with a size of 40 x 40 x 160 mm°>. Then, the cement
pastes were sealed and cured in the isothermal chamber (temperature =
20 + 1 °C) for 24 h. After demoulding, the specimens with a size of 40 x
40 x 80 mm® were obtained by using a precision cutting machine to cut
the cement pastes (Six specimens were obtained for each W/C). Then,
the specimens were sealed by using the polyethylene film and cured in
the isothermal chamber (temperature = 20 + 1 °C) until the testing ages
(1, 3, 5, and 7 days). At testing ages, three specimens were used for the
axial compressive strength measurement and other three specimens
were used for the Young's modulus measurement as follows: (1) The
axial compressive strength of cement paste (f;,), which was used as the
input for the Young's modulus calculation, was obtained by applying a
loading rate of 200 N/s. (2) The surfaces of the specimens for the Young's
modulus measurement were grinded with the 400 mesh sand paper, and
cleaned by using the ethanol. (3) The centre part of the surfaces (except
for the pouring surface) were pasted on the strain gauge. (4) The spec-
imens were loaded under a static compression at the reference load (800
N) for 90 s. Then, the compression load was increased to reach o, (64 =
1/3 of f;,) with the loading rate of 200 N/s, and hold on for 90 s. After
that, the compression load was reduced to the reference load with an
unloading rate of 200 N/s, and held on for 60s. This process was
repeated twice. During the last process, the reference load was hold on
for 90s, and the load was increased to reach o, with the same loading
rate and held on for 90 s. The Young's modulus was calculated as Eq. (9).

0, — 0

Epas = (9)

€, — &

Here Ejq is Young's modulus of cement paste, o, is the stress for the
calculation of Young's modulus of cement paste, ¢, is the strain for the
calculation of Young's modulus of cement paste, 6y and ¢q are the stress
and strain for the reference load, respectively.
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(d) 24 hours (WC0.4)

(e) 70 hours (WC0.4)
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3
(f) 160 hours (WC0.4)

Fig. 7. Microstructures of cement pastes output by the HYMOSTRUC3D-E model: grey, red, yellow and blue respectively represent the PC, IPs, OPs and capillary
pores. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Capillary porosities of WC0.3 and WCO0.4.

4. Results and discussion
4.1. Hydration and microstructure of the cement pastes

The simulated degree of hydration of cement and the simulated po-
rosities and stress-strain curves of cement pastes were analysed to
determine whether the microstructures of cement paste output by the
HYMOSTRUC3D-E model are reasonable for modelling the shrinkage
behaviour of cement paste.

As shown in Fig. 6, the degree of hydration of PC in WC0.3 increased
to approximate 60 % at 168 h, which was a value smaller than that for
WCO0.4 (around 70 % at 168 h). These values are comparable to
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Fig. 9. Young's moduli of cement pastes obtained from simulation
and experiment.

experiments. In HYMOSTRUC3D-E model, the reaction rate of cement is
the essential for the simulation of hydration and microstructure devel-
opment of cement paste. In this version of HYMOSTRUC3D-E model, to
ensure that the hydration degree of PC is comparable to the experiments,
the reaction rate of cement was calculated from the components of
cement based on empirical equations [15,16,44], which were obtained
by fitting experiment data with different components of cement. More
details could be found in Appendix A.

Fig. 7 presents the microstructures of WC0.3 and WCO0.4 simulated
using the HYMOSTRUC3D-E model. The images show how the
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Fig. 11. RH; calculated from the ionic concentrations of cement pastes.

microstructure of the PC paste became denser with time. The capillary
porosities of WC0.3 and WCO0.4 are plotted in Fig. 8. The simulated
capillary porosity of WCO0.4 is consistent with the scanning electron
microscopy observation [45]. Notably, the capillary pores presented in
this study were in microscale. In the recent studies by our group [15,16],
the nanopores were also dealt with in the HYMOSTRUC3D-E model by
employing the multi-scale concept and the packing of colloid particles.
In these studies, the simulated porosity including the micropores and
nanopores were consistent with the experimental data of MIP. However,
the simulated pore size distribution was not in line with the MIP data,
and was difficult to be applied in the calculation of RH following the
method such as Hu et al. [46]. From the above considerations, the
current study used the measured RH to calculate the driving force of
autogenous shrinkage.

The simulated and measured Young's moduli of WC0.3 and WCO0.4
were calculated from the data presented in Appendix B. As shown in
Fig. 9, the simulated Young's moduli of WC0.3 and WCO0.4 respectively
reached from 20.8 to 29.4 GPa, and 12.4 to 16.2 GPa at 1 and 7 days. The
values for WC0.4 are comparable to the elastic moduli of cement pastes
determined by the experiments, while those for WCO0.3 are slightly
higher than the experiments. The literature reported similar values of
the elastic moduli of cement pastes. For example, Lu et al. [7] calculated
the elastic moduli of cement pastes with W/C ratios of 0.3 and 0.4 using
an empirical equation proposed by Noguchi et al. [47] as approximately
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Fig. 12. Internal capillary pressures of cement pastes calculated using the
Kelvin-Cohan equation.

25 and 17 GPa, respectively, at 7 days. The above comparisons show that
the elastic moduli of cement pastes output by the HYMOSTRUC3D-E
model are acceptable for modelling the shrinkage behaviour.

4.2. Internal RH and capillary pressure of the cement pastes

Fig. 10 presents the internal RH in WCO0.3 and WCO0.4 obtained using
the RH sensors. For both cement pastes, the internal RH increased at an
early age and then decreased with the ongoing hydration of the cement.
Similar trends have been observed in other studies [3,7,39]. The initial
increase in RH is probably due to that the equilibrium between the RH
sensor and cement paste. Notably, the measured internal RH did not
reach 100 %. This was probably due to the dissolution of salt in the pore
solution [3,7]. The internal RHs of WC0.3 and WCO0.4 then started to
drop at approximately 12 and 20 h, respectively.

Fig. 11 shows the RH reduction factor (RHg) calculated from the ionic
concentrations of cement pastes. (The simulated ionic concentrations of
cement pastes can be found in Appendix C. The method for predicting
the ionic concentrations of cement pastes was validated and discussed in
[16].) The RHg decreased with the progression of hydration for both
WCO.3 and WCO0.4. This is because the ionic concentrations in the pore
solution increased with the ongoing hydration of the cement. Addi-
tionally, because the ionic concentrations were higher in WCO0.3 than in
WCO.4 (see Appendix C), the RH reduction factor was greater for WC0.3
than for WCO0.4. The RHg of WCO0.4 decreased to 0.986 at 160 h, which
was close to the calculation of Chen et al. [48], who measured the ionic
concentrations of a PC paste with a W/C of 0.4 and calculated the RHg
using the Raoult's law.

Fig. 12 shows the internal capillary pressure calculated from the
internal RH and RHg using the Kelvin-Cohan equation (Eq. (3)). After 20
h, the capillary pressure in WC0.3 was appreciably higher than that in
WCO0.4. At 160 h, the internal capillary pressures of WC0.3 and WCO0.4
were 16.8 and 7.9 MPa, respectively. The difference in pressure was due
to the measured internal RH of WCO0.3 being lower than that of WC0.4.
The calculated capillary pressures were consistent with values reported
in other studies. Lu et al. [7], for example, measured the internal RH of
PC pastes with WC ratios of 0.3 and 0.4 and calculated the internal
capillary pressures. The obtained internal capillary pressures for WC
ratios of 0.3 and 0.4 respectively increased to approximately 14.5 and 6
MPa at 7 days.
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Fig. 14. Simulated 3D elastic autogenous shrinkage of cement pastes. (Deformations are magnified 400 times.)
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Fig. 16. Simulated creep compliance of the lattice elements crossing the X-Y plane for Ac,y at different time steps.

4.3. Measured autogenous shrinkage of the cement pastes

Fig. 13a shows the measured autogenous shrinkage of WC0.3 and
WCO0.4 with time zero being the final setting time (5 and 7 h for WC0.3
and WCO0.4, respectively). Both cement pastes exhibited a sharp
shrinkage at an early age followed by an expansion. After the expansion,
the cement pastes gradually shrunk with the ongoing hydration of
cement. The observed expansion is consistent with the results of Lu et al.
[7] and Do et al. [8]. This expansion was probably due to the formation
of crystals, such as ettringite, at an early age [1]. At 160 h, the autog-
enous shrinkage of WC0.3 (—764 pm/m) was larger than that of WC0.4
(—309 pm/m). Similar results were found by other researchers, such as
Lu et al. [7], Do et al. [8] and Baroghel-Bouny et al. [49].

The time zero or starting point of the autogenous shrinkage of
cement paste is an important research topic for the measurement of

autogenous shrinkage [39,50-52]. Time zero has been set differently in
different studies; for example, time zero has been the final setting time
[3,6,8] and the time of maximum swelling [7]. In a recent study by
Huang and Ye [39], the onset of the internal RH drop was believed to be
directly linked to the start of the self-desiccation of cement paste. Thus,
they recommended that the RH drop time could be the time zero of the
autogenous shrinkage of cement paste. As mentioned in Section 4.2, the
internal RH measured before the RH drop might not reflect the real in-
ternal RH of the cement paste. Hence, this study used the time of the RH
drop as the time zero of autogenous shrinkage in validating the
modelling methods. Notably, a part of the stress-induced autogenous
shrinkage might be excluded by using the RH drop time as the time zero
of autogenous shrinkage in the simulation. This can be avoided if the
internal RH of cement paste can be obtained more accurately. Fig. 13b
shows the measured autogenous shrinkage of WC0.3 and WCO0.4 with
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Fig. 17. Simulated elastic and total free shrinkage of lattice elements crossing the X-Y plane (at a time of 160 h).

time zero being the RH drop time (12 and 20 h for WC0.3 and WCO0.4,
respectively). At 160 h, the autogenous shrinkage of WC0.3 and WC0.4
reached —480 and —180 pm/m, respectively.

4.4. Simulated elastic autogenous shrinkage of the cement pastes

Fig. 14 presents the simulated 3D elastic autogenous shrinkage of
WCO0.3 and WCO0.4 at 160 h (i.e., 50 time steps). The simulated 3D elastic
autogenous shrinkage at different times can be found in Appendix D. The
deformations of WC0.3 were greater than those of WC0.4. Furthermore,
the shrinkage was non-uniform owing to the spatial distributions of
cement particles and hydration products.

The simulated linear elastic autogenous shrinkage (&;in, ¢1o) of cement
paste is plotted in Fig. 15. It is seen that &, (o of WC0.3 and WCO0.4
arrived at —188 and —79 pm/m, respectively, after 160 h (i.e., 50 time
steps). The obtained ejiy, 01, Was comparable to the values predicted using
poromechanical models [7].

4.5. Simulated total autogenous shrinkage of the cement pastes

The lattice elements crossing the X-Y plane at the centre of the
cement paste were considered in visualising the creep compliance, free
shrinkage and total shrinkage of lattice elements.

(1) Creep compliance of lattice elements

Fig. 16 shows the creep compliance of the lattice elements crossing
the X-Y plane at the centre of the cement paste. Do et al. [8] calculated
the creep compliance of cement paste using a finite element method.
They found that the creep compliance of cement paste was in the range

11

of 0-500 pm/MPa, depending on the initial loading time and the final
loading time. In the current study, the initial loading time was t33 (24 h)
and the finial loading time was tso (160 h) for the effective stress
Acef(tsn) from t3) to t3p. Fig. 16a shows that the distribution of creep
compliance was relatively sparse. For the effective stress Aceg(ts9) from
tyg to ta9, the initial loading time was t49 (145 h) and the finial loading
time was tso (160 h). The obtained distribution of creep compliance is
presented in Fig. 16e. It is seen that the distribution of creep compliance
was dense. This is because the distribution of hydration products affects
the distribution of creep compliance (i.e., there are more hydration
products in Fig. 16e). Furthermore, the distributions of creep compli-
ance in WCO0.4 were sparse owing to the less formation of hydration
products (see Fig. 16b, d and f). The obtained creep compliance was used
to calculate the free total autogenous shrinkage of lattice elements (see
Eq. (6)).

(2) Elastic and total free shrinkage of lattice elements

Fig. 17 shows the simulated elastic and total free shrinkage of the
lattice elements crossing the X-Y plane at the centre of the cement paste
(at a time of 160 h). The total free shrinkage including the elastic part
and creep part was almost three times the elastic free shrinkage (see the
colour bar in Fig. 17). Both the elastic free shrinkage and total free
shrinkage were non-uniform owing to the random distribution of cement
particles. WC0.3 had much larger elastic free shrinkage and total free
shrinkage than WC0.4. The obtained total free shrinkage of lattice ele-
ments was used to calculate the effective modulus of lattice elements
(see Eq. (8)).

(3) Elastic and effective moduli of lattice elements
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Fig. 18. Elastic and effective moduli of lattice elements crossing the X-Y plane (at a time of 160 h). Note that, to focus on the properties of the lattice elements of the
hydration products, the elastic and effective moduli of the PC-PC lattice elements are not shown.

Fig. 18a and b shows the Young's modulus of the lattice elements
crossing the X-Y plane at the centre of the cement paste whereas Fig. 18c
and d shows the calculated effective modulus of the lattice elements. It is
seen that the elastic and effective moduli of lattice elements were non-
uniform, and the effective modulus was much smaller than the
Young's modulus because the effect of creep was considered in calcu-
lating the effective modulus (see Egs. (6) and (8)). As described in
Section 2.3, the obtained effective modulus was applied in the lattice
fracture to simulate the total restrained shrinkage of the cement paste.

(4) Elastic and total internal restraint shrinkage of lattice elements

Fig. 19 shows the simulated elastic and total internal restraint
shrinkage of the lattice elements crossing the X-Y plane at the centre of
the cement paste (at a time of 160 h). The elastic free shrinkage and total
free shrinkage were redistributed owing to the restraint of the unreacted
PC phase. It is seen that the shrinkage of lattice elements was non-
uniform. Some lattice elements had tensile strains because of the
restraining effect of unreacted PC on the free shrinkage of lattice
elements.

Fig. 20 shows the simulated 3D total autogenous shrinkage of WC0.3
and WC 0.4 at 160 h (i.e., 50 time steps). The deformations of WCO0.3
were greater than those of WC0.4. Additionally, the deformations are
non-uniform owing to the random distribution of cement particles. The
simulated 3D total autogenous shrinkage at different times can be found
in Appendix E.

Fig. 21 shows that the simulated total autogenous shrinkage of

WCO0.3 and WC0.4 reached —501 and —236 pm/m, respectively, at 160
h. These values are in good agreement with the experimental data (—480
and —180 pm/m for WC0.3 and WCO.4, respectively, at 160 h). How-
ever, the evolution of the simulated autogenous shrinkage was slightly
different from that of the measured autogenous shrinkage. First, the
expansion observed in the experiment did not exist in the simulation.
This is because the expansion mechanism, probably the formation
pressure of crystals such as ettringite, was not considered in the simu-
lation. After the expansion, the evolution of the autogenous shrinkage
measured using the corrugated tube method was more rapid than that of
the autogenous shrinkage obtained in the simulation. One possible
reason is that the Poisson ratios of hydration products change with the
ongoing hydration of cement [30] whereas the Poisson ratios of hy-
dration products were set constant in the current study. According to
Egs. (1) and (2), the Poisson ratios of hydration products might affect the
effective stress imposed on the hydration products. Consequently, both
the elastic part and creep part of autogenous shrinkage could change.

4.6. Practical importance of the current study and further work

The current study established a modelling framework for simulating
the 3D autogenous shrinkage of cement paste. The elastic part and creep
part of autogenous shrinkage were directly quantified and visualised.
The HYMOSTRUC3D-E model was used to obtain the 3D microstructure
and the ionic concentrations of cement paste. Other cement hydration
models, such as CEMHYD3D [53] and pic [54], have functions similar to
the HYMOSTRUC3D-E model. By applying these hydration models in the

12
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Fig. 19. Simulated elastic and total internal restraint shrinkage of lattice elements crossing the X-Y plane (at a time of 160 h).

(a) WC0.3

(b) WC0.4

Fig. 20. Simulated 3D total deformations (elastic part + creep part) of cement pastes. (Deformations are magnified 400 times.)

current modelling framework, the effects of the W/C ratio and compo-
nents of cements (e.g., the contents of blast furnace slag and fly ash) on
the 3D autogenous shrinkage of cement paste could be analysed. In
addition, the volume fraction and the stiffness of the cement particles
play important roles on the restraining effect of unreacted phase on the
local shrinkage of hydration products. These aspects can be quantified in
the current modelling framework because the HYMOSTRUC3D-E model

13

can obtain the microstructure of cement pastes with different volume
fractions of cement, and the lattice model can deal with the lattice ele-
ments with different stiffness. The simulated autogenous shrinkage of
cement paste can be taken as input in evaluating the autogenous
shrinkage of concrete in the multi-scale modelling framework.
Notably, the RH is an important input to calculate the driving force of
autogenous shrinkage in this model. In the study like Hu et al. [46], the
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Fig. 21. Comparison of total autogenous shrinkage between simulation and experiment (with time zero being the time of the RH drop).

ionic concentrations can be used to calculate the ionic strength, which
can be applied to accurately quantify influence of ions on the RH, rather
than using the Raoult's law. This is also an important aspect should be
considered in further model. As previously mentioned, the evolution of
the simulated total autogenous shrinkage was slightly different from
that in the experiments. One possible reason is that the formation
pressure of crystals or the dynamic change in the Poisson ratios of hy-
dration products was not involved in the current modelling frame.
Moreover, the method for obtaining local Young's modulus and creep
modulus of cement paste should also be concerned because they are also
important for affecting the prediction of autogenous shrinkage. These
points should be explored in further work. Furthermore, the cement
particles are irregularly shaped, which might also affect the restraining
effect of the unreacted phase on the local shrinkage of hydration prod-
ucts. However, this effect was not quantified in the current modelling
framework because the cement particles were assumed to be spherical in
the HYMOSTRU3D-E model [15,16]. This effect could be considered
using a cement hydration model with irregularly shaped cement parti-
cles such as CEMHYD3D or incorporating a model of irregularly shaped
particles (e.g., the Anm materials model [19]) in the HYMOSTRUC3D-E
model.

5. Conclusions

A structure-based modelling framework was established to deal with
both the elastic part and creep part in the 3D autogenous shrinkage of
cement paste. The hydration, microstructure and ionic concentrations of
cement paste were obtained using the HYMOSTRUC3D-E model. The
stress, which was calculated from the measured internal RH of cement
paste based on the concept of effective stress, was imposed on the hy-
dration products using the lattice fracture model. The creep compliance
involving the elastic part and creep part was used to calculate the total
free shrinkage of hydration products. The obtained total free shrinkage
of hydration products was used to calculate the effective moduli of hy-
dration products, which were used as inputs of the lattice fracture model
to simulate the 3D autogenous shrinkage of cement paste.

To validate the modelling framework, PC pastes with a W/C ratio of
0.3 (WC0.3) and 0.4 (WCO0.4) were prepared and their autogenous
shrinkage was determined using a corrugated tube. At 160 h, the linear
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elastic autogenous shrinkage of WC0.3 and WCO0.4 reached —188 and
—79 pm/m, respectively (with time zero being the RH drop time). These
values are comparable to the values predicted using poromechanical
models. The simulated linear total autogenous shrinkage of WC0.3 and
WCO0.4 reached —501 and —236 pm/m, respectively (with time zero
being the RH drop time), which are close to values measured using the
corrugated tube. The above comparisons validate the proposed
structure-based modelling frame for predicting the 3D autogenous
shrinkage of cement paste.

The main limitation of this modelling framework is that the internal
RH of cement paste, which was the key input for calculating the driving
force of shrinkage, was obtained from the experiments rather than from
simulation. This is because the pore size distribution simulated by the
current version of HYMOSTRUC3D-E model was inconsistent with the
reality. Consequently, it was difficult to predict the internal RH of
cement paste in the current modelling frame work. This limitation can
be solved if a more sophisticated cement hydration and microstructure
development model is developed in further work.
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Appendix A. Hydration parameters of the HYMOSTRUC3D-E model

In the HYMOSTRUC3D-E model, the hydration rates of the components of PC particles (C3S, C5S, C3A and C4AF) are simulated using Eq. (A.1).

Aty i My

Aé[n.x J+H1LM, 51rM A "
—T = Ko, X 21(0) X 25() x 23() x Fi () x [Fz(.) X (—‘) ] (A.1)

Here, Adin, x, j+1, M, is an incremental increase in the penetration depth of the reacted part of component My (Mk—1 = C3S; Mg—2 = C2S; Mi—3 = C3A;
My—4 = C4AF) during a time increment Atj;1 = tj11 — tj. Ko, u, and ;- are two important model parameters. Ko, y, is the initial penetration rate of the
reaction front of component My (pm/h). &y, u, is the transition thickness of the shell of hydration products when the hydration mechanism of My
changes from a phase boundary reaction (i, = 0) to a diffusion-controlled reaction (i, = 0). & is the transition thickness of the shell of hydration
products when the hydration mechanism of a PC particle changes from a phase boundary reaction to a diffusion-controlled reaction. The values of Ky and
8¢ for C3S, CsS, C3A and C4AF are calculated from the components of cement using the empirical equations suggested by Tuan [44]. The definitions of
other parameters in Eq. A.1 can be found in the literature [15,16]. Table A.1 gives the calculated modelling parameters.

Table A.1

Modelling parameters of HYMOSTRUC3D-E.
Phase Ko [pm/h] O [pm]
C3S 0.072 2.73
CoS 0.005 3.07
C3A 0.122 3.51
C4AF 0.020 1.19

Fig. A.1 shows the hydration time versus the time step for the HYMOSTRUC3D-E model.

1000

100
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R
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Time step
Fig. A.1. Hydration time versus time step for the HYMOSTRUC3D-E model.

Appendix B. Loading curves for determining the Young's moduli of cement pastes

Fig. B.1 and B.2 show the curves for calculating the simulated and measured Young's moduli of cement pastes.

70 70
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Fig. B.1. Simulated stress-strain curves of cement pastes under a tensile load.
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Fig. B.2. Loading curves for determining the Young's moduli of cement pastes.

Appendix C. Ionic concentrations of the cement paste simulated using the HYMOSTRUC3D-E model

Tables C.1 and C.2 respectively show the simulated ionic concentrations of WC0.3 and WCO0.4.

Table C.1
Ionic concentrations of WC0.3 simulated using the HYMOSTRUC3D-E model.
Step Time (hours) Tons' concentrations (mol/L) pH
Na® Kt Ca%* S0%~ OH~

1 1.00 0.04 0.23 0.0044 0.087 0.11 13.04
12 3.13 0.05 0.26 0.0041 0.099 0.12 13.07
17 5.25 0.06 0.28 0.0038 0.109 0.12 13.09
24 10.84 0.07 0.32 0.0033 0.130 0.13 13.13
32 24.83 0.08 0.36 0.0003 0.000 0.44 13.64
42 69.98 0.09 0.40 0.0002 0.000 0.50 13.70
50 160.32 0.10 0.43 0.0002 0.000 0.53 13.72

Table C.2

Ionic concentrations of WC0.4 simulated using the HYMOSTRUC3D-E model.

Step Time (hours) Ionic concentrations (mol/L) pH
Na® K* Ca?* S0% OH

1 1.00 0.03 0.17 0.0056 0.060 0.09 12.98
12 3.13 0.04 0.19 0.0052 0.068 0.10 13.00
17 5.25 0.04 0.20 0.0049 0.074 0.10 13.02
24 10.84 0.05 0.23 0.0008 0.014 0.25 13.40
32 24.83 0.06 0.25 0.0005 0.000 0.31 13.49
42 69.98 0.07 0.28 0.0004 0.000 0.35 13.55
50 160.32 0.08 0.30 0.0004 0.000 0.38 13.58
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Appendix D. Three-dimensional elastic autogenous shrinkage of cement pastes at different times

Fig. D.1 shows the simulated 3D elastic autogenous shrinkage of WC0.3 and WCO0.4 at different times.

(e) 160 hours (WC0.3) () 160 hours (WC0.4)

Fig. D.1. Three-dimensional elastic deformations of WC0.3 and WCO0.4 at different times. (Deformations are magnified 400 times.)

Appendix E. Three-dimensional total autogenous shrinkage of cement pastes at different times

Fig. E.1 shows the simulated 3D total autogenous shrinkage of WC0.3 and WCO0.4 at different times.
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(e) 160 hours (WCO0.3)
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e

() 160 hours (WC0.4)

Fig. E.1. Three-dimensional elastic and creep deformations of WC0.3 and WCO0.4 at different times. (Deformations are magnified 400 times.)
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