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Moisture Flow as Driving Force behind Drying Shrinkage and 
Microcracking in Interfacial Transition Zone in Concrete 

D. Jankovic* 
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Abstract: In order to determine drying shrinkage in early age cementitious paste and ITZ, prior to a calculation of 
shrinkage coefficient and further complex coupling, experimental methods at micro-level and numerical methods at 
meso-level are separately performed as the initial steps. Digital images of a small-size 1-mm thick cement paste 
specimen with an embedded obstacle as a concrete model are captured at different magnifications and analyzed in 
drying experiments with Environmental Scanning Electron Microscope (ESEM) and Vic-2D. The drying shrinkage shows 
the dependence on image magnification, chosen Area of Interest (AOI) and RH variations. Numerical moisture flow/ 
drying simulations by Lattice Gas Automata (LGA) show the difference in a moisture gradient depending on the 
heterogeneity of the LGA domain (population with smaller and/ or larger solids). Expected higher moisture gradient 
around larger solids is confirmed in the LGA simulations, which could be an initial sign of gaps/microcracks in real ITZ. 
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1. INTRODUCTION 

Early age shrinkage microcracks prior to any 
mechanical loading may be the reason for the collapse 
of reinforced concrete structures in the later phases of 
their lives. Microcracks could be induced by time-
dependent variations of porous cement paste 
microstructure as a result of moisture flow (drying) and 
consequent differential volume changes. As concrete 
(cement) ages, microcracks may grow into cracks. 
Their growth may lead to severe failure, since moisture 
loss and shrinkage become more dependent on the 
evolving cement microstructure due to external 
influences. Especially sensitive to microcracks is a 
highly porous bond zone, between bulk cement paste 
and aggregate (obstacle), so-called Interfacial 
Transition Zone (ITZ). 

Higher porosity in ITZ develops due to cement 
bleeding around the aggregates/ obstacles [1] where 
voids appear to be larger than 5µm [2]. A quicker water 
transport is expected at such ‘open’ microstructure and 
in concrete itself, since ITZ may take about 30-50% of 
the total volume of cement matrix in concrete. Due to 
its high porosity, the properties of the ITZ vary in 
comparison to the rest of bulk cement paste (CP). That 
is why ITZ is considered a concrete-phase with the 
lowest strength. This emphasizes the importance of 
moisture flow (drying) investigation of ITZ. Various 
studies on concrete bond behaviour due to drying and 
additional loading were conducted in the past 
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[3-5]. In these drying tests on large concrete specimens 
(macro-level), cracking was also distinguished as 
microcracking and bond cracking, which occurred due 
to the weakening of the bond zone at rather young age, 
when no load is applied. 

The ITZ thickness varies according to various 
researches. The thickness depends on a concrete 
characteristics i.e. cement type, w/c ratio, different 
aggregate qualities, supplementary admixtures and 
diverse hardening ages, as well as different examina-
tion methods. Different researchers found different 
values of ITZ thickness in a range from 15µm [6] to 50-
100µm [2, 7]. Due to drying, shrinkage deformations 
(εsh) are related to moisture content (h). L’Hermite [8] 
described them as directly proportional (1): 
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where El is the amount of evaporated water; EL is the 
total amount of free water; αsh is the shrinkage 
coefficient; Δεsh is the difference in the deformations 
between two consequent drying steps. The shrinkage 
coefficient (αsh) is expected to vary in ITZ and bulk CP, 
as a function of variable relative humidity (RH), 
specimen age, different specimen curing conditions 
(wet vs. dry), cement quality and other variables. 

In order to fulfill structural design needs and 
produce necessary “cure” for the structure durability, 
the research on drying shrinkage and possible 
microcrack occurrence is undertaken in a form of 
coupling of several scientific branches at two 
observational levels (micro- and meso-level). The 
experimental observations of time-dependent 
cementitious microstructure at micro-level combined 
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with numerical analyses (at meso-level) are 
considered. As always, one of the research goals is to 
avoid expensive experiments by performing computer 
simulations whenever possible. 

The next step in the research is to calculate αsh 
based on shrinkage strains obtained from ESEM 
shrinkage tests and use it as a link for coupling of two 
numerical analyzes (Lattice Gas Automata and Lattice 
Fracture Model) [9, 10]. In that way the change of 
moisture content during drying from real cement paste 
specimens would be input in the numerical models. In 
the previous coupling of these numerical analyzes [9, 
10] a constant shrinkage coefficient was initially used 
from the macro-level experiments on concrete 
specimens [11]. 

2. DRYING SHRINKAGE TESTS IN ESEM 

In the current analysis, the drying of 32-day old 
cement paste with an inclusion of a single artificial 
obstacle (glass pearl, 4-mm, Figure 1) and analysis of 
drying results are presented. The objective of the 
previous drying experiments in ESEM, XL30 model 
[12-14] was to observe drying and shrinkage of a thin 
cement paste specimen (10 x 10 x 1mm3) to recognize 
the ‘real’ mechanisms of drying shrinkage in 
cementitious materials with various characteristics. The 
observation of real mechanisms is possible if the 
specimen is thin (1-mm). Such a low thickness should 
disable development of a moisture gradient in the 
vertical direction. To avoid microcrack nucleation in the 
very first days of specimen life, the special preparation 
technique and drying procedure are developed as 
described in [12-14] and summarized here. 

2.1. Specimen Preparation 

Ordinary Portland cement (CEM I, 32.5 R) and 
demi-water (w/c 0.5) are manually mixed to form 
cement paste. The specimen is cast in size (10 x 10 x 2 
mm3) in a specially designed mould with the addition of 
a glass pearl (Figure 1a). Specimen is wet cured in a 
container with lime-saturated water and kept in the 
climate chamber at 20°C and 95% RH. Prior to the 
drying experiments in ESEM, the specimen is manually 
polished to a thickness of approximately 1-mm  
(Figure 1b) with a specially designed cylindrical tool 
[12, 13]. The specimen is fixed at the bottom to ESEM 
cooling stage by a conductive paste (Figure 1c). The 
specimen fixing prevents its sliding during drying and 
improves the temperature control at the bottom of the 
specimen. 

2.2. Drying Procedure in ESEM 

Drying and subsequent drying shrinkage strains in 
specimen are induced by a decrease of relative 
humidity in ESEM chamber from a fully saturated state 
at 100% RH to a minimum of 20% RH. The RH is 
decreased stepwise (by 20%) every time the RH-
equilibrium is reached. At each RH step (at 100, 80, 
60% etc.) the sharp digital images of high resolution 
are acquired (Figure 2). 

2.3. Magnification and Brightness of Images 

The digital image magnification to 50µm (referred to 
as the ESEM magnification of 500x) is selected as a 
reference magnification for image correlation in all 
specimens. If microcracks or some extreme displace-
ments are noticed and the conditions during drying 
tests permitted sharp imaging, magnification is 

           

              (a)           (b)              (c) 

Figure 1: (a) Schematic presentation of cement paste (CP) specimen with glass pearl as aggregate, (b) polished real specimen 
to size (10 x 10 x 1mm3), (c) interior of ESEM XL30 chamber with new cooling house: (1) with inbuilt thermocouple sensors and 
conductive paste, (2) for temperature measurements on the specimen surface of a specimen (3) and integrated circuits inside 
the polyvinyl box (4), (5) pipes for liquid circulation, (6) metal clamps, (7) plastic frame around specimen. 
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increased to 20µm (Figure 2a), 10, 5 (Figure 2b-c) and 
2µm (referred to as 1000x, 2000x, 4000x and 8000x 
respectively). The choice of magnification level relies 
on the fact that only one spot in a specimen can be 
chosen to be viewed during entire drying experiment. 
This is due to the mechanical limitations in ESEM XL30 
that occur while trying to move the specimen stage 
from one observational spot (with the exact 
coordinates) to another. The brightness and the 
contrast of images during different drying rates are 
carefully chosen to maintain the closest possible range 
in order to avoid large differences and to produce more 
accurate results. 

2.4. Drying Test Results in ITZ 

Before the drying at 100% RH started, random, 
discontinuous gaps of approximately 1-µm wide and 
10-µm long were visible along the perimeter of a glass 
pearl in the ITZ (Figure 2a) but only in the surface 
layer(s) of cement paste. During drying the widening of 
the gap occurred i.e. de-bonding of cement paste from 

the surface of the obstacle (Figures 2b-c) but not the 
gap deepening. After drying to 20% RH (Figure 3) the 
gaps appear connected but again only in the surface 
layers. It seems that cement paste remains closely 
attached to obstacle in lower cement paste layers even 
after drying to 20% RH. 

 
Figure 3: Enlarged circled part of Figure 2a to 5µm 
magnification, at 20% RH. 

         
              (a)         (b) 

 
(c) 

Figure 2: (a) ESEM digital image (1424 x 968 pixels) of ITZ between cement paste specimen and embedded glass pearl at 
initial saturation stage at 100% RH, magnified to 20µm. (b) Enlarged part of image at magnification of (a) 5µm, at 100% RH. (c) 
Drying shrinkage deformations after drying to 40% RH, magnified to 5µm.  
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Speculations could be made about the nature of the 
gap appearance and its growth during drying. The 
initial gap that is visible in many specimens could be a 
result of the missing hydration products between 
aggregate/ obstacle and paste [2]. Gap could also 
occur as a surface “peeling” of the cement paste 
around the obstacle during hydration, due to the 
obstacle smoothness and low adhesion. Peeling could 
be an effect of the specimen aging prior to the drying 
tests. In the first days, possibly up to 7 days, the water 
film, formed in the mixing process (bleeding) is still 
present. As the specimen ages (above 28-day), the 
process of hydration is more or less completed, 
shrinkage enhances and the gap is clearly noticeable 
around the obstacle but only on the surface (as in 
Figures 2b-c, 3). The w/c ratio 0.5 could also influence 
such drying behaviour. No radial microcracking is 
observed unlike in younger ITZ (not showed here), 
where radial microcracking emerged at 20% RH.  

3. DIGITAL IMAGE ANALYSIS BY VIC-2D 

ESEM images are acquired at different magnifica-
tions (50 and 20µm, Figure 4) in order to compare the 

influence of different magnification on shrinkage 
strains. The calculations of 2-D displacements and 
subsequent shrinkage strains are based on the cross 
correlation coefficient and determined using the 
commercial digital image analysis code Vic-2D. 

3.1. Area-Of-Interest (AOI) 

The correlation by Vic-2D code is performed in the 
small-sized Area-Of-Interest (556 x 528 pixels) in both 
examples, Figure 4. The size of a pixel in (µm) varies 
with magnification and direction (x or y). For the magni-
fication of 50µm, the pixel x-size = 0.2µm and y-size= 
0.18µm. For the magnification of 5µm, the x-size=0.02 
µm, and y-size = 0.018µm. Hence, the analyzed area is 
approx. (280 x 180)µm at 50µm and approx. 
(28 x 18)µm at 5µm. The size and shape of AOI are 
chosen depending on the specimen type (cement paste 
without or with an obstacle). Here, the AOI is chosen 
close to the obstacle in ITZ, in the area where no 
microcracks are seen prior to drying test (Figure 4). 
Seed point in AOI is typically chosen at the spots 
where some recognizable features exist. The complete 
initial guess, which includes displacement and their 

    
        (a)               (b) 

Figure 4: ESEM digital image (1424 x 968 pixels) of ITZ between cement paste and glass pearl. Images are used for the digital 
analysis of shrinkage strains in AOI (556 x 528 pixels) at (a) at 20µm and (b) at 50µm, using Vic-2D code. 

 

     
 

     
 -0.0018   ε xx  0.0006    -0.0024   ε xx  0.0017    -0.0033   ε xx  0.0021 

                (a)     (b)    (c) 

Figure 5: AOI-s at 20µm with (εxx) distribution (in colours) during drying at (a) 80% (b) 60% and (c) 40% RH, expressed through 
the strain in every pixel that displaces horizontally to the right (sign “+”) or to the left side (sign “-“) due to the specimen 
deformations.  
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derivative approximations is included. The subset-size 
100 and step-size 15 are chosen as to obtain good 
correlation values and the highest shrinkage in all 
images. As the first step in the final drying shrinkage 
strain calculations, the displacement of a center of 
every pixel in the chosen AOI are taken into account 
and calculated as the average strain value of every 
pixel in AOI. 

3.2. Vic-2D Analysis Results  

The characteristic of analyzed ITZ in (Figures 5-6) 
are coloured ‘layers’. They show non-uniform shrinkage 
in (x-x) but also in other directions (y-y and x-y), 
depending on the image magnification and drying level 
(at 80%, 60% RH etc.). The shrinkage in (x-x) direction 
is chosen for the current analysis. The colours present 
different shrinkage strain (εxx) values. Positive εxx sign 
means layer movement towards the obstacle while 
negative sign marks a movement from the obstacle. It 
can be observed that the εxx values at both magni-

fications (50 and 20µm) are of similar order of 
magnitude. They begin to differ towards drying at 20% 
RH (Figure 7). All strains at 20µm show an increase 
(especially εxx, Figure 7a) in comparison to the strains 
at 50µm (Figure 7b). 

Strains increase (Figure 7a) and start to emerge as 
shrinkage (“-“) and swelling (“+”) at 20% RH. That 
typically means a nucleation of a microcrack, in this 
case after drying to 20% RH. Generally speaking, 
these strain results match the order magnitude of the 
strains obtained from drying tests by other researchers 
[15], where different drying techniques are applied. 

4. SIMULATION OF MOISTURE FLOW BY LATTICE 
GAS AUTOMATA 

Modeling of moisture flow/ drying is performed using 
2-D Lattice Gas Automata (LGA). LGA are often 
described as an exact numerical solution of the Navier-
Stokes equation [16]. The aim of applied numerical 
analysis is to create a moisture flow through porous 

     
 

     
 -0.0015   ε xx  0.0005    -0.0014   ε xx  0.0019    -0.0042   ε xx  0.0014 

                 (a)                  (b)                  (c) 

Figure 6: AOI-s at 50µm with (εxx) distribution (in colours) during drying at (a) 80%, (b) 60% and (c) 40% RH, expressed 
through the strain in every pixel that displaces horizontally to the right (sign “+”) or to the left side (sign “-“) due to the specimen 
deformations. 

          
             (a)                      (b) 
Figure 7: Drying shrinkage strains in ITZ (CEM I 32.5 R, w/c 0.5 with obstacle inclusion), 32-day old. Magnification (a) 20µm 
and (b) 50µm. Strain data are analyzed in small AOI (556 × 528 pixels).  
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media (heterogeneous domains) in order to observe 
the moisture behaviour in the vicinity of the obstacles, 
earlier defined as the ITZ. That is to see how moisture 
gradient and speed of drying would vary with the 
change of LGA characteristics, in order to mimic 
porous media during drying (curing age, w/c ratio, 
change in moisture content) as realistically as possible. 
Former mathematical analysis [17] illustrated that 
drying shrinkage cracks in concrete depended on the 
size of the aggregates and their distance. In the current 
analysis, we introduce different sizes of ‘aggregates’ 
(solids) and moisture flow modeling around them to 
search for LGA parameters that might lead to 
subsequent microcracking in the numerical coupling to 
Lattice Fracture Model [10]. 

4.1. Lattice Gas Automata 

Lattice Gas Automata bridge the gap between 
macroscopic and microscopic phenomena. LGA 
originate from Statistical Mechanics and Cellular 
Automata [18]. The main LGA principle is a 
conservation of mass (number of fluid particles) and 
linear momentum on the symmetrical system of a 
hexagonal cell on a triangular lattice (Figure 8a). In 
order to simulate flow, particles propagate and collide. 
The similarity between the LGA and the Navier-Stokes 
(N-S) equation, for incompressible fluid flow is obtained 
from the Chapman-Enskog expansion [18]. This 
expansion gives the macroscopic behaviour of fluid by 
averaging the microscopic (discretized) forms of mass 
(density) and momentum (2) over the considered area. 
The density ρ  and the linear momentum ρu, 
respectively, are defined as follows: 
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where ρ is a density per node (number of present 
particles over total possible number of particles); u is 
the mean velocity vector; ci is the velocity of single 
particle in any of 6 directions along the lattice spacing l 

in time τ, expressed as ci = (cos (π/3) i, sin(π/3) i),  
i = 0,…,5. Ni(x) is the average particle population of a 
cell, expressed as the Fermi-Dirac distribution [18]. Ni 
can be defined as the probability of particle (i) arriving 
at node x with velocity ci. In the case of unit mass and 
isotropic velocity distribution, averaging over the lattice 
area the probability Ni will be Ni = d. The probability of 
a particle leaving the node x will be Ni’(x). The 
propagation of fluid particles is defined as the 
conservation of the mean population in the equal 
probabilities Ni and Ni’ as follows: 
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where τ is the time step (chosen as 1). In the steady 
state, the term t vanishes. The macroscopic equations, 
obtained through the averaging of the mentioned 
equations, have close similarity to the Navier-Stokes 
equation for incompressible fluid flow (ρ = const). In the 
low velocity limit (u<<c), LGA follow the  
expression (4): 
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where u is the velocity vector; P is a pressure; and ν is 
a kinematic viscosity.  

In other words, the LGA is the exact solution of N-S 
only if the velocity u is smaller than the speed of sound 
c as mentioned previously (u<<c). The quantity of g(ρ) 
is not a unity as in the case of Navier-Stokes equation. 
This is a drawback of Lattice Gas models, which occurs 
due to the discrete nature of the Lattice Gas. In order to 
get a close approximation of LGA with low velocity limit 
incompressible fluid, scaling is necessary. Time, 
viscosity and pressure are scaled with the factor g(ρ). 
Detailed derivations can be found in the papers on LGA 
[16, 18-20]. 

   
                (a)                   (b) 

Figure 8: (a) LGA mesh. Lattice in LGA is used as the imaginary track path for propagation and collision of the fluid particles. 
The distance between any two nodes has a unit value in x-direction and (

 3 / 2 ) in y-direction. (b) FHP model. Enlarged are 
imaginary paths between (i, j, k) nodes, which allow ‘fluid’ particles to move from node to node. 
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4.2. FHP Drying Model 

The FHP seven-particle model (Figure 8) is applied 
in all drying simulations. Maximum seven (fluid) 
particles exist in every cell (node), which form together 
a regular, triangular (Bravais) lattice (Figure 8a). One 
particle out of seven is at rest i.e. having zero velocity, 
while the remained six ‘fluid’ particles are able to move 
in the six directions (Figure 8b). 

All fluid particles have unit speed, mass and equal 
initial density (d0 = d), regardless of the six paths on 
which they move. Total number of lattice sites in a 
chosen squared LGA domain is (X x Y = 1024 x 1024) 
i.e. X/Y = 1. The (1024 x 1024) size was chosen for the 
better averaging analyses of LGA ‘heterogeneous’ 
domains. These domains are populated with smaller/ 
larger solid particles. Solids are coded in a number of 
’solid’ clusters. The nodes included in the clusters, 
contain ’solid bit’ (8-bit) to differ from other ’fluid’ bits. 
Positions of solid clusters are defined by x-y lattice 
node coordinates. Solid particles are placed statically 
on the vertices at predetermined positions, while fluid 
particles move/ propagate or collide with them in the six 
directions on the lattice. 

4.3. Collision Rules and Boundary Conditions 

Collision rules are distinguished as collisions among 
fluid particles (located in the look-up tables), collisions 
of fluid with solid particles and collision of fluid particles 
with solid boundaries. Collision of fluid particles with 
any solid is given as a ratio r (r = specular/bounce-back 
reflection), ranging from 0 (bounce-back) to 1 in the 
specular-reflection. In the given examples, the bounce-
back collision rule with the solid wall is applied in all 
cases. FHP2 collision rule is used from the look-up 
tables [19]. The FHP2 rule counts 22 collisions, out of 
128 possible configurations. Collision rules and number 
of collisions do not influence the basic macroscopic 

equations but only the transport properties such as 
viscosity. The applied boundary conditions are periodic 
in the vertical direction, with the wall placed on the left-
hand side such that fluid particles that exit cannot re-
enter the lattice again. The influence of the number/ 
type of collisions on the drying simulations is taken into 
account with FHP2 rule. 

4.4. Heterogeneous Domain 

Domain 1: The heterogeneous (1024 x 1024) 
domain consists of fluid and solid (20 x 20) lattice sites 
(Figure 9). Two boundary conditions (r = 0 and 1) and 
FHP2 rule are applied. The size of (20 x 20) solid node-
clusters is determined according to the size of real 
obstacles in the previous NMR analysis. The LGA 
drying is run till 5000 steps. The idea was to observe 
how domain dries in a chosen number of LGA steps, 
but not necessarily to find a final number of steps, 
which would show a completely dried domain. 

The drying results (Figures 9-10) show the moisture 
gradient decrease due to the presence of solids, but 
increase of the speed of drying (Figure 10). These 
results can be compared to the homogeneous domain 
[21], with the same FHP2 rule, where initially a rather 
steep moisture gradient occurred. A certain agreement 
of the numerical simulations could be found with 
experimental results of drying cement paste specimens 
in experiments with NMR [21]. 

The moisture gradient is influenced by the choice of 
the boundary conditions among fluid and solid particles 
(bounce-back or specular-reflection). In Domain 1, the 
moisture gradient (Figure 10a vs. 10b) does not vary 
significantly when bounce-back or specular-reflection 
rule is applied. The reason could be the shape and the 
(1024 x 1024) lattice size (compared to 1000 x 100 
lattice-sites in [10]) but also the presence of small 
solids. Their presence induced noisier results, 

            

                    (a)       (b)        (c) 

Figure 9: Moisture distribution in Domain 1: drying at (a) 10 and (b) 2000 LGA steps with bounce-back reflection, r = 0 and (c) 
after 2000 steps with the specular-reflection rule r = 1. The moisture content is presented in a scale “h”.  
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especially when the bounce-back reflection is applied 
(Figure 10a). 

Domain 2: Six larger solids (160 x 160 lattice sites) 
are generated, combined with smaller, randomly 
distributed (20 x 20) solids (Figure 11). The same 
boundary conditions are considered. The drying is 
given in (Figures 11-12). A jump in moisture content 
(Figures 12) is visible in the vicinity of every large 
obstacle, where ‘ITZ’ is created as a boundary layer, 
with a prescribed bounce-back collision rule between 
fluid and solid particles. This jump could be explained 
physically and mathematically. 

In drying, as a physical phenomenon, significant 
changes in the moisture gradient are expected in the 
ITZ (obstacle/ matrix) as it is a highly porous medium 
and moisture flow occurs with a higher velocity. The 
density of fluid particles and the velocity should have 
different values in the matrix (fluid particles) than in the 
zone between impermeable solids and fluid. The 
mathematical explanation comes from the Chapman-

Enskog expansion and the Boltzmann equation. It is 
known that the Chapman-Enskog expansion is used to 
derive the macroscopic laws when the Boltzmann 
equation is known. Although the Boltzmann equation is 
limited to dilute gases so it must be extended for higher 
collisions (BBGKY hierarchy), we can assume that 
Boltzmann equation is true for the sake of argument. In 
the continuous limit, the Boltzmann equation describes 
the behavior of macroscopic quantities such as the 
density of fluid particles. It is an equation of function f 
(r, v, t), which expresses how the number of molecules 
f (r, v, t) dr dv in the element (dr dv) of the six 
dimensional phase space, changes in time t. This 
function gives the average number of particles in the 
differential area dr, having a velocity between v and dv 
[22]. The quantity Ni takes the role of the Boltzmann 
density function f, where the velocities are discrete in 
six directions (ci) instead of continuous variable v. The 
density of particle (ρ) is defined as an integral of f over 
the velocity v, such that density variations (Figures 12) 
present deviations in velocity.  

     
                 (a)                 (b)    (c)  

Figure 11: Moisture distribution in Domain 2 with solids (160 x 160 lattice sites) together with (20 x 20) at (a) 500, (b) 1000 and 
(c) 2000 LGA steps. Applied FHP2 collision rule and (r = 0). The moisture content is presented in a scale above. 

     
                    (a)                        (b) 

Figure 10: Drying LGA profile in Domain 1. Applied FHP2 collision rule with: (a) bounce-back (r = 0) and (b) specular-reflection 
rule (r = 1). Total drying till 5000 LGA steps with averaging in t = 500 steps. 
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The current LGA analyses run up to few hours. The 
CPU time depends more on the shape of LGA domain 
than on its size as well as the presence/absence of 
solid particles and boundary and collision rules. 
Presence of solid particles in LGA domain (as in 
heterogeneous domain) influences quicker drying in 
comparison to drying of a homogeneous domain [21]. 
An increase of the lattice size (in comparison to the 
previous domains) reduces the statistical noise of the 
results. Complete removal of noise in LGA is difficult to 
obtain since the LGA is based on Boolean algebra.  

5. CONCLUDING REMARKS 

The innovative specimen preparation and drying 
procedure in ESEM at micro-level, enabled observation 
of processes in ITZ and its deformation without major 
cracking, so the ‘real’ shrinkage values could be 
obtained. However, the drying in ESEM and further 
image analysis are very complex processes and many 
parameters should be taken into consideration during 
analysis. The analysis of ESEM images showed that 
ITZ is made of several horizontal layers. The surface 
ITZ layer is detached from imbedded aggregate (glass 
peal) in a form of a gap, already before drying test 
started. However, drying to 20% RH showed that lower 
ITZ layers remained attached to the aggregate. 

The digital image analysis and determination of 
strains by Vic-2D showed dependence on the image 
magnification in ESEM. The higher the image 
magnification, the bigger the possibility of microcrack 
finding due to drying shrinkage. The digital image 
analysis of strains in small AOI (556 x 528 pixels) at 
different magnification (50 and 20µm) showed similar 
strain values in x-x directions (εxx) until RH was 
decreased to 20% RH. The εxx at 20% RH at higher 
magnification (20µm) appeared over 10-times higher in 

comparison to εxx at 20% RH in AOI at lower 
magnification (50µm). This implies a microcrack 
nucleation after drying to 20% RH, which could be only 
detected at a higher magnification. 

Modeling of moisture flow in imaginary ITZ (around 
the input solids) by means of Lattice Gas Automata at 
meso-level could be used as an alternative to the 
complex experimental drying technique later on. The 
periodical boundary conditions, the number of collisions 
(i.e. FHP rule) as well as the application of either 
bounce-back or specular-reflection, have the effect on 
the moisture gradient and the speed of drying. The 
speed of drying is also influenced by the number and 
the size of solids as well as their locations. If the LGA 
domain is created as homogeneous or populated with 
less and smaller-sized solids (20 x 20 lattice sites, 
Domain 1), drying develops slowly and takes more 
CPU time. The opposite is valid when larger obstacles 
are imbedded (Domain 2). 

The moisture gradient around larger obstacles in 
the boundary ITZ layer in the LGA domains depends 
on the application of either bounce-back or specular-
reflection with the same collision rule (FHP2). LGA 
moisture flow simulation with larger obstacles can be 
used to simulate drying of specimens with lager 
aggregates, where a higher moisture gradient could be 
a sign of possible gaps or microcraks. The gradient 
could also depend on the relationship between the size 
of specimen and size of aggregate. Speculations could 
be made regarding large moisture gradients, which 
could induce cracks on the specimen surface 
compared to the case when obstacles are placed 
further away from the drying surface. Crack could 
emerge by the positioning of larger number of 
aggregates on a smaller distance from a surface. This 
appears to be confirmed in the literature [17] but also 

     
       (a)          (b) 

Figure 12: Drying LGA profile in Domain 2 with: (a) bounce-back reflection (r = 0) and (b) specular-reflection (r = 1). Applied 
FHP2 rule. Drying to 5000 LGA steps with averaging in 500 steps. 
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by the large moisture gradient around the obstacle as 
in these LGA examples. When aggregates are located 
closer to each other, cracks possibly develop due to 
development of high moisture gradients on small 
distances in order to prove that more experimental 
analyses need to be done as well as the extended 
coupling of LGA to the fracture model (Lattice Fracture 
Model). 

The currently presented work is a preparation for 
the further coupling analysis. In the future work, 
shrinkage coefficient should be calculated using drying 
shrinkage results from ESEM digital images and 
analysis by Vic-2D method. The coefficient should be 
used as the input of material parameters in numerical 
simulations by Lattice Fracture Model, in order to 
determine when and where microcracks or gaps may 
appear in a young cement paste and ITZ. 
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