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Abstract

Microstructure development of the cement paste is closely associated with internal processes such as self-desiccation, shrinkage, creep and other
internal processes throughout service life of cement-based materials. The ability to accurately model microstructure parameters is key to predicting
internal processes of the cement paste.

Currently, the most frequently used approaches to microstructural modeling of cement paste are vector and discrete. Both approaches generate
and process a random structure of the cement paste, but at the same time are characterized by high computational complexity and time-consuming. It
accounts for the fact, that simplified structural models still remain relevant. A unit cell model, which can be considered as a particular case of the vector
approach, is a geometrically simple model that describes microstructure development based on a representative hydrated cement particle.

The paper presents an advanced microstructural model of the cement paste based on the unit cell model.
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MOLENUPOBAHUE MUKPOCTPYKTYPbI LEMEHTHOIO KAMHSI HA OCHOBE MOJENIN ANIEMEHTAPHOW AYEWAKU
B. B. KpaByeHko

Pechepar

Pa3BuTie MMKpPOCTPYKTYpPbI LIEMEHTHOMO KaMHsl TECHO CBSA3aHO C TaKMMM BHYTPEHHWUMM MPOLIECCaMU, Kak CaMOBbIChIXaHue, yCaaka, NoMn3yyecTb U
APyTMMM MPOLIECcCamMn Ha MPOTSHKEHWM BCero cpoka chyxbbl MaTepuanoB Ha OCHoBe LieMeHTa. CnocoBHOCTb TOYHO MOZENMpoBaTb MapameTpb
MUKPOCTPYKTYPbl IBMISIETCH OCHOBOW NPOrHO31POBaHIS BHYTPEHHMX MPOLIECCOB LIEMEHTHOTO KaMHsl.

B HacToslLee Bpemst Hanboree YacTo UCMOMb3yeMbIMI MOAX0AaMM K MOZENMPOBAHMIO MUKPOCTPYKTYPb! LIEMEHTHOMO KaMHS SBNISIOTCS BEKTOPHBbIN
1 guckpeTHbIn. OBa nogxoaa reHepupyioT 1 0bpabaTbiBalOT CryyaiiHylo CTPYKTYPY LIEMEHTHOTO KaMHs, HO B TO XK€ BPEMS XapaKTepu3yHoTCS BbICOKON
BbIYNCIIMTENBHON CMOKHOCTBIO W KaK CMEACTBME 3HAuMTENbHbIMM 3aTpaTamu BpemeHu. C  TOYKM 3DPEHMS  YMCIIEHHOrO  MOLEn1pOoBaHNS
NpeanoyTUTENbHBIMA SBAISIOTCA MPOCTble B pacdeTax MOAENW, A0CTaTouHble AN OLUEHKM HeoBXOAMMbIX MapaMeTpoB MUKPOCTPYKTYpbl. JTO
obycnaBnueaeT TOT (aKT, YTO YMPOLUEHHbIE MOAENW MUKPOCTPYKTYPbl LEMEHTHOTO KaMHSi MO-MPeXHeMy OCTaloTcs akTyanbHbiMW. Mogernb
9MEMEHTapHON A4eiiki, KOTOPYK0 MOXHO paccMaTpuBaTh Kak YacCTHbIi CIyqail BEKTOPHOrO NOAXo4a, NpeAcTaBnseT coboil reoMeTpuyeckn npocTyto
Mogi€erb, ONUCHIBAIOLLYI0 Pa3BUTIE MUKPOCTPYKTYPbI HA OCHOBE Penpe3eHTaTUBHOI M1ApaTUPYIOLLE YacTuLbl LieMeHTa.

B craTbe npencTaBneHa ycoBepLUEHCTBOBAHHAS MOLEMNb MUKPOCTPYKTYPbI LIEMEHTHOIO KaMHsl, OCHOBaHHas Ha MOLeMNM arieMeHTapHON SYeliku.

KntoueBble cnosa: LI|eMeHTHbIl7I KameHb, MoAdenb ruapatauum, anemMmeHTapHaa A4yenka, pacnpeneneHvue nop no pasmepam, Nopor nepkonaumu.

Introduction

The cement paste is a crucial phase of cement-based composites
whose structure is formed as a result of chemical reactions between cement
clinker and water, called a hydration process. During hydration, the cement
paste of a plastic consistency turns into a porous solid. Basic properties of
cement-based materials, such as mechanical and transport properties,
depend heavily on the formed microstructure of the cement paste.

The most effective way to research the microstructure of the cement
paste over time is modelling and simulation. Modelling and simulation,
taken together, comprise a spectrum of activities that enable the
researcher or engineer to compare observations with theory, to extract
physical parameters from experimental data, and to predict system
behaviors [1].

Despite the fact that a sufficient number of models exist, it remains
hard to accurately predict microstructure development of the cement
paste due to its extremely complexity.

There are two approaches in modelling microstructure development
of the cement paste: discretization and continuous (also called vector)
approach.

In the discretization approach the microstructure of the cement paste
is approximated as a set of pixels (in two dimensions) or voxels (in three
dimensions). Each pixel (voxel) is associated with a specific phase of the
cement paste. The key idea of the discretization approach is that at an
arbitrary time-step, any pixel (voxel) in a system can change a pre-
defined phase state and update it to another according to the taken
hydration model. One of the most widely used discretization models was
developed at NIST and called CEMHYD3D [2].

In the continuous approach the microstructure of the cement paste is
approximated as a set of inclusions in the form of circles (in two
dimensions) or spheres (in three dimensions) randomly placed in a
representative volume. The circles (spheres) represent an anhydrous
phase, and the space between them represents porosity. The hydrate
phase appears over time as a layer around each circle (sphere). The key
idea of the continuous approach is that at arbitrary time-step, the initial
area (volume) of the circles (spheres) in a system decreases, while the
hydrate layer increases according to the taken hydration model.

The set of inclusions can consist of either many polydisperse circles
(spheres) or a single circle (sphere). The poly-dispersed structure is more
preferable, but also much more computationally expensive primarily due
to the calculation of the circles (spheres) overlap. Such a structure is
used in HYMOSTRUC [3] and pic [4] models.

Meanwhile, there are many observations that point to the
agglomeration and flocculation of cement particles, which might result
from the adherence of smaller powder particles to the larger ones. In
such a case, the average size of the flocculated particles can be
considered as the representative size of the particle [5]. DuCOM [5] and
unit cell [6] models are based on this idea. Besides, this approach is
characterized by a significant reduction in computational costs compared
to the polydisperse structure.

This paper presents an advanced microstructural model of the
cement paste based on the unit cell model originally described in [6].
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Hydration model

A modern model of cement hydration is a complex model that
includes at least two parts:

1) Hydration kinetics model.

2) Predicting the volume fractions of the cement paste phases over
hydration time.

There are a sufficient number of hydration kinetics models, but all of
them are phenomenological. Among the existing models, the Parrot and
Killoh model was taken, which provides both sound and practical in spite
of its drawbacks [7].

According to the model, the hydration process describes by empirical
expressions which varies depending on its stage.

Stage 1. Nucleation and growth:

day; kg s

o= (- a) s (~In(L - @), (1)
Stage 2. Diffusion:

day; L _(-a)*?

ot = ke @)

Stage 3. Formation of hydration shells:

dasz; _
at

ks (1—a)™, )

where ay ;, @, ;, and a3 ; — is the hydration degree of the i-th clinker
mineral (i € {alite, belite, aluminate, and aluminoferrite});

t —is arbitrary time, day;

ky i, ko, and ks ; — are the rate constants of the i-th phase of
the cement clinker, 1/day;

ny; and nz; — are the model parameters of the i-th phase of
the cement clinker.

A lowest value is taken as the hydration rate of the i-th phase of the

cement clinker («;):

Ja; . da,; Oda,; Oag;
at = min ( at ’ ot ’ ot ), )

The kinetics of the pozzolanic reactions is adopted according to the

results [8]:
1 1
=Tl A —a)t )
where a; — is the hydration degree of the i-th phase of the pozzolana
(i € {silica, alumina});
n and 7 — are the model parameters, T in day.

The overall hydration degree (@) of cement (pozzolana) is calculated
as a weighted mean by mass fraction of phases.

Predicting the volume fractions of the cement paste phases can
essentially be done in only two ways:

1) Based on stoichiometry of hydration reactions of cement
(pozzolana) phases [9].

2) Based on the Powers model [10].

In the present study, the first way was taken because it not be related
to experimental data, especially since for pozzolana they vary greatly.

The following volume fractions (in m3/m3) are the result of
stoichiometry computations: the i-th clinker mineral (f.;;), the j-th
hydrate product (fy.,,4,;), and water (f,,,).

Proceeding from these fractions, the aggregated phases of the
cement paste can be determined:

fe=2ifeir faya = 2Zjfayajs fon =1— fo = frya — fw- (6)

where f., fhya, fen — is the volume fraction of the unhydrated cement,
hydration products, and chemical shrinkage, respectively.
It should be noted, that at the initial moment of hydration (¢t = 0):

fetfu=for (1+5) = o (14557) =1 )

where w/c - is the water to cement ratio;

p. and p, - is the density of the cement and water,
respectively, kg/m3.

Geometrical model

Basic assumptions

The assumptions of the unit cell model are listed as follows:

1) The cement particles are spherical, uniformly sized, and
uniformly distributed over the cement paste.

2) The unhydrated core of each cement particle is equally
decreased during hydration.

3) The hydrate products are formed in an equally layer at the
surface of each cement particle.

4) Each cement particle is surrounded by the same volume of
available free water.

5) A unit cell is a cube with a centred single spherical cement
particle surrounded by water.

Geometrical formulation
In the original source [6], the evolution of geometry of the single
cement particle inside a unit cell is described by three cases (see Fig. 1).

1
Case1: 1op < - L;

1

7z
Case 2: 72-l2rc,,> E'l;

V3 V2
Case 3: ;-l2r5p> 72-1. (8)

where 1, - is the average radius of the single cement particle;
[ - is the length of unit cell edge.

The unit cell can be considered in absolute dimensions or
dimensionless. In the first case, the length of unit cell edge (I) should be
expressed in terms of r,.,:
31
L= |- ©
where n — is the number density of the cement particles in the cement
paste 1/m3, which for the case at hand is determined as:

n= VLp = g-nﬁgp (10)
where I, - is the volume of the single cement particle, m?.

In the second case, the inverse problem of finding 7, is solved,
sincel = 1.

The principal drawback of the unit cell model in absolute dimensions
is that the average radius of the cement particle can vary greatly
depending on the way of its determining.

During the hydration process, the volume of the cement particle is
computed using the following geometric expressions:

Case 1:V, = g-rr-r,?;
. 4 3 T, o2
Case2: V= 2 m-13,— 6+ (3-h?- (31— ). (11)
where h—is the height of the spherical segment, h = 1, — % - L

Figure 1 - The geometry evolution of the single cement particle inside a
unit cell
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The Case 3 can be neglected, since Case 2 implies

1-V, (rcp = ‘/77 1) = 0,035. Considering the fact that chemical

shrinkage in cement-based materials depends on water to cement ratio,
but exceeds on average 6%, then the Case 3 is hardly reachable in

reality.

One more important geometrical parameter is an available surface of
the cement particle (S,,) for contact with water:

Casel: Sy, = 41 15,

Case2: Sy, = 4 m 15 —6-(2 11, h). (12)

Adjustment of hydration kinetics

The serious problem of the Parrot and Killoh model (as well as other
existing models) is that it does not take into consideration several key
factors in the hydration process: environment temperature, reduction in
available free water and pore space for the deposition of hydration
products. Moreover, this model suffers from an inability to account for the
fineness of cement.

All these factors heavily affect the hydration rate. The following
relation should be used to adjust the original models (4) and (5):

oo (-5 (t-5)) 1

where ( ) is the adjusted hydration rate of the i-th phase of the

cement cllnker (pozzolana);
FN - is the actual fineness of cement, m?/kg;
FN,..f —is the reference fineness of cement, 385 mZkg [7];
E,; — is the activation energy of the i-th phase of the cement
clinker, J/mol (it can be taken from []);
—is the universal gas constant, 8,314 J/(K-mol);
— is the actual temperature, K;
is the reference temperature, 293,15 K.

It should be pointed out that the ratio ff‘g()

(f’i) _0a; fw®) . Sp®  FN
at) T ot fiu(t=0) Scp(t=0) szref

Tre f =
) is best suited for

modelling at low water-to-cement ratios. At water-to-cement ratios more
about than 0,35 water transport processes due to moisture diffusion
become increasingly important in the cement paste. Therefore, it is
preferable to use a ratio based on relative humidity instead of the ratio

ff‘gt(i)o), for instance, one of the most well-known [1]:

RH(t)-0,55\%
(O,T) at RH(t) = 0,55

0 at RH(t) < 0,55

However, it also requires to construct a moisture diffusion model to
evaluate relative humidity over time in cases like this.

(14)

Microstructure evolution

Since, the model is based on a single cement particle, the overall
radius of the particle is the sole parameter that needs to be determined
during hydration. This is easily done by solving the following equation for
Tep:

ch(rcp) = (fc(t) + fhyd(t)) B3 (15)

The initial radius of the particle (r,) is determined from the following
equation:

Vep(10) = fe(t = 0) - I°. (16)
As it has been mentioned, V;,, varies depending on the geometric

case.

Pore size distribution
The overall pore size distribution (V;,(r)) of the cement paste is
given by:

V(1) = Xi fpi - :(r). (17)

where f,; — is the volume fraction of the i-th type of porosity of the
cement paste;
¢;(r) —is the distribution fraction of the i-th type of porosity up

to pore radius r.

Currently, this issue is the most difficult in modeling microstructure of
the cement paste. The measured pore size distribution is dependent on
many factors: the laboratory technique used, sample preparation, curing
conditions, drying procedure, etc. Typically, the mercury intrusion
porosimetry is widely applied to determine the pore size distribution.

However, even the measured values are not always comparable with
the actual pore distribution. It is primarily related with «ink-bottle» effect
which influences the measurement and distorts the final result. It makes it
difficult to establish an analytical function of the porosity distribution, that
is why continuous probability functions with minimal parameters are
preferred to facilitate calculations.

The simplistic unimodal Raleigh-Ritz distribution function is
considered as one of the possible ways to provide the representative
pore size distribution [5]:

¢i(r)=1—exp(—B;'1). (18)

where B; - is the pore structure parameter corresponding the peak of
porosity distribution on a logarithmic scale, 1/m.
One more frequently mentioned function is described in [3]:

$i(d) = a;-In(75). (19)

where ¢, (d) - is the distribution fraction of the i-th type of porosity up to
pore diameter d;

a; —is the pore structure parameter;

dmin —is the smallest capillary pore, m.

There is no exact solution for the above pore structure parameter B;
and a;. In practice, the relationship obtained by fitting the pore structure
parameter to the measured pore size distribution function is used.

The Raleigh-Ritz distribution was chosen between these two models
primarily due to its function to be better than that in (19), where it is
assumed to be a straight line in a semi-logarithmic space.

Assuming that pores are cylindrical and no surface other than the
inner walls of the pores exists, the follow expression for the
representative pore radius can be obtained (r; yeqx):

V . n .
ri'pgak — 2 . p,lgrp-eak) — 2 . fp,l ¢;(7jpeak). (20)
i i
where S,, ; — is the pore surface area per unit volume, m?/m?,

Using the equation (18) jointly with (20), the pore structure parameter
(B;) can be approximately computed as:

ﬁ . In (1_¢i(rpeak))
fpi 2'¢i(rpeak) '

Assuming that the Raleigh-Ritz distribution has a symmetric density
function regardless of the type of porosity, it is not difficult to determine
¢i(rpeak) =0,5.

From the point of view of moisture transport, the overall porosity of
the cement paste can be divided into two components: macropores and
micropores. Macropores are empty spaces between partially hydrated
cement particles, while micropores are located in the high-density
structure (abbreviated HD) of C-S-H particles.

In view of the above, the surface area of macropores (S ;nqc) and
micropores (S, mgc) Per unit volume can be determined as:

B; =~ (21)

S¢
Sp,mac = l_gp; Sp,mic = Shd *Phd ” fhd ) fcsh- (22)
where S;,; — is the specific surface area of HD C-S-H, 247 m2/g [11];
Pra —is the density of HD C-S-H, 1750 kg/m3 [11];
fra —is the volume fraction of HD phase of C-S-H;
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fesn — is the volume fraction of C-S-H of the cement paste.
The approach presented in [11] is used to determine the volume
fraction of HD phase of
C'S'H (fhd)'
The volume fractions of porosity are computed by the following
expressions:
fp,mac = fw + fch; fp,mic =0,28- fcsh . (23)
Threshold of solid percolation
The main concept of percolation theory is an idea of connectivity.
The percolation threshold is defined by the value of some parameter, say
volume fraction of the structure in the box, right at the point where the
structure either achieves or loses continuity across the box [12].
Inherently, the percolation threshold is a time point of hydration at
which a plastic paste turns into a solid (called the set point).
According to the geometrical representation of the model, the
percolation threshold is the value of the hydration degree (a,.,) at which
the radius of the growing particle reaches the unit cell faces:

Aper = a(rp = % l). (24)

Actually, the above condition is not optimal, since with a decrease of
the water to cement ratio, the cement fraction increases. It brings out the
fact that at the initial moment of hydration (¢t = 0) the initial radius of
cement particle (r;, o) may already satisfy the following condition:

Lo (25)

o = 5

0=
The most suitable solution to avoid such a problem is to add one
more condition:

1
Aper = & ( = 3 L, fhyd,sol = fhyd,sol,cr)- (26)

where f,,4 o1 — iS the fraction of hydration products in the solid phase,
fhya |
fhyd +fc'
fhyd_sorcr — 18 the critical fraction of hydration products in the
solid phase which provides the formation of stable bonds for connectivity
when the particle radius reaches with the faces of the unit cell.
The critical fraction of hydration products in modelling is assumed to
be 0,1.

fhyd,sol =

Modelling results

Two types of the cement paste based on ordinary Portland cement
(OPC) and blended cement (BC) were used for the simulation.

The considered characteristics of the cement paste are reported in
Table 1.

Table 1 — Characteristics of the cement paste

. . Water to
3
Mix proportions, kg/m Binder ratio

Name

Portland Water Fly Ash

Cement
OPC 370 185 - 0,5

BC 450 155 50 0,31

The characteristics of cement paste constituents are reported in
Table 2.

Table 2 — The characteristics of cement paste constituents

Name Density, Fineness, Mineral (chemical)
kg/m?3 m2/kg composition (mass %)
Portland CsS: 54,5; C28: 17,3; CsA:
Cement 3150 345 8,9; C4AF: 7,6; Gypsum: 5
Fly Ash 9270 3375 Silica (S): 5(‘;,17;2Alum|na (A):

The parameters in equations (1)-(5) were taken from the above
references for the corresponding model.

Sets of Portland cement hydration reactions and phase
characteristics contained in [11] were taken to carry out the stoichiometry
calculations.

The principal reaction scheme for pozzolana is S*+H+CH=C-S-H and
A+CH+H=C-A-H [13].

Based on this, the following chemical reaction were taken for fly ash
[7,8]:

S+1,1+CH+2,8H - C;,SHy,. 27)
A+3-CH+3-H - CyAH, . (28)

The phase characteristics for pozzolana reactions were used given
in [7]. The pozzolanic activity of flay ash is assumed of 60%.

The initial average radius of the single cement particle was computed
as expected value of the Rosin-Rammler probability distribution. The
parameters of the Rosin-Rammler probability distribution as a function of
the cement fineness were taken from [3]

The found value of the initial average radius of the single cement
particle was additionally specified by the equation (16).

The actual temperature was assumed to be 20 °C. The hydration
degree of blended cement was computed as weighted mean:

_ GpeMpct@ra Mg (29)
Mpc+mpq '

a

where o, and ay, - is the hydration degree of Portland cement and
reaction degree of fly ash, respectively;
m,,. and mg, — is the content of Portland cement and fly ash in
the mix, respectively.
The modeling results are presented in Figures 1-5.

—8— portland_cement
1.0

0.8 1

0.6 1

0.4 1

Degree of hydration [-]

0.2 1

0.0 T T T
a3 7 14 28 56 100

Curing time [days]

—8— portland_cement  —@— fly ash —e— overall

1.0

0.8 1

0.4 1

Degree of hydration [-]

0.0 Fr— T T T
a3 7 14 28 56 100

Curing time [days]

Figure 1 - The predicted degree of hydration of the cement paste
(Left: OPC; Right: BC)

1 Cement chemistry notation is used here to write chemical compounds
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0.0 days
binder tinder

100.0 days

Figure 2 - The evolution of unit cell geometry for OPC
(The estimated percolation threshold a,.,- = 0,23)
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Figure 3 - The evolution of unit cell geometry for BC
(The estimated percolation threshold a,.,- = 0,06)
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Degree of hydration [-]
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Figure 4 - The predicted phase composition of the cement paste under sealed conditions
(Left: OPC; Right: BC)

—— 1ldays
—— 100 days

Pore distribution [-]
© © © © o o o
o o o = = = =
S (=2} w [=) N = (=2}

o
o
N

=
o
=]

1072 1072 10° 10!

Pore radius [pm]

1% 10=3

—— 1ldays

—— 100 days
0.10 4

0.08

Pore distribution [-]

0.00

10-% 1052 105t 10° 10t

Pore radius [pm]

103

Figure 5 — The predicted size distribution of macropores of the cement paste
(Left: OPC; Right: BC)

Conclusions

1. The presented model of microstructure development of the cement
paste is characterized by computational simplicity, but provides all the basic
structural characteristics: phase volume composition, evolution of geometry,
pore size distribution, and percolation threshold. The simplicity of the model
is important, because it facilitates to be incorporated into more complex
computational models (for instance, to predict the mechanical properties of
cement-based composites over time).

2. The model includes considerable assumptions that may decrease
its accuracy. Since, the microstructure of the cement paste is extremely
complexity and highly heterogeneous, it is quite difficult to validate such a
model. It can be said that accuracy of the presented model is an open
issue.

3. The principal drawback of the model is lots of types of averages
that can be used to determine the radius of the cement particle.

4. ltisimpossible to extract a histogram of the frequency distribution
of pore sizes from the model i.e., the pore size distribution is strictly limited
by the given probability distribution function.

References

1. Modeling and simulation of cement hydration kinetics and
microstructure development / J. J. Thomas [et al.] // Cement and
Concrete Research. —2011. - Vol 41, iss. 12. = P. 1257-1278.

2. CEMHYD3D: A Three-Dimensional Cement Hydration and
Microstructure Development Modelling Package: Version 3.0 : NIST
Interagency Internal Report / National Institute of Standards and
Technology ; ed. D. P. Bentz. — Gaithersburg, 2005. — 227 p.

52

Civil and Environmental Engineering
https://doi.org/10.36773/1818-1112-2023-132-3-48-53



Vestnik of Brest State Technical University. 2023. No. 3(132)

Van Breugel, K. Simulation of hydration and formation of structure in
hardening cement-based materials / K. Van Breugel. — Second
edition. — Delft : Delft University Press, 1996. — 295 p.

Shashank, B. pic: A new platform for modelling the hydration of
cements / B. Shashank, K. L. Scrivener // Cement and Concrete
Research. — 2009. - Vol 39, iss. 4. — P. 266-274.

Maekawa, K. Multi-scale Modelling of Structural Concrete /
K. Maekawa, T. Ishida, T. Kishi. — New York : Taylor & Francis Group,
2009. - 655 p.

Park, K. B. Modelling of hydration reactions using neural networks to
predict the average properties of cement paste / K. B. Park,
T. Noguchi, J. Plawsky // Cement and Concrete Research. — 2005. —
Vol 35, iss. 9. — P. 1676-1684.

Lavergne, F. Estimating the mechanical properties of hydrating
blended cementitious materials: An investigation based on
micromechanics / F. Lavergne, A. Ben Fraj, |. Bayane,
J. F. Barthélémy // Cement and Concrete Research. — 2018. —
Vol 104. - P. 37-60.

Waller, V. Relations Entre Composition Des Bétons, Exothermie En
Cours De Prise Et Résistance En Compression : Ph.D. thesis /
V. Waller. — Ecole Nationale des Ponts et Chaussées, 1999. — 324 p.
Pichler, C. A multiscale micromechanics model for the autogenous-
shrinkage deformation of early-age cement-based materials /
C.Pichler, R. Lackner, H. A. Mang // Engineering Fracture
Mechanics. — 2007. - Vol. 74, iss. 1-2. - P. 34-58.

10.

11.

12.

13.

Jensen, O. M. Water-entrained cement-based materials: I. Principles
and theoretical background / O. M. Jensen, P. F. Hansen // Cement
and Concrete Research. —2001. - Vol. 31, iss. 4. — P. 221-233.
Tennis, P. D. A model for two types of calcium silicate hydrate in the
microstructure of Portland cement pastes / P. D. Tennis,
H. M. Jennings // Cement and Concrete Research. — 2000. — Vol. 30,
iss. 6. — P. 855-863.

Garboczi, E. J. Computer simulation and percolation theory applied to
concrete / E. J. Garboczi, D. P. Bentz // Annual Reviews of
Computational Physics. — 2000. — Vol. VII. — P. 85-123.

Mindess, S. Concrete / S. Mindess, J. F. Young, D. Darwin. — Second
edition. — NJ : Prentice Hall, 2003. - 644 p.

Material received 30/11/2023, approved 11/12/2023,

accepted for publication 11/12/2023

Civil and Environmental Engineering
https://doi.org/10.36773/1818-1112-2023-132-3-48-53

53





