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Modeling of Capillary Shrinkage and Cracking in Early-Age Concrete
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Abstract. Scientific hypothesis on moistening shrinkage mechanism for cement stone and concrete has been assumed as
a basis for the present paper. Physical ideas on a mechanism for cracks volume increment in a concrete model presented
as two-level structure have been accepted as a theoretical basis for a calculation method of crack resistance during capillary
shrinkage. These ideas are the following: a matrix of hardening cement stone with inclusions and emptiness of various forms
(cracks) as result of influences that change an intense deformed state in a point and a volume. The following assumptions
have been accepted while making a theoretical justification for a calculation method of shrinkable concrete crack resistance.
Following this methodology approaches of fracture mechanics according to a generalized criterion have been applied in the
paper. Concrete is considered as an elastic quasi-homogeneous two-component medium which consists of the following parts:
a) constructive part: a matrix — a cement stone with structural elements of crushed stone, sand; b) destructive part: emptiness —
capillaries cracks and pores (cavities with initial cracks in walls). Emptiness in a matrix and contact zones are presented by
a coordinated five-level system in the form and sizes which are multiple to a diameter due to impacts while reaching critical
sizes. These critical sizes make it possible to pass from one level into another one according to the following scheme: size
stabilization — accumulation delocalization — critical concentration in single volume — transition to the following level. Process
of cracks formation and their growth are considered as a result of non-power influences on the basis of crack theory princi-
ples from a condition that fields of deformation and tension creating schemes of a normal separation and shift occur in the top
part of each crack at its level in the initial concrete volume. K,;(t) parameter as algebraic amount of critical values Kj;
in the whole system of all levels of cracks filling canonical volume up to critical concentration has been accepted as a gene-
ralized constant of property for concrete crack resistance in time, its resistance to formation, accumulation in volumes of mi-
cro-cracks and formation of trunk cracks with critical values. External temperature, moistening long influences create fields
of tension in the top parts of cracks. Concrete destruction processes due to cracks are considered as generalized deformed-
intensed state in some initial volume having physical features which are inherent to a composite with strength and deformative
properties. It is possible to realize analytical calculations for assessment of tension and crack resistance of concrete at early
age on the basis of a generalized criterion in terms of stress intensity factor due to modern experimental data on capillary pres-
sure value (70 kPa in 180 min after concrete placing). The developed algorithm of calculation allows to consider factors influ-
encing on capillary pressure: type of cement, modifiers and mineral additives, concrete curing conditions.

Keywords: capillary shrinkage, cracking, early age (plastic) concrete, stress intensity factor, capillary pressure, capillary for-
ces, system of forces
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Cmpoumenvcmeo

CTaBJICHHSI O MEXaHU3Me IIPUPANICHUs 00beMa IIyCTOTHOCTH (TPELIMH) B MOJETH OeTOHA, IPEICTAaBICHHOM KaK JAByXypOBHE-
Bas CTPYKTypa: MaTpylia TBEPJACIOIIErO IEMEHTHOTO KaMHS ¢ BKJIIOUCHHSMU U IYCTOTbHI Pa3iM4HO#i GopMbI (TPELIHHBI) KaK
pe3ysbTaT BO3ACHCTBUM, M3MEHSIOIMX HANPSKEHHO-Ie(OPMUPOBAHHOE COCTOSIHUE B TOUYKe U oObeme. [Ipu TeoperHyeckom
000CHOBaHMU METOZa PacueTa ycaJOYHON TPEIMHOCTONKOCTH OETOHA C HCIIOJIb30BAHHEM IIOAXO0/I0B MEXaHUKH pa3pyIICHUS
1o 0000IIEHHOMY KPHUTEPHIO NPHHSTH CIEAyIomne momynieHns. beTon paccmarpuBaeTcss Kak ynpyrash KBa3HOAHOPOJIHAsS
JBYXKOMIIOHEHTHAs CpPeJa, COCTOSILNAs M3: a) KOHCTPYKTHBHOM YacTH: MATPHIbl — LIEMEHTHOTO KaMHsS CO CTPYKTYPHBIMU
JIEMEHTaMH 111e0Hs, IecKa; 0) NeCTPYKTHUBHOM YacTh: MyCTOT — KalWJUIAPOB-TPELIMH U 1Op (HOJIOCTEH ¢ Ha4YalbHbIMH Tpe-
IOIMHaMH B CTeHKax). [IyCTOTEI B MaTpHIle M KOHTaKTHBIX 30HAaX IIPEACTAaBIEHBI CONOIYMHEHHON MATHYPOBHEBOI CHCTEMON
no ¢opme M pazmepam, KpaTHBIM JHAMETpPY, M0J BO3ACHCTBUSIMHU MO JOCTH)KCHHUH KPUTHUUECKUX Pa3MEpPOB, MEPEXOJSIIHe
U3 YPOBHSI B CJICAYIOIIHI YPOBEHb [0 CXeMe: CTaOMIIN3aLUsI Pa3MEepPOB — JISNIOKATH3AIisl HAKOTUICHHS — KPUTHYECKash KOHIICH-
Tpamys B eAVMHUIHOM 00beMe — Mepexof Ha CleAyomuil ypoBeHsb. [Ipomece GpopMupoBaHus U IBIDKEHHS TPEMINH paccMaT-
pHUBaeTcs KaK pe3ybTaT HECHJIOBBIX BO3AEHCTBHI Ha OCHOBE MPUHIMUIIOB TEOPUH TPEIINH U3 YCIOBUS, YTO B BEPIIMHE KaXK-
JIOH TPEIIMHBI CBOEr0 YPOBHS B KAHOHHYECKOM 00BbeMe OeTOHa BO3HHKAIOT MoJst AehopManuii 1 HANpPsHKEHHH, CO3AalolHe
CXeMbl HOPMAaJILHOTO OTpBIBA U cABUra. B kauecTBe 0000IIEHHON KOHCTAHTHI CBOICTBA TPELIMHOCTOWKOCTH OETOHA BO Bpe-
MEHH, €T0 COIPOTHBIICHNS 00pa30BaHMIO, HAKOIUIEHHIO B 00beMaX MHUKPOTPEIINH U (JOPMHUPOBAHHIO MATUCTPAIBHBIX TPEIIIH
KPUTHYECKMX BEJIMYHMH NPHUHAT napamerp K ;(t) kak anreOpamyeckas cyMMa KPUTHYECKMX 3HaueHMH Kj; BO Bcell cucreme
BCEX YPOBHEH TPELIMH-IIYCTOT, 3aMOJHAIOIINX KAaHOHWYECKUI 00beM 10 KPUTHUYECKOH KOHIeHTpaluu. BHemrHue Ttemmepa-
TYpHBIE, BIQXKHOCTHBIC [UTHTEIILHBIE BO3ACHCTBHS CO3IAIOT IIOJIST HANpPsHKEHWH B BEPIIMHAX ITyCTOT — TpemuH. [Ipomecch
pa3pymeHust 6eToHa TPEMUHAME PacCMaTPHUBAIOTCS KaK 0000IEHHOE HAPSKEHHO-e(hOPMUPOBAHHOE COCTOSIHIE B HEKOTO-
pPOM KaHOHHYECKOM 00beMe, 00i1aaromeM Gpu3n4ecKuMu 0COOCHHOCTSIMH, MPUCYIIUMHI KOMIIO3UTY C IPOYHOCTHBIMU H Jie-
(OpMaTHBHBIMH CBOHCTBAMU. AHAIMTHYECKUE PACUETHI JUIS OLIEHKH HAIPSHKEHHOT'O COCTOSHHUS U TPELIMHOCTONKOCTH OeToHa
B paHHEM BO3pacTe Ha OCHOBE 00OOIIEHHOTO KPUTEPHS B TepMHHAX KOI(P(QUINEHTOB NHTCHCUBHOCTH HANPSHKEHUH BO3MOXK-
HO peaJM30BaTh O1arojgapsi COBpEMEHHBIM JKCIIEPUMEHTAILHEIM JIJAaHHBIM O BEJIMYMHE KammuisipHoro pasienus (70 xIla ge-
pe3 180 mun nocne yxinaaku). PazpaGoTaHHBIN aaropuTM pacyera MO3BOJSIET YUECTh BIUSIOIIME HA KAMUIAPHOE JaBJICHUE
(akTopbI: BUJI LIEMEHTA, MOAU(MHUKATOPbI 1 MUHEpaJIbHbIE J00ABKH, YCIOBHS BbIICPKUBAHUS OCTOHA.

Kawuesbie ciioBa: KarnuJyiipHas ycaaka, TpemHH006pa3033HHe, 0OCcTOH B paHHEM BO3pacTe, KOSq)(i)PIHI/IeHT HUHTCHCUBHOCTHU
Haﬂpﬂ)l(eﬂﬂﬁ, KalmUIAPpHOE AABJICHUE, KalTUJUIAPHBIE CUJIBL, CUCTEMA CUJT

Jas nutupoBanus: Jleonosuu, C. H. MogenmupoBanne KammwiIIpHOW yCaiKd M TpelIMHOOOpa3oBaHHMEe OeTOHa B paH-
HeMm Bospacte / C. H. JleonoBuu // Hayka u mexnuxa. 2018. T. 17, Ne 4. C. 265-277. https://doi.org/10.21122/2227-1031-
2018-17-4-265-277

Introduction. State of art

Modern technologies high performance con-
crete (HPC) are based on the following factors:
low W/C ratio (0.2-0.3), complex use of micro and
nanosilicon dioxide and effective super plastici-
zers. At the same time composites with dense mic-
ro porous high-disperse structure cement C—S—H-gel
are formed [1]. This structure is characterized by
the following indicators: the volume of pores
aren't higher, than 4-6 %; the amount of pores
with » <of 20 nanometers to 30 % of the total
amount of pores. High strength and durability
of these concrete are implemented in bridges, tun-
nels, modern roads, base plates, frameworks of
high-rise buildings. These unique constructions are
characterized by the high module of a surface
of structures, that promotes influence of concrete
moist deformations on the intense deformed state,
formation and growth of cracks [2-5].

Traditionally deformations of concrete are in-
vestigated from the moment of its drying at early
age at moist shrinkage against the background

266

of the hydration processes, accompanied with hyd-
ration shrinkage. Moist deformations in structures
with the high surface module are the reason of de-
velopment of considerable tension during the ini-
tial and operational periods at moistening drying.
There is an opinion [2—-5], that hydration shrinkage
influences less the general deformation of a high-
performance cement stone in view of its micro po-
rous dense structure.

Under the leadership of the academician
E. N. Chemyshov, development of moist defor-
mations at two options of process realization is
investigated: a cement stone dehydration at the age
of 1 days, when the general shrinkage consists of
hydration (autogenous) shrinkage and moist shrin-
kage (drying shrinkage); dehydration of a “old”
cement stone (age more than 1 year), when shrin-
kage is defined by moist shrinkage.

The scientific hypothesis of the mechanism of
moist shrinkage of a cement stone and concrete,
based on the analysis of modern theoretical repre-
sentations and models of shrinkage [6-9] (tab. 1),
is assumed as a basis.
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Table 1
Hypothesis of the moist shrinkage mechanism
. - Change of capillary pressure,
V)
Stage| Relative humidity, % Phenomenon shrinkable tension and deformations
1 RH =80-95 On the initial stage of drying, water is remove Capillary pressure is low. The size of shrinkable
from large pores, » = 100 nm tension and deformations is insignificant
2 RH =40-80 Removal of water from a time with a radius Capillary pressure increases. Moist shrinkage
of 20 nm < r < 100 nanometers. Owing to effect |increases
of elastic restoration of a solid phase volume
at reduction of comprehensive compression,
expansion of system is possible
3 RH <40 After removal of the capillary and connected wa- |The accruing influence of forces of a superficial
ter from pore space removal of the adsorptive and |tension. Disappearance of forces of capillary pres-
connected water begins with a surface of a solid |sure during removal of the adsorbed liquid phase.
phase, as a result its extent of compression de- The increasing shrinkage role from intermolecular
creases and force of elastic expansion increases |forces of interaction of particles of disperse system
(rapprochement)

At different stages of removal of water from ma-
terial consistently or in parallel action of capillary
forces and forces of a superficial tension, for-

ces of internal ties in crystalline hydrates, forces of
elastic counteraction of a solid phase to its defor-
mation (tab. 2), can be shown.

Table 2

The nature of influences and the influencing factors on a crack formation at capillary shrinkage

Influence

Physics of processes. Main dependences

Impacts and the influencing factors on a crack
formation at capillary shrinkage:

a — forces of interaction between particles;

b — forces which are result of capillary pressure
Gravitational forces aren't shown

G

b

@@’@%
O

Interaction forces
—— resultant force F,.
— = Sil Van der Vaals
—= Electrostatic force
'+ * Bourne's pushing away

1
Superposition :
\
\
\

.~ Equilibrium

Attraction

Interaction
A force

.

Defrosting
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Break-over, table 2

Influence Physics of processes. Main dependences
1. Van der Valls's forces
Ay — Constant Gamakera; » — particle radius; Eyp = Ay Lz where R = 2
— distance between particles 2a K+n
2. Electrostatic forces
€0, & — vacuum and relative dielectric constants; s
_ ial: ko — . I e g0, kgl
€ — zet potential; k3 — Boltzmann constant; F, =-2mege,C 2pl - where §= |28 %8t ok 2 b
— absolute temperature; e — elementary charge; 51 + e 2e°z

z,, n;® — valency and concentration of equivalent
symmetric electrolyte

Table 3

Shrinkage modeling

Stages modeling

Scheme of calculation. Illustrations

1. Suspension drying

* Water evaporation

* Formation of meniscuses between surfaces
of particles

* Growth of capillary pressure

* The movement of particles under
the influence of various forces

* Localization of deformations

* Formation of cracks

2. Modelling

F; — the sum of forces operating on 7 particle, in-
cluding forces of internal interaction, capillary and
depreciation forces of F; without gravitational for-

Settlement scheme

F K
F = mii; ii=—=—1+g; F, =-amu
m m

ces (gravity); g — acceleration of gravity

sasnes
({x R e .‘:’r,, ”‘I‘L’ft‘ AR
Ll o, l{

6’;.: ,13(,;,
% RS
D

e

At=2p. |—min.

max

0<B<1; k—contact rigidity

Proceeding from it, the value of moist shrinkage
of material, regularity of this process are defined
by force of communication of structure with water.
At various stages of dehydration the balance of forces
of tie of structure with water and respectively, the
value of shrinkage is defined by the following criteria
structural characteristics: surface area and superficial
energy of a solid phase, volume amount of pores and
their sizes (tab. 2). Occurring at change of a cement
stone and concrete structure, change of the specified
characteristics influence to force of tie of structure
with water, moist shrinkage value at each stage
of dehydration.
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Model of capillary pressure

In works [10-13] the model of the capillary
pressure (fig. 1) is presented and experimental data
of its growth (fig. 2) are presented.

The factors, influencing the capillary pressure
(tab. 4) are analyzed. The main thing, the expe-
rimental data on change of capillary pressure,
volume of the evaporated water and volume of a
sample of concrete used as initial for calcula-
tion (fig. 3) are obtained.
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Capillary pressure of
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Fig. 1. Model of capillary pressure
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Fig. 2. Capillary pressure (experimental data) [10—13]
Table 4
The factors, influencing capillary pressure [14-16]
Contributing factor Dependence of capillary pressure
1. Type of cement. Ashes ablation 20 °C, —800 | | -80
45 % relative moisture I A// CEMI425R
5 ] | ] »
§ o0 | Fly ash [ e %’
2 S 1 g
£ —400 [ CEM132.5 R 140 &
=2 ‘ E
§ 200 - / j( \ 120 3
0 JLL Lo
0 120 240 360 480 600 720 840 960
Time, min
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Break-over, table 4

Contributing factor Dependence of capillary pressure
2. Keeping conditions 3.0
a) Loss of moisture from a surface I
-] Superficial
ED 2,0 wetting
o (moistening)
E
= /
G e
(=} s
8 1,0 =
0,0
o (=) (=] (=) (=] (=]
v =] o O o
o~ -+ ~ (=] g
Fly ash Time, min
b) Capillary pressure in time in a concrete -80
sample at constant replenishment of amount H
of the evaporated water s —B0T
i i A
% —40’_ Completion ' !
% F of the evaporated /
8 _20+ amount of water
= | |
T ol S ‘
O L
20 L
o o Q (o) (o] o o
N < o 00 (e} N
— o~ Il < @ ~
Time, min
c) Capillary pressure in time in a concrete -80 : : : :
sample at normal and moist curing and with- [ Without keeping Covered with a film
out him £ -60 N A NS
= [ 1 \ i
g — : '
5 —40
7] I
= I
=20 ‘
5 S
R o ‘ ‘
O
20
(o] (o] (=] (o] Q (o] (o]
o =T w [=e] (=] o~
— o~ o ~ %) F~
Time, min
Solution on cement CEM 142.5 R
200 -80
L /\ Capillary pressure ,’/_’L,,__L——l
150 + L] The volume ofthe — —B0
s L ted wat o
g r / \ €vaporated water §
S B s
g & 100 —40 &
e [ P— | | §
22 50 : —+ 20 &
) L Change of volume of air o
B [ [ <
) 5 =
g 0 Attt 0 &
S r @)
-50 + 20
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Fig. 3. Capillary pressure and shrinkage o
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General provisions of calculation

As a theoretical basis of a method, physical
ideas of the mechanism of an increment of volu-
me of cracks in the model of concrete, presented as
two-level structure are accepted: a matrix of the
hardening cement stone with inclusions and empti-
ness of various form (crack) as result of the influ-
ences changing stress-deformed state in a point and
volume.

The main criterion of a method is the gene-
ralized total parameter of crack resistance of R

K, =\(K+K}.) [or K(t)], calculated on the

basis of model schemes of development, associa-
tion, localization of system of cracks, their classifi-
cation by types and relative quantity in volume at
the initial concentration, increasing to critical, that
is caused by physical processes of change of tem-
perature, a condition of water and physical and
chemical processes of accumulation of substances
of new growths.

At theoretical justification of a method of cal-
culation of shrinkable crack resistance of concrete
with use of approaches of mechanics of destruction
by the generalized criterion the following assump-
tions are accepted.

1. Concrete is considered as the elastic quasi-
homogeneous two-component medium consisting
from: a) constructive part: matrixes — a cement
stone with structural elements of crushed stone,
sand; b) destructive part: emptiness: capillaries
cracks and pores (cavities with initial cracks in
walls). Initial physic-mechanical properties of con-
crete (constructive) are estimated by strength and
deformativny characteristics of Ry, Ry, E, and pa-
rameters of fracture mechanics K, G;, J,.

2. Emptiness in a matrix and contact zones are
presented by the coordinated five-level system in a
form and the sizes, multiple to diameter, under in-
fluences on reaching the critical sizes, passing
from level into the following level according to the
scheme: stabilization of the sizes — accumulation
delocalization — critical concentration in single
volume — transition to the following level.

3. Process of formation and the movement of
cracks is considered as result of not power influ-
ences on the basis of the principles of the theory
of cracks from a condition, that in top of each
crack of the level in the initial volume of concrete,
there are fields of deformations and tension crea-
ting schemes of a normal separation and shift.

Hayka
wrexHuka. T. 17, Ne 4 (2018)

The arising condition is estimated by the corre-
sponding amount of fracture energy G; and stress

intensity factor K, = /G, E;.

4. As the generalized constant of concrete crack
resistance in pores, its resistance to formation, ac-
cumulation in volumes of micro cracks and to for-
mation of trunk cracks of critical values the K.;(t)
parameter, as the algebraic amount of critical Kj;
values in all system of all levels of the cracks,
emptiness, filling canonical volume to critical con-
centration is accepted.

5. External temperature, moist long influences
create fields of tension in tops of emptiness —
cracks, which assessment is considered by parame-
ter D with application of provisions of the theory
of aging of concrete:

K, (7:)=Kl.C (rO)D. (1)

6. Concrete destruction processes by cracks are
considered, as the deformed state generalized in-
tense in some initial volume, having the physical
features inherent in a composite with strength and
deformativny properties R;, R;, v. Features of
physical processes of moving micro and macro
cracks in the studied volume are reliable and
proved by experimental data by definition of /..,
G,, J,, K; and Kj; on samples cubes (prisms) section
of 100x100 mm in size with an optimum diameter
of large inclusions no more than 15 mm.

Deformativny and strength properties in the
single volume of concrete of any structure are pro-
vided with the system of active and reactive forces
in structure:

ZNact - ereact = Ri‘ (2)

The change of external conditions, tempera-
tures, humidity, pressure in defects of structure
of P, C, C filled with liquid, steam, ice arise forces,
the sizes and amount of defects, quantity and pro-
perty of structural ties change, that influences the
level of initial properties R;, E; and levels of their
measured limits.

Theoretical justifications and analytical
solutions of tension and crack resistance
of concrete on the basis

of the generalized criterion

Let some elementary volume of a cement stone
include a quantity of emptiness — the capillaries
containing a certain amount of free water, depen-
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ding on external conditions. Then the capillary
model (the concentrator of tension, initiating emer-
gence of micro cracks) for which walls some for-
ces, caused by the water, which is contained in its
volume are made can be presented in the form:
(fig. 4, where [, — capillary length; the size b, de-
pends on humidity of actually cement stone; a. —
diameter of emptiness — a capillary).

T
S

b,

>
.
—on-
—
T
o
|-
|-
—
<°

1R
n iy
1
o ——
1
mw
lly
aC

>

=
S
=

———]
~-—]
~e—]

v
o
;U a—]

Fig. 4. Model of the capillary filled with water

Model parameters in characteristic points
of t, W, P charts of a state will be the following
characteristics: /. and a, — the initial extent of emp-
tiness — a capillary; W — humidity and ¢ — tempera-
ture of a cement stone.

State 1. Condition: ¢ = const; W # const;
P # const.

We will determine capillary forces by a formula

P. =mnca, cosO, 3)

where o — a superficial tension of liquid; 6 — the
angle of wetting or a regional corner on border
“liquid — a capillary wall”.

Proceeding from the analysis of the value o
which at a critical temperature addresses in zero
it is possible to write down:

GZGO(l—l/fk), 4)

where #, = 370° (for water); o, = 0,076 N/m (¢ = 0).
Then force, applied to the coast of a capillary,
will be defined from

P. =cyma, cosO(1-1/370). (5)

Points of application of forces of P. depend
on W. Considering an increment of an amount
of water in a capillary due to change of humidity

b, =1, /2(1-W/100). (6)
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At action on the top and lower coast of a crack
in the points, remote from the center of a crack on
distance of b, equal of the normal concentrated
forces P (but opposite in the direction) (fig. 5), the
stress of intensity factor (SIF) at a normal separa-
tion of Kj is determined by Earvin's formula [17]

X, =2P\/7/‘/n(12 —v?). )

In the accepted designations the formula for
flat tension has an appearance

K, =2P, M/ JEja-e?)  ®

and stress intensity factor from action of capillary

forces
K, =2PCM/ /n(1/13/4—b§)gc. )
P

b

Fig. 5. Action on coast of a crack
of several normal concentrated forces

In view of (5) and (6), we have

K, =2na,cosOx

o0 (1= L2 e[ (2 /457 =

=4\/E/x/5ac cos 0 x
<, (1-1/t, )/gc\/zc[l—(l—W/loo)z]

Thus, the stress intensity factor at a normal
separation from capillary forces is defined by the
geometrical sizes of a capillary a., /., its filling
with moisture ' and the angle of wetting of 0O,
a superficial tension at 0 °C o, and temperature,
distance between g, capillaries.

If development of a capillary in length doesn't
happen, then the size of change of width (radius)
of a capillary is defined

Hayka
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al =(2n/g E,)P.[nx (10)

x{[zc/z—m}/[zcm (25 -22) |

where g. — the distance between two next capil-
laries, which is function of porosity (W/C); E., —
the module of elasticity of a cement stone

With change the expert at invariable value W
also points of application of forces of P. (fig. 6) are
displaced: originally P,, then P.,.

P,
ll Pc2 Pc2 l !
o — & S p—— —
S =) §
' PCZ PCZ |§cl
Pcl bc2
" i
cl

Fig. 6. Change of points of application of capillary forces
at reduction of diameter of a capillary

Considering, that water volume in a capillary of
V= (Tcazcl/4)(lc — 2b,.) invariable, we will receive

_ 2 2 2
bc2 - (2aclbcl + ac2lc —da.

ile ) / 242,
where a., = a., — &°..
If the humidity of a cement stone changes in
the course of shrinkage, then
-a )}/2%22 +

F(1./2)(1- AW/100) =
= 16/2[(1 —(ay/a., ) (W]100)+(1- AW/IOO))}

where AW — change of humidity: the sign “~” at
increase in W, the sign “+” at reduction.
Then intensity of tension in capillary top

b, = [zc (242 (1-w/100)/2+a%,

c

=2ma,, cos0- o, (1-1/t, )x

x\/l_/gcx N b2

Shrinkage deformation, if to take into account,
that capillaries (micro cracks) are evenly distribu-
ted on concrete volume, is defined from

PGIC/ IKIZC C s (11)
where Gy, — energy of destruction of a cement
stone.
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In the direction, parallel to action of forces
of P., the main shifting tension causing in tops
of a capillary of deformation of cross shift de-
scribed by stress intensity factor of Ky, which size
is attached to a capillary

Ky =1tynl,, (12)

where T — main tangent tension.

We will define them, in view of that capilla-
ries are evenly distributed on the area of concrete.
Taking into account (11) and (12)

KII = Pc \/E/(gcac )

At the time of K;; =K growth of a micro

crack in length will be defined by the mechanism
of cross shift.

State 2. Condition:
P # const.

We will consider a cement stone at the macro
level. It consists of not hydrated grain and the hy-
drated weight which in turn consists of emptiness —
pores (capillaries) and crystal system (micro level).

In the hydrated weight micro defects of two
types will be observed: 1 — capillaries; II — the
cracks of a normal separation formed because of
the difference of modules of elasticity and coeffi-
cients of linear expansion of not hydrated grain and
the hydrated weight. Then the general resilience
of a cement stone to development of temperature
cracks in terms of stress intensity factors are de-
fined from:

W = const; t # const;

cs _ prl 10,
KI,[ - KT N K] N

cs _ pl I
KH,t - KII,t +Kll,t’

where K“, an

top of capillaries, caused by the intra capillary

the stress intensity factors in

I .
pressure of water; Ky,, Ky, — the same in tops of

cracks like II.
Then at the time of development of micro-
cracks and their combining in trunk macrocracks

cs 1 1 .
KIct cht +cht’

cs 1 11
Koy =Koy + Ky y-
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We will consider capillary micro defects in the
temperature range: 1 (water).

Range 1 (water). The capillary is affected by
the system of forces shown in fig. 7. Forces of P.
are defined by capillary pressure; P, — expansion
of water at temperature increase; P, — expansion
of crystal system; T — the tangent tension, arising
from action of forces in the capillaries focused
parallel to forces of P.

P, P,
PCS
P i bt
Pt T T ST
P PCS PW
4, b, P
L.
Fig. 7. The system of forces operating
on the capillary filled with water
Thus

Ll _ pLLC LLW L1,CS
KU _Kl,x _Kl,t +K1,t >
or at the time of local destruction

Ll _ pLLC _ pLLW L1,CS
KI,C.: _KI,CJ KLC,I +KI,C,t .

Then
KII,’}’C = (4\5/\/5)% cos 0 x
x, (1-1/t,)/3. \/zc [1—(1—W/100)2J.

The size P,, will be defined from

pP,=a, AE,

and the size o,, on the basis of the analysis
of skilled data

)

o]
‘J(Ll - : Jﬂ

Fig. 8. Action of continuous normal forces
on symmetric trailer sites of cracks
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o, = 0,000067 + 0,0000076¢.

At action of constant normal loading by inten-
sity of o on the symmetric trailer sites of a crack
adjoining tops of a crack (fig. 8) according to
G. Sih's decision [18], SIF at a normal separation is
determined by a formula

K, = G\/ﬁ[l —(2/n)arcsin(a/1)].

Then SIF from temperature expansion of the
water closed by capillary forces in capillary tops

K" =a, ATE,[nl, [2[1-(2/n)arcsin(2b,/1,) |-
(13)
The size P., will be defined from

P, =a, ATE,,.

t,cs

At action on coast of a crack of a constant of
normal (o) and the loading (fig. 9) of KIN moving
(t at a normal separation and cross shift is deter-
mined by G. P. Cherepanov [19] and V. V. Pa-
nasyuk's formulas [20]:

Klzcx/ﬁ;
anr\/ﬁ.

Then SIF from temperature expansion of crys-
tal system is calculated from expression

K¢ =o, ATE, \nl /2. (14)

t,cs
1L1,C Il,cs LW . 1,1
It Kiey + K¢, = K¢,  then size a.” de-
creases and vice versa. We will determine width
of disclosure (radius) of a capillary from

a'=a’ +a® —af (15)

c?

where all entering (15) parameters are determined
by a formula (10).

' |
7
|| | | | | |
| || | (- | - | -—
T
T T

Fig. 9. Action of constant loading
on coast of a crack

th
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Size Ku,,“ is defined on

Ky, = [Gonaccose(l —t/t,)+a, AE, g, -
20’1 wAtEwgc (lc/z _bc )}\/E/\/ng

Depending on orientation of the closed cracks
or capillaries, they can be filled with liquid asym-
metrically, then the intensity of tension in tops
of defect won't be identical. Such capillary is af-
fected by the system of forces shown in fig. 10.
At the same time

1,1 1,1,C,m LLW . m 1,l,cs
KT,t +KT,t _Kl,t +Kl,t > (17)

(16)

where K" :(KII}I,C,A LKL ) /2; KLCA
stress intensity factor in a point 4 from action

L1,C,B
K B

of forces P,; — the same, in a point B;

LI, LI .4 LIW.B\/n. pLIW.A

KR < (KA g 2; KM SIF
I Lt Lt It

. . ) . o LLW.B

in a point 4 from action of forces P,; K;; -

the same, in a point B.

P.

C

|
-
[
o] .

Fig. 10. The system of forces operating on the capillary
which is asymmetrically filled with water

When on the top and lower coast of a crack in the
point remote from the center of a crack on b dis-
tance, the concentrated forces (fig. 11), SIF,
normal, opposite in the direction, according to de-

Fig. 11. Action on coast of a crack
of the concentrated forces
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cisions V. V. Panasyuk, M. P. Savruk, A.P. Da-
tsyshin, J. Sih, G. Libovits are applied, P. Paris,
J. Irvin, G. P. Cherepanov [21-23, 19, 17, 18, 24]
are defined from expression

~iK; = (/al )| (P-iQ) (1 £b)/(1Fb) =

iMl/((l:b) lz—bz)},

here and further the sizes K, and K, with the

lower sign belong to the left top of a crack (x =—/),
and with top — to right (x = /).

Then stress intensive factor from capillary
forces in points 4 and B respectively:

K1t =P [(1/2-6)/(1./2+b,) |\l 2
(L./2=b,) [\l /2

L1 L1,C,4 L1,C,B
KI,tJC,m :(KI,tJC, _i_KI,t,C, )/2 -

When on coast of cracks on site b < x < ¢ are
enclosed constant normal (o) and shifting (7)
of effort (fig. 12), using J. Sih and P. Paris's deci-
sion [24], SIF equal

K —iK; :(c—it\/l/_nz[arcsin c/l)-
—arcsin(b/1)F \/1 c/l \/l (b/1) J)

From where SIF from action of forces of P,
in points 4 and B a capillary will be:

Kiy @ =P \(1./2+b.)/

(18)

K" =a, ME, I 27 %
~(2b,/1,)’ };

X [n/2 —arcsin(2b, /1) -

c

— (e}

1

1

TI|7T
—f- | —f--

! ;] °

Fig. 12. Action of constant loading on the internal site
of the top and lower coast of a crack
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K" P =, AE, I [27
X [n/Z - arcsin(2bc/lc)+\/m}

K" =0, ME, 1, /21| nj2 - arcsin (2, /1,) ].

The stress intensity factor in each of tops
of the capillary which is asymmetrically filled
with water can be defined from:

11,4 L1,C,4 LLW, 4 Lies.
K” K“ Klt + I/ZK ;

LLB _ pllC.B _ pLLW.B Lies
K7 =Ky Ky, + l/2KI,t .

We will consider the regional cracks or not
closed capillaries (index II) coming to a surface
(side) of a sample. In the first temperature range
the crack (time) is affected by the system of forces
shown in fig. 13, at the same time

LI e LW | Ll
Ky, =K;" —-K;”7 +K;". (19)

Fig. 13. The system of forces operating on not closed capillary
in the first temperature range

Let the return be attached to opposite coast
of a crack at b distance from the region of the half-
plane equal in size, but in the direction the normal
and tangent concentrated forces (fig. 14). Then
from the decision, received by V. V. Panasyuk,
M. P. Savruk, A. P. Datsyshin [21-23] by means
of special approximation of the singular integrated
equation follows

K, —iK, = 2(P—iQ)\/C/2ﬂl/\/1—(b/l)c g

where ¢ = 271:2/(752 —4).

Then intensity of tension in top of regional de-
fect from action of capillary forces
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K¢ =2P \Jc/2nl, /,/ (b./1,)

—x/ZP/\/nz b/l)}

(20)

-

Fig. 14. The half-plane with a regional crack at action
in any points of its coast of the concentrated forces

When on coast of a crack piece-vise and con-
stant loading (fig. 15) is set, and the region of the
half-plane is free from tension, the numerical solu-
tion of the integrated equations on the basis of
which by method of interpolation of R. Hartranft
and J. Sih have constructed analytical expression
for SIF [25, 18] was used

K, —-iK, =

= 2(P—ir)\/ﬁ(2/n)arccos(b/l)[l+f(b/l)].

Fig. 15. Action of piecewise and constant loading
on coast of a regional crack in the half-plane

Values of the f(b/[) function are given by
G. Sih [18] and can be approximated by expres-
sion f(b/) = 0,1215(1 — b/I).

Intensity of tension in top of regional defect
from linear expansion porovoy waters

KM = P, (2/n)arccos (b, /1,)
x[1+f(bc/lc)J:2Pw1/lc/nx (21)
x ABCarccos(b, /1,)[1+0,1215(1-b,/L,)].

Hayka
urexHuka. T. 17, Ne 4 (2018)



Civil and Industrial Engineering

The stress intensity factor caused by expansion
of crystal system at increase in temperature is de-
fined from expression

K = B,S\/Tc—lc(2/n)arccos(o)[1+f(o)] =
= o, AE, \[nl (2/7)1,5708[1+0,1215] = (22)

=3,523a, AtE, I, /7.

t,cs
CONCLUSIONS

1. As a theoretical basis of a method, physical
ideas of the mechanism of an increment of volu-
me of cracks in concrete shrinkage model are ac-
cepted.

2. The main criterion of a method is the gene-
ralized total parameter of crack resistance X..

3. Modern ideas of the mechanism of moist
shrinkage, experimental data of the value of capil-
lary pressure (70 kPa in 180 min) allow to execute
analytical decisions for assessment of tension and
crack resistance of concrete at early age on the ba-
sis of the generalized criterion in terms of coeffi-
cients of stress intensity factors.

4. The developed algorithm of calculation of
crack resistance at shrinkage allows to consider
the factors influencing capillary pressure: a type
of cement, existence of modifiers and mineral ad-
ditives, conditions of keeping of concrete (superfi-
cial wetting, completion of the evaporated water,
normal and moist curing).
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