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ABSTRACT

The expansive concrete is used in the reinforced concrete structures to
shrinkage compensating. Most efficiently its application in the Concrete
Filled Steel Tubes (CFST), in which the expansive concrete can’t only
compensate basic shrinkage of the filled CFST to effectively prevent
separation structure but also induce self-stresses in the concrete core to keep
it under in-plane biaxial compression before applying load.

The practical design of the CFST structures requires accurate estimation
of restrained strain and stress in the expansive concrete core during the
early age of curing. Currently, phenomenological models for the estimation
of concrete strains are commonly used. At the same time, there are models
which based on the principles and assumptions of the elasticity theory
that have advantages over phenomenological models. Major disadvantage
of these models is that they consider the development of concrete strains,
taking into account only its elastic behavior, which predetermines their low
accuracy.

In this article, the stress-strain development model for the restrained
expansion strains and self-stresses estimation of expansive concrete
core, taking into account the relaxation stresses due elastic and plastic
deformation under both internal (aggregate) and external (steel shell)
restrained conditions and a cumulative force induced by these restrains,
what allows to determine more accuracy values is presented.
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KpaBueHKo BaneHTUH BUKTOPOBMU, KaHA. TEXH. HayK, CTapLLUMi Npenopa-
BaTeAb, Kadeapa TEXHOAOTUM BETOHA U CTPOUTEAbHbIX MaTepUanos,
BpecTckuit rocyAapCTBEHHbIA TEXHUUYECKUIM YHUBepcuTeT (. Bpecr,
Benapychb)

CBA3AHHbIE AEGOPMALNU U CAMOHANPAXXEHUA
B PAHHEM BO3PACTE HAMNPATAIOLLEErO GETOHA B
YCAOBUAX NNOCKOINo CUMMETPUYHOIO OrPAHUYEHUA

AHHOTALUA

Hanpsiearowjuii 6emoH ucnonwb3yrom 8 e e300emoHHbIX KOH-
CMPYKUYUAX KaK 00UH U3 cnocob08 KoMNeHcayuu ycadouHblx degpopma-
yutl bemona. Haubosee agphekmusHo e2o0 npumeHeHUe 8 cmanempy6o-
OeMOHHbBLX 2JleMeHMAax, 8 KOMOPbLX Hanpsizaowuil 6emoH He MoJbKO
KomneHcupyem ycadky, npedomspauast omaoejieHue CMaibHol 0600u-
KU om 6emoHH020 A0pa, HO Makyce cnocobcmayem 803HUKHOBEHUIO Ca-
MoHanpsinceHull 8 6emoHHOM si0pe, COXPAHsISL €20 08YXOCHOe obxcamue
00 MOMeHMA NPUNOJCEHUS. HA2PY3KU.

Jns npoexmuposanus cmanempy606emoHHbLX 31eMeHMOo8 U3 Ha-
npsizaroujezo 6emoHa Heobxo0UMa MouHAasi OYeHKa pa3gumusi cobcmaeH-
Hblx dehopmayuil u camoHanpsiiceHUull 6emoHHo20 20pa 80 8pemeHU. B
Hacmosiwee 8pemsi 8 CMpoumesbHol npakmuxke 011 NPOZHO3UPOBAHUS
cobcmeeHHbLx dehopmayuil 6emoHa 8 0CHOBHOM UCNONB3YIOM (heHoMe-
Hoso2uuecKue mModenu. B mo e 8pems cyujecmayrom makaice Mooe,
OCHOBAHHbBlE HA NOJIONCEHUAX U OONYUWeHUSX Meopul ynpyzocmu, Ko-
mopble obadarom pssdom npeumyuiecma neped peHOMeHOJI02UUeCKUMU

37



Mmolenamu. OCHOBHBIM He0OCMAMKOM Makux modesetl s8J1emcs mo,
Ymo oHU paccmampugarm passumue dedopmauyuili bemoHa, NPuHU-
Mast 80 BHUMAHUE MOJLKO €20 ynpyzoe nogedeHue, Umo 8 KOHEUHOM
umoee npedonpedesisiem ux He8bLCOKYH MOUHOCMb.

B 0awHotll cmambe npedioyceHa Mooesib 01 OUEHKU COOCMBEHHbLX
c8513aHHbLX Dehopmauyuil u camoHanpsiceHull 8 s0pe U3 HaNpsi,aru,e2o
b6emoHH020 8 cmayiempy606emoHHbLX 3leMeHMAax, KOmMopas yuumaul8d-
em penakcayuro co6CmeeHHbIX HaANPsJeHUll 8 pe3yibmame nposieJie-
HUs ynpyeoil u naacmuueckoil depopmayuu 8 ycao8usx 8HympeHHe20
(3anonHumens) u eHewHez2o (cmanbHas 060s0uKa) 02paHuveHuUll, a
maxkoice pe3ysabmupyrowjee nojie HanpsiceHUll om cymmMapHoll peakyuu
8 02PAHUUUBAIOUWUX CB8A35X, UMO No38ossem noayuams b6osee adek-
8amHble UX 3HAUEHUA.

KitoueBble cjioBa: LIeMEHTHBIN KaMeHb, CBOOOAHbIE AedopMariiu
pacIIpeHus, OrpaHUYeHNs, peJlaKCcalisa HAPsDKEHNH, pe3y/IbTHpYIoIee
ycwive, pacdeTHas MOZIeJTb.

Jis nurupoBaHus: KpaBuenko, B. B. CsasanHble gedopmariyiu
¥ CaMOHAINpsDKeHWA B PaHHEM BO3pacTe HalpsAramoero 6eroHa B
YCJIOBUAX IUIOCKOI'O CUMMETPUYHOro orpaHndeHud / B. B. KpaBuenko //
[Tpobnembl coBpeMeHHOTO OeTOHA U ’Keje300eToHa : ¢b. Hayd. Tp. /
Wu-T benHUWC; peakon.: O. H. JlemmkeBuy [u ap.]. — MuHck, 2019. —
Bemm. 11. - C. 36-50. https://doi.org/10.35579,/2076-6033-2019-11-03

INTRODUCTION

In the reinforced concrete structures, the expansive concrete is
used to shrinkage compensating, especially in case when high-strength
concrete with low water-to-binder ratio or self-compacting concrete is
applied. For this purpose, most efficiently application of expansive
concrete in the Concrete Filled Steel Tubes (CFST). In the CFST
structures expansive concrete can’t only compensate basic shrinkage
but also induces self-stresses in the concrete core.

So, expansive concrete is filled into steel tube to effectively prevent
separation of the filled CFST structure which is often observed in a
steel tube filled of the ordinary concrete, to keep the concrete core
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under in-plane biaxial compression before applying load, and avoid
the premature buckling of the thin wall of the steel tube.

For the practical design of the CFST structures restrained strain
and stress in the expansive concrete core during of the curing time,
especially in the early age, should be estimated.

Currently, the most common approach for calculation of strain in ex-
pansive (ordinary) concrete consists of using the principle of superposi-
tion, that the total strain of concrete (¢,) is considered an algebraic sum
of stress-induced strain (¢, ), free expansion (shrinkage) strain (¢,), and
temperature strain (¢,,):

E;=&,t&E,+&y (D

Most of the existing models for prediction of the free expansion
(shrinkage) strain of concrete involved in the Structural Codes are
based on the phenomenological equations.

Some of the proposed models, that describes development of
the free expansion (shrinkage) strain in time are based on the basic
assumptions and principles of the Micromechanics of Composites
(Elasticity Theory) with usage relation between cement paste expansion
(shrinkage) and volume content of the aggregate (as an example is
most common Pickett’s model). The main advantage of such types of
models consists in considering concrete as a composite in which free
expansion strain actually creates in the cement paste under internal
restrained conditions (aggregate). In case of CFST structures, the
expansion strains also develop under external restrained conditions
(steel shell).

Therefore, the term «restrained expansion strain» (¢,,) instead of
the term «free expansion» is more suitable for describing concrete’s
expansive process since it always contains an internal restraint
(aggregate).

However, models based of the mechanics of composite principles
tend to over-predict free expansion (shrinkage) strain in time, because
these models probably don’t take into account: (a) stresses relaxation
as a result of elastic and plastic strains under the restrained conditions,
and (b) a cumulative force induced by the restraint that is considered

39



as an additional applied load which restrict concrete expansion in
accordance with [1].

In this article, the stress-strain development model for the
restrained expansion strains and self-stresses estimation of expansive
concrete core in the round steel tube under both internal (aggregate)
and external (steel shell) restrained condition is presented.

PROPOSED MODEL FOR PREDICTION OF THE RESTRAINED
STRAIN AND SELF-STRESSES OF EXPANSIVE CONCRETE CORE
IN THE CONCRETE FILLED STEEL TUBES

The proposed model is based on the following main
assumptions:

1. The microstructure of concrete is considered into two elementary
heterogeneous levels:

— cement paste, as a combination of the products of hydration
(CSH, unhydrated clinker phases, portlandite and aluminates)
and porosity;

— concrete as a three-phase composite including a cement paste,
aggregate grains, and an interfacial transition zone (ITZ).

2. The microstructure of concrete in each elementary level is
isotropic, the development of strains and stresses for in all axes
(directions) are the same.

3. The expansive concrete core is free from external applied loads.

4.In the proposed model, the development of restrained expansion
strains is considered taking into account the relaxation of stresses as a
result occur of elastic and plastic deformations.

5. The development of restrained expansion strains lead to occur
forces in the restraints (both external and internal), which should be
taking into account in equilibrium conditions as an additional stress
field in the concrete core.

Model formulation

The basic equation for calculation of the incremental restrained
expansion strain of concrete, in which a rigid aggregate restricts the
free expansion of cement paste, can be presented as the following
algebraic sum:
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(Agﬁp )i =(8g;), +(Aey), +(Aey )i @

where, (A¢), (Ag,),, (Ae,), (Agpl)i: uniaxial incremental free
expansion strain of cement paste; uniaxial incremental restrained
expansion strain of concrete under an internal restraint; uniaxial in-
cremental elastic strain of concrete, and incremental plastic strain of
concrete at any i-th time interval during of the analyzed curing period,
respectively.

The algebraic sum of concrete elastic and plastic incremental
strains at any i-th time interval by the theory of aging viscoelasticity

can be expressed as [2]:

(Ae, )[ +(A‘9p/ )l. :Jc(TNTi—IQ)'(AUir)i + Ig(Jc(Tf’Tj—m)_Jc(Ti-laTj-l/z)) '(Ao-[r)/' 3)
J=1 ’

where, (Ao, ),: incremental self-stress under an internal restraint
at any i-th time interval; J,(z,,7,_,,,): uniaxial creep compliance func-
tion at time rz, caused by a unit constant uniaxial stress that has been
acting since time 7, ,; 7; and 7, ,,,: end and middle of any i-th time
interval.

The incremental restrained expansion strain of concrete under an
internal restraint and incremental free expansion strain of cement paste
at any i-th time interval can be expressed by the following equations:

(Agﬁp )i =&, (1) — €, (7)) ) (Agir ),— =&, (1) —¢,(7) 4
where, 7, : start of any i-th time interval.

For calculation of the free expansion strain of cement paste (6‘ﬁp)
the following expressions can be accepted:

0,5
g’m’P(Ti)ZSﬁP(TH).ﬂg(Ti); ﬁg(fi)=exp v 1—(2:’:;3} (5)

where, ¢,,(z,): free expansion strain of the cement paste at the
end of analyzed curing time (z,); p.: coefficient to describe the
development of free expansion strain of cement paste with time;
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r coefficient that takes into account rate of the expansion process of
cement paste; r,: parameter that takes into account the percolation
threshold of the cement paste.

The restrained expansion strain of concrete under an internal re-
straint (¢, ) is calculated from the general solution presented in [3]
for a three-phase composite model including an effective spherical
inclusion from aggregate and an interfacial transition zone (ITZ), a
shell of cement paste located around it, and an effective homogeneous
medium:

Kp-5 @)-(lzV )(%K +4G ) 6)
K, (3K, .+4-G,)=4V,. -G, (K, K,

inc inc

&, (1) =

where, K, : bulk modulus of the effective spherical inclusion from
aggregate and an interfacial transition zone; K, and G, : bulk modu-
lus and shear modulus of the cement paste, respectively; V,,. : relative
volume content of the effective spherical inclusion from aggregate and
an interfacial transition zone by volume of concrete.

Substituting Eq. (3) into Eq. (2) the following equation for
calculating of the incremental self-stress under an internal restraint at
any i-th time interval can be expressed:

( ) (Agﬂp)i_(Agir)i_;Z:ll|:(‘]c(ri’fj—l/2)_Jc(Ti—]’Tj—I/Z))'(Ao-ir)j:|
Ao-ir ,-: -

J (T Ti)

(7)

The restrained expansion strain of concrete under an internal
restraint (¢, ) is calculated as an algebraic sum of the incremental
restrained expansion strain at each i-th time interval during the
analyzed curing period i €[1,n] taking into account a cumulative force
induced by the internal restraint is determined as an algebraic sum of
incremental self-stresses under an internal restraint at time intervals
jell,n—-1]:

n-1

0 X (Acy,),

=3 (As,) - L— ®)
gre,n E( & ),- EC(Tn,l)
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where, E (7, ,): Young’s modulus of the expansive concrete at the
start of n-th time interval; »: time intervals during the analyzed curing
period.

5 (a0,),
J=l
The ratio E.(r,,) in Eq. (8) is an elastic deformation caused by
stress field in the concrete due total response of the internal restraint
(aggregate).
Based on Eq. (2) and Eq. (3) the incremental restrained expansion
strain of concrete under an external restraint at any i-th time interval

can be expressed by the following equation:

(Ager ),- = (Agre,ir )[ =J(7:7) '(Ao'er),- _;le|:(‘]c(ri’fj—l/2) _Jc(Ti—l’Tj—l/Z)) : (Ao'er )J 9
where, (As, )l_: radial incremental restrained expansion strain of
concrete under an external restraint at any i-th time interval during
the analyzed curing period; (Ac,, ) : incremental self-stress under an
external restraint at any i-th time interval.
Finally, restrained expansion strain of concrete core in the CFST
structures (¢,,) is calculated by the following equation:

n—1
> (Aa,),
= 3 A —u (10)
e, Zi( ger)i E.(z,)

S (Ao,),
J=1
The ratio E.(r,;) in Egs. (10) is an elastic deformation caused
stress field in the concrete due total response of the external restraint
(steel shell).
The incremental self-stress under an external restraint at any i-th
time interval is calculated in accordance with the equilibrium condition
of forces in the concrete core and steel tube as:

(Ao,,). :%-ES (As,,)., (11)

c
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where, E, : Young’s modulus of steel; J; and R, : thicknesses of wall
of the steel tube and radius of the concrete core, respectively.

Model parameters
In the considered model uniaxial creep compliance function
Ji(z,,7;.,,) is accepted in the form in accordance with [4]:

T.,T.
J"(T,':T, 1/2): 1 +¢( st 1/2) (12)
E(7.) Eﬁ,zs

where, E,(r_,,) and E,,: Young’s modulus of expansive concrete at
time z,_,, and at 28 days, respectively; ¢(z,,7, ,,): creep coefficient of
expansive concrete at time 7, caused by a unit constant uniaxial stress
that has been acting since time ¢, ,,, is calculated by the following
equation [4]:

(‘7(71"1-]'—1/2):% 'fq;(Ti’T/—l/z) (13)

where, ¢,: notional creep coefficient that in the considered model
is calculated by the expression suggested in [5]:

¢0_5,31~(¥—1] +1,11 (14)

7,28

The coefficient describing the development of creep with time af-
ter loading JACRN is calculated in accordance with [5]:

f¢’ @ T/—l,fz) = [(T’_Tf”)]

B, +(TI_T/'—1/2) (15)

where, g, : the coefficient representing the effect of loading age on
rate of creep development is calculated by the expression suggested in [5]:

)

0,000001, 0 <—'=<0,346

B, (16)
40,5- (E(T) 0, 346}4—0 485, ( ) >0,346
E E

a,28 28
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To calculate the Young’s modulus of the cement paste, the following
equations is accepted:

E,(7)=E,(r,)-By(z); ﬂE(m—exp[s-[l—(?_‘j] J] 17)
where, E, (z,): Young’s modulus of the cement paste at the end of
analyzed curing period; g, : the coefficient which describes the devel-
opment of Young’s modulus of concrete with time; s : coefficient which
depends on the strength class of cement.
The bulk modulus and shear modulus of the cement paste is
calculated by the standard conversion formulae:

Eg £y

Kc - @ =~ /. \
g 3'(1—2'%,,); 72 (1+v,,) 18)

where, vy : Poisson’s ratio of the cement paste.

The relative volume content of the effective spherical inclusion 7;,.
is calculated in accordance with [6]:

b 3
Vnc = Va ’ Zﬁz,j (ﬂj (19)
J aa,j

where, 1,: relative aggregate content by volume of concrete; r, :
volume fraction of j-th kind of aggregate particle fraction that is given
by asieve analyses (j e[1,n,], n,: total of aggregate particle fractions);

; and b, : radius of j-th Kind of aggregate particles that is given and
rad1us of j- th kind of effective spherical inclusion, that is calculated by
the following equations:

a,;= E[aa,j] : b, ;=a,;+ Oz (20)

where, Ela,, ]: expected (mean) value of radius j-th kind of aggre-
gate particles that is calculated by the equations suggested in [7]; §,_:

thickness of interfacial transition zone.
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To determine the bulk modulus of the effective spherical inclusion
Generalized Self-Consistent Scheme is used [8] by a step-by-step
homogenization technique, in which at the i-th iteration (i €[l,n,]) is
calculated the bulk modulus of j-th kind of effective spherical inclusion,
using the bulk modulus of effective spherical inclusion calculated at
the (i-1)-th iteration:

K]

l+(lfa',j)-|: Kavji(finc)i—l } (21)

(Kinc ),'_1 + g : (Ginc ),‘_1

(Kinc ), = (Kinc ),;1 +

(ch )0 = Ki

where, K, .: bulk modulus of j-th kind of aggregate particles;
K, : bulk modulus of interfacial transition zone, that is calculated

1

as K,, =%~KLW ; (K. ), and (G,,).: bulk modulus and shear modulus

of the effective spherical inclusion from aggregate and an interfacial
transition zone at the i-th iteration; f; ;: volume fraction of j-th kind of
aggregate particles by volume j-th kind of effective spherical inclusion,

a,j
a,j

3
that is calculated as ro= Gaj | .
b

The effect of elevated or reduced temperatures during the analyzed
curing time may be taken into account by adjusting the concrete age:

i E, [1 1
Tie —]Z[Arj -{exp{—R (_T,» __To ]n]

where, 7, ,: temperature adjusted concrete age which replaces 7, in
the corresponding equations; Az, : number of days where a tempera-
ture 7, prevails; 7;: mean concrete temperature of 20 °C; E, : activa-
tion energy of the expansive binder.
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NUMERICAL SIMULATION OF THE RESTRAINED EXPANSION
STRAINS AND SELF-STRESSES OF EXPANSIVE CONCRETE CORE
ACCORDING TO THE PROPOSED MODEL

Input data

For the numerical simulation of the proposed stress-strain
development model, the data presented in the Tables 1-2 were accepted.
The expansive concrete mix composition, free expansion strain of the
expansive binder (for specimen series CE-6) and expansion strain of
concrete on the unrestrained condition (for specimen series II-PEC-0)
were taken in accordance with [3].

The analyzed curing time is 28 days. The temperature conditions
during the analyzed curing time is 20 °C.

Table 1
Characteristics of the materials used in simulations
1. Expansive binder content*, kg/m? 600
2. Water content, kg/m?® 240
3. Fine aggregate content, kg/m? 600
4. Coarse aggregate content, kg/m? 960
5. Water/Binder ratio 0,4
6. Density of expansive binder, kg/m? 3000
7. Density of fine aggregate, kg/m? 2630
8. Density of coarse aggregate, kg/m?® 2670
9. Young’s modulus of fine aggregate, GPa 56
10. Young’s of coarse aggregate, GPa 60
11. Young’s modulus of steel, GPa 200
12. Young’s modulus of cement paste at the 28 days age, GPa 25
13. Free expansion strain of cement paste at the 28 days age, % 2,63
14. Poisson’s ratio of aggregates 0,23
15. Poisson’s ratio of steel 0,25
16. Poisson’s ratio of cement paste 0,2
17. Thickness of interfacial transition zone, um 50
18. Value 7 0,11
19. Value 7,, day 0,14
20. Value § 0,11
21. Thicknesses of the steel tube, mm 2,5 3,5 6
22. Outer diameter of the steel tube, mm 50 102 | 203
* Expansive binder composition consists of 3 components in the following proportions (by
weight): Portland cement: 80%; high-alumina cement: 10%; gypsum: 10%.
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Characteristics of fine and coarse aggregate

Table 2

Fine aggregate |

Coarse aggregate

Percentage retained on each sieve*

Sieve sizes, mm

0,125 | 0,25 0,5 1 2 4 8 2 4 8 16
5 10 20 30 25 8 0 16 24 60 0
*Percentage retained on pan: 2%
Simulation results

The main simulation results of the restrained expansion strains
and self-stresses of expansive concrete core according to the proposed

model are shown on the Figures 1-3.
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Figure 1. Simulation results of expansive strain of cement paste (a) and expansive
strain of concrete core (a, b) in the absence of an external restraint
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Figure 2. Simulation result of self-stress of concrete core
in the absence of an external restraint
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Figure 3. Simulation results of expansive strain of concrete core (a) and self-stress of
concrete core (b) in the round steel tube

CONCLUSION

Simulation results showed that the three-phase composite model
based on the elasticity theory significantly over-estimate the expansion
strains of concrete (Fig. 1), clearly indicating on the stress relaxation during
development of expansion restrained strain, which must be considered to
improve prediction accuracy of the expansion strains of concrete.

Therefore, it is reasonable to include aging viscoelastic effects in
a restrained expansion strains model, that is primarily associated the
viscoelastic behavior of CSH gel. In addition, as was presented in [1]
the development of expansion strain under restrained conditions leads
to induce a force by each restraint that should be considered as an
additional restraint for the free expansion. In case of CFST structures,
it should be considered that the expansion strains of concrete core
develop as a result both internal (aggregates) and external (steel
shell) restrained conditions. At this rate, more reasonable is the term
«restrained expansion strains of concrete».

Presented the stress-strain development model for the restrained
expansion strains and self-stresses values estimation take into account
(a) stresses relaxation due develops of elastic and plastic strains
under both restrained conditions (internal and external) and (b) a
cumulative force induced by the restraint demonstrates well predict
the restrained expansion strain of concrete under internal restrained
conditions, validating the accepted assumptions.
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The results obtained by the proposed model can be used as input
data for estimation of the stress-strain development in a steel shell
of the round cross-section CFST structures which are filled of the
expansive concrete.
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