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Abstract: The substantiation of the computational rheological model of the material for use in computer calcula-
tions of concrete and reinforced concrete structures of arbitrary complexity, taking into account the creep of con-
crete, with possible changes in the intensity of the current load over time, is presented. The computational model
is based on the Maxwell-Weichert generalized model of the viscoelastic material. The model was verified on the
basis of experimental data and requirements of regulatory documents for the calculations of concrete and rein-
forced concrete structures, taking into account the creep of the material. Verification of the computational model
and numerical calculations using the selected computational model were performed in the SIMULIA Abaqus
software environment.
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Annoramms: IpeactaBneHo 000CHOBAHHME BBIYHCIHTEILHOH PEONOTHYECKOMH MOJEIN MATEPHAA 15 HCTIONIB30BAHHS B
KOMIMBIOTEPHBIX pacuéTax OCTOHHBIX M JKEIC300€TOHHBIX KOHCTPYKUMI NPON3BOABHOM CA0KHOCTH € Y4ETOM MOM3y4C-
cTH OETOHA, C BO3MOIKHBIM M3MCHCHHEM MHTCHCHBHOCTH ACHCTBYIOLICH HATPY3KH BO BPEMCHH. BeraucaurenbHas mMo-
JeNb MOCTPOCHA HA OCHOBE 0000IICHHOM MOaEIH BA3KOYNpyroro marcpuana Makceemna-Baiixepra. Mozens Bepu(u-
LIMPOBANach HA OCHOBC MAHHBIX 3KCMCPUMCHTAIBHBIX HCCICAOBAHMI U TpeOOBaHHI HOPMATHBHAIX JOKYMCHTOB K pac-
uéraM OETOHHBIX M JKeIe300eTOHHBIX KOHCTPYKLMI ¢ y4ETOM MO3ydecTn Marepuana. Bepudukauus BeIMHCIHTETBHOM’
MOJIEIH U YUCJICHHbIE PACYETHI C HCMOMb30BAHUEM BbIODAHHON BBIYHCIHTEIBHOH MOMIENH BBINOIHATIHCE B MPOTPAMM-
Hoii cpene SIMULIA Abaqus.

KnioueBblie ci10Ba: MOM3y4YeCThb, BA3KOYNPYTOCTh, BEIYHCIHTEIbHAS MOAETD,
00o0meHHas Moaens Makceenna-Baiixepra, pacuér no ae)opMHpOBaHHOI cxeme

1. INTRODUCTION building material are sufficiently fully investi-

gated and formulated by thorough theories [1—
The most visible manifestations of concrete 5], etc., and their accounting in the calculations
over time are creep, relaxation and shrinkage. of building structures is quite clearly regulated
These rheological properties of concrete as a in national and international normative docu-
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ments [6-9]. However, the availability of proven
theories and sound regulatory procedures, un-
fortunately, does not mean the existence of ap-
propriate computational models that are conven-
iently calibrated based on the results of experi-
mental studies and regulatory approaches, while
of quite versatile, stable and flexible in calculat-
ing of complex building structures. The present-
ed computational rheological model of concrete
was verified on the basis of data from experi-
mental studies of concrete creep, and it was also
substantiated and calibrated in accordance with
the requirements of regulatory documents for
calculations of concrete and reinforced concrete
structures, taking into account the material
creep. When calculating structures that noticea-
bly change their configuration in time due to
material creep, such as flat arches and shells,
attention 1s paid to the effect of calculating them
by deformed scheme, which significantly speci-
fies the change in the stress-strain state in time.

2. THEORETICAL FOUNDATIONS
OF THE COMPUTATIONAL
CREEP MODEL

The complete deformation of concrete ¢ is usu-
ally represented by its three components:

& =80t &t Eshr, (1)

where ¢ 1is the so-called “instantaneous” de-
formation which manifests itself at the moment
of loading the structure, & is the creep defor-
mation that develops over time, &g, 1is the
shrinkage deformation. The key parameter char-
acterizing the creep of concrete in EC2 [6] and
PN [7] is the creep coefficient (creep factor)

qa(!, to)established between the moment of ap-

plication of the load /) and the age of concrete 7:

olt, 1) =< 2)
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At the same time, the concept of creep measure
C(t,t,) 1s also used in these regulatory docu-
ments:

olt,tg)=Epct ) C(1,1y), (3)

where Ey (7 ) is the elasticity modulus of con-

crete at the time of loading /.
In turn, the creep measure is the initial key pa-
rameter in the NIIZhB Recommendations [8]:

Clity)= — 1

E () - N +C(o0,1,), (4)

where (0,7, =28) is the limit creep measure.
In this case the concept of creep characteristic
(creep coefficient) (o(t,!c.) is also used:

(1(!’}'0):99(!,.1'0)

The rheological model based on the generalized
model of a viscoelastic material — the general-
ized Maxwell model (Wiechert model) [10],
[11] was chosen to study and apply to the mod-
eling of concrete creep. Elements of the me-
chanical interpretation of this model is a parallel
combination of » springs (i = 1 + n) with “tem-
porary” elastic moduli £; and » dampers with
viscosity coefficients #; connected in series with
each other in pairs, as well as of an elastic ele-
ment with “long-term” stiffness £

The basis of the generalized Maxwell model is
the elementary model of the viscoelastic Max-
well material. Its mechanical representation is a
spring with stiffness (modulus of elasticity) £,
consistently coaxed with a damper having a vis-
cosity coefficient 5. According to this model,
the material resistance is proportional to the
speed of its strain

(3a)

e=¢,+&,,

(10)

International Journal for Computational Civil and Structural Engineering



Computational Rheological Model of Concrete

folding from the rate of elastic strain &, and

the rate of viscous strain &, . In turn, the elastic

strain of the material is interpreted by the strain
of the elastic spring with the stiffness £:

o _ o
&, =——, fromwhere ¢&,=—

- -

(11)

And the rate of viscous strain in this elementary
model is represented by the properties of a
damper with the coefficient of viscosity #:

&y =—=. (12)

The serial connection of the spring and damper
in the Maxwell model means that the stresses o
in both its elements are the same, 1.e. ¢ = 0y =
0s, but the strains in the elastic and viscous ele-
ments are different, i.e.

&y # & (8 =&y 86)-

Thus, according to (10)-(12), the strain rate of

the material, represented by the Maxwell ele-

mentary model, will vary in proportion to time /:
: o(t) o1
&) =——+— 10

W=="+= (o)

herewith at a constant stress oo the strain ¢ will

increase linearly.

In turn, the solution (10a) with respect to o(7):

& %)

shows that according to the elementary Maxwell
model, when the strain & is fixed, the stress o(7)
decreases in time 7 according to the exponential
law. It in general corresponds to the nature of
the manifestation of relaxation in a deformable
material, such as for example concrete. In (13)

J(!)ZO’G-Q =F-.g,-€

(13)
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1s the so-called relaxation time.

If you move from the elementary Maxwell
model (one pair of series-connected spring and a
damper) to the Maxwell generalized model (n
parallel-connected the pairs with an additional
spring of “long-term” stiffness £.), dependence
(13) takes the form:

&)

a(t)=Em & +iE; "ggre '
i=1

or
-
O'(f):&‘o' Ew+ZEf.e & . (14)
i=1
Where
s
E

is the relaxation time of the / -th damper (i =1 +
n) in the generalized Maxwell model. Thus, in
the generalized Maxwell model, the viscoelas-
ticity of a material is characterized by the gener-
alized relaxation modulus depending on time
(the so-called relaxation function):

_LJ
ER(r)i.(’)EﬁiE«el " s)
0 i=1

It can be seen that the relaxation function £z(7)
of a material is actually represented in (14), (15)
in the form of an exponential series (Prony se-
ries).
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3. COMPUTATIONAL
IMPLEMENTATION
OF THE RHEOLOGICAL MODEL

The generalized Maxwell model of viscoelastic
properties of a material is implemented in the
SIMULIA Abaqus software environment with
the “viscoelastic” option [12]. It is represented
here by two functions, having the form of an
exponential Proni series. This is the s so-called
shear relaxation function:

3
G(t)=G,+).G, -e[ RN
i=l

where

_ K
2-(1+vy)

1s the modulus of elasticity in shear, vo is the

Poisson coefficient, and also the function of
bulk relaxation:

B
K()=K,+Y K, -e' ") ar

where

- E
3. (1-2+v;)

is the coefficient of volume stiffness.

In the SIMULIA Abaqus program, the parame-
ters of the “viscoelastic” material model are set
by the dimensionless shear relaxation modulus:

ga(f)=@=f—zgw f—e[ ‘) (16a)
7o i=1
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where
Go = Eo/(2-(1 + o))
is the instantaneous modulus of elasticity in

shear, as well as the dimensionless modulus of
bulk relaxation:

where
Ko=Eo/ (1 - 2-w)

is the coefficient of instantaneous volume stiff-
ness.

Obvious complexity here can have the assign-
ment of values of the parameters of the material
Gi, Ki, ti, which can be obtained by static and
dynamic tests of the material for creep and re-
laxation. However, under the condition of rela-
tively small changes in stresses over time in the
simulated structure, you can use the simple case
of specifying the modules g,) (16a) and k.(/)
(17a) with the introduction of the concept of
effective modulus of elasticity [6], [8]:

L‘O
By mr——— 18
T Tee(ny) (9

Then the expression of the dimensionless shear
relaxation modulus is considerably simplified:

Ly
_ GR(") _ 2'(l+1"0)'(1+ (f-"n))
g,(r)= G, = E, ;
2(1+v,)
or
g.(t)= 1+§0(1,-"u)’ (165h)
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Figure 1. Comparison of the dependences of creep strain in samples of the 1-st group (1o = 28
days), obtained in the experiment and in numerical simulation.

where ¢(7,10) is the creep coefficient of the mate-
rial (2). In this case, the values of the time-
varying coefficient ¢(7,7) in the computational
model of creep can be set both on the basis of
the material test results, and in accordance with
the regulatory recommendations [6] - [8] and
others. Similarly, the view of the dimensionless
bulk relaxation modulus is simplified:

k (1)= Kplt)

K, l+o(t1,) (176)

4. VERIFICATION OF THE
COMPUTATIONAL CREEP MODEL

To test the “viscoelastic” model, we used the
results of experimental studies of two groups of
concrete samples [11]. Each sample had the
shape of a cylinder with a height of 0.3m and a
diameter of 0.15m. Cylindrical samples subject-
ed to prolonged axial compression. Samples of
the 1-st group were loaded (o1 = 10.67[MPa]) at
the age of 7o = 28 days, having on this day the
modulus of elasticity E2s) = 36200[MPa]. Sam-
ples of the 2-nd group were loaded (on
2.47[MPa]) 1 day after their manufacture (f =
1), having the elastic modulus Eq)
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22201[MPa]. When specifying the dimension-
less relaxation moduli of the material using for-
mulas (165) and (17b) in the “viscoelastic” mod-
el, the concrete creep factor ¢(s, /o) was calcu-
lated based on the experimental results. The fig-
ures 1 and 2 show the results of a comparison of
the dependences of the creep strain in the sam-
ples obtained in the experiment and in numerical
simulation using the “viscoelastic” model.

Testing the performance of the “viscoelastic”
model with setting the values of the dimension-
less moduli of material relaxation using formu-
las (160) and (17h) with an abrupt change in
load value in time gave quite satisfactory results

(figure 3).

S. CONCLUSION

Accounting for material creep in the calculation
of reinforced concrete structures of some types,
such as flat arches and shells, can reveal a sig-
nificant change in their stress-strain state over a
long time. Below the difference in the results of
the calculation in the traditional way and by de-
formed scheme of the flat reinforced concrete
arch with a span of 20 m and a height of 2 m
under a permanent load is shown.
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Figure 2. Comparison of the dependences of creep strain in samples of the 2-st group (to = 1 day),
obtained in the experiment and in humerical simulation.
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Figure 3. The change in creep strain in time with an abrupt change in load value:
a) change in stress over time; b) change in creep strain in time.
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Figure 4. The increase in the deflection of a gentle arch in the castle section u in time t
— at traditional time calculation (bottom line);
when calculating by the deformed scheme (upper lines).

The arch was simulated in a time period of 16
months, taking into account the creep of the ma-
terial. When calculating this construction, the
"viscoelastic" concrete creep model calibrated
in accordance with the requirements of [6] was
implemented. When calculating by deformed
scheme, the arch configuration was recalculated
on the 4-th and 8-th month of loading. The dif-
ference in the deflections of the castle arch sec-
tion obtained on the 516th day in two ways was
58 percent (figure 4).
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