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Abstract

Introduction. Currently, there is very little information in the Russian literature on the development and practical appli-
cation of numerical methods for studying the stress-strain state of concrete and reinforced concrete structures, taking into
account the creep of concrete. As a rule, when analyzing the long-term deformation of such structures, calculators apply
an empirical approach based on the use of the reduced modulus of deformation in combination with the coefficient of
creep. The purpose of this study is to verify and validate the developed finite element algorithm and the corresponding
software based on the results of experimental studies of the stress-strain state, prestressed reinforced concrete beam struc-
tures, taking into account the creep of concrete, available in the literature.

Materials and Methods. As a mathematical tool for modeling the process of long-term deformation of reinforced concrete
girder structures, the finite element method was used in combination with a simple procedure for numerical integration
along the time coordinate of the operator-matrix resulting equation. The program code is implemented on the basis of the
Microsoft Visual Studio computing platform and the Intel Parallel Studio XE compiler with the built-in Intel Visual
Fortran Composer XE text editor. The processes of storing and processing working arrays are implemented in terms of
sparse matrices. The descriptive graphics of the Matlab computer system were used to visualize the calculation results.
All of the computational experiments were performed using the authorized Polygon complex. The objectives of the study
include evaluating the accuracy of the proposed methodology for analyzing the long-term deformation of reinforced con-
crete structures with various methods of external force action, including the effect of prestressing.

Results. A program for calculating reinforced concrete beam structures in a three-dimensional formulation has been de-
veloped and debugged using a discrete reinforcement scheme, according to which the reinforcing frame is modeled by
rod (beam), and the concrete array by volumetric finite elements. To determine the restoring force caused by the tension
of the cable reinforcement on concrete, a two-dimensional finite element model consisting of truss and spring finite ele-
ments is used. The simulation of long-term deformation was performed within the framework of the theory of linear
viscoelasticity in combination with the principle of superimposition of influences.

Discussion and Conclusion. A comparative analysis of the results of field and computational experiments on the stress-
strain state of reinforced concrete beams of rectangular cross-section with post- and prestress is performed. The proposed
method makes it possible to calculate prestressed reinforced concrete girder structures with variable quasi-static loading,
taking into account the linear creep of concrete.
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AHHOTAIIMA

Beeoenue. B HacTosmiee BpeMsl B OT€UECTBEHHOI JIUTEpaType MPUBEACHO KpallHe MaJIo CBE/ICHUH O pa3paboTKe U NpH-
MEHEHHMH Ha TPaKTUKE YHCICHHBIX METOJOB HCCIIEIOBaHHs HAIPSHKEHHO-1e(OPMUPOBAHHOTO COCTOSHUS OCTOHHBIX U
KeJ1e300€TOHHBIX KOHCTPYKIMI ¢ y4eToM noisydecTr 0eToHa. Kak mpaBuiio, npu aHaiause AIUTENBHOTO Ae(hOpMHUpOBa-
HUSI TOJOOHBIX KOHCTPYKIIMH PacueTINKH MPUMEHSIOT SMITMPHUIECKUN MOAX0, OCHOBAHHBIM Ha MCIOIb30BaHUU KO-
¢unmenTa momsydecty. Llenp HacTOAIIEro MCCIEeNOBaHMS 3aKII0YaeTCsl B BEpU(PHUKAIINK U BAIUAALNH pa3pabOTaHHOTO
KOHEYHO-3JIEMEHTHOT'O aJITOPUTMA M COOTBETCTBYIOIIETO NMPOrPaMMHOTO oOecreyeHus! Ha 06a3e UMEIOINXCS B TUTEpa-
Type pe3yabTaTOB SKCIEPHMEHTANBHBIX HCCIEA0BaHUI HANPSIKEHHO-1e()OPMHUPOBAHHOTO COCTOSHUS TPEBApUTEIBEHO
HaNpsDKEHHBIX KEIe300€TOHHBIX 0a0YHBIX KOHCTPYKIHUH € Y4E€TOM MOI3y4IecTH OETOHA.

Mamepuansl u memoost. B xauecTBe MaTeMaTHYECKOTO ammnapaTa AJisl MOJISIMPOBaHKs Npoliecca JUIMTeIbHOro aedop-
MHUPOBaHHS JKEJIE300€TOHHBIX OATOYHBIX KOHCTPYKIMH IPUMEHEH METO/I KOHEUHBIX 3JIEMEHTOB B COUETaHHUH C IIArOBOM
MIPOIeTypOH YHCIIEHHOTO MHTETPHPOBAHUS 10 BPEMEHHOM KOOpAMHATE Pe3yIbTHPYIOIIETO ONepaTOpHO-MaTPHYHOIO
ypaBHeHus. [IporpaMMHBIil KO/ pean30BaH Ha 6a3e BbIUHCINTENbHOM mtaTdopmer Microsoft Visual Studio u kommms-
topa Intel Parallel Studio XE co BctpoenusiM TekcToBbiM pemakropom Intel Visual Fortran Composer XE. IMporeccor
XpaHeHHs ¥ 00paboTKH pabouMX MAacCHBOB PEalN30BaHBl B TEPMHUHAX Pa3peXEHHBIX MaTpull. J[1s1 BU3yann3anuu pe-
3yJBTaTOB PacyeTOB HCIOJIb30BaHA JECKPHITOPHAsS rpaduka KoMmbloTepHO# cuctembl Matlab. Bee BeramcinTensHbie
9KCIICPUMEHTHI BBIIIOJIHEHBI C IIOMOLIBI0 aBTOPH3UPOBAHHOIO KoMIuiekca Polygon. B 3anmaum mccienoBaHHs BXOIUT
OIIEHKAa TOYHOCTH IIPEUIaracMoil METOIMKH aHAIN3a UIUTEIBHOTO Ae(OPMUPOBAHUS JKENE300€TOHHBIX KOHCTPYKIIUH
TIPU Pa3JINYHBIX CII0cO0aX BHEIIHETO CHIIOBOTO BO3ACHCTBHS, BKIIIOUAs 3((PEKT MPeABAPUTEIHHOTO HAMIPSKESHUS.
Pesynemamut uccnedosanusn. Pazpaborana u oTiaxxeHa nporpamMma pacyera kene300€TOHHBIX 0aT0uHBIX KOHCTPYKIUN
B TPEXMEPHOI IOCTAHOBKE C UCIIOJIb30BAHUEM JUCKPETHOM CXEMbl apMUPOBAHMUS, COTJIACHO KOTOPOI apMUPYIOLTUH Kap-
Kac MOJIETTUPYETCs CTeP>KHEBBIMU (0aIOYHBIMI) KOHEYHBIMH 2JIEMEHTAMH, a MacCUB OeToOHa — 00beMHBIMU. J1J1s1 ompe-
JIeJIeHNs] BOCCTaHABIIMBAIOIIETO YCHIIHSI, 00YCIIOBICHHOTO HATSHKEHHEM TPOCOBOM apMaTyphl Ha OETOH, IPUMEHEHA JIBYX-
MepHas KOHEYHO-2JIEMEHTHAsI MOZIENb, COCTOSIIAs U3 (DEPMEHHBIX M MPYKUHHBIX KOHEUHBIX 3JIEMEHTOB. MojienipoBa-
HHE JUTUTEIBHOTO Ae(hOPMHUPOBAHNS BBHIIIOIIHEHO B paMKaxX TEOPHHU JIMHEWHOH BS3KOYNPYTOCTH B COUYETAHUH C MPUHIIH-
[IOM HaJIO’KEHUS BO3ACHCTBUMA.

Oécyrcoenue u 3axknouenue. BEITONTHEH CPaBHUTEBHBINA aHAIIN3 PE3YJIbTaTOB HATYPHBIX M BBIYUCIUTEIBHBIX IKCIICPH-
MEHTOB HCCJIEO0BaHMs HAIPSHKEHHO-1e()OPMUPOBAHHOTO COCTOSHHMS )KEIe300€TOHHBIX 0aJloK MPSMOYTOJILHOTO IIOTIe-
PEYHOTO CEYeHHs C MOCT- ¥ MpegHanpsbkeHueM. IIpeuiaraemas METoiMKa MO3BOJISIET BBHIIIOJIHUThL PacyeT IpeBapH-
TEJIbHO HAaIPSHKEHHBIX JKEJIe300€TOHHBIX OalouHbIX KOHCTPYKIMH MPH NEPEMEHHOM XapakTepe KBa3HCTaTHYECKOTro
Harpy>XeHHs C yUeTOM JIMHEHHO mo3yuecTu 6eToHa.

KoaioueBble cjioBa: METO/ KOHEYHBIX 3JIEMEHTOB, MOJI3Y4ECTh OETOHA, TPEABAPHUTENILHOE HANIPSHKEHHE, JKeJIe300€TOHHBIE
6aJ0YHbIe KOHCTPYKIIUU

s nutupoBanus. Iaitiokypos ILII, Mcxakosa O.P., CaBensea H.A. [IpuMeps! TeCTUPOBaHUS MPOTPaMMbI MOJEITH-
POBaHHMS JUIMTEILHOTO 1e(OPMHUPOBAHUS ITPEABAPUTEIILHO HAPSDKEHHBIX XKeJe300€TOHHbIX Oanok. CospemenHvie men-
Jenyuu 6  cmpoumenvcmee, — epadocmpoumenbcmee  u - naanuposke  meppumoputi.  2025;4(1):54-67.

https://doi.org/10.23947/2949-1835-2025-4-1-54-67

Introduction. It is widely known that concrete has been the most common building material over the last two centu-
ries. There have been hundreds of unique high-rise buildings all over the world constructed using high-strength concrete
structurally reinforced with a steel frame, offshore platforms for hydrocarbon production as well as protective shells of
nuclear reactors have also been manufactured. It is difficult to imagine hydropower, large-span bridges, subways, large-
scale motorway interchanges and transport tunnels without concrete. However, unlike steel, which is no less common in
construction, concrete is much more susceptible to creep deformation that largely depends on the "age" of the binder, the
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size of the structure, the nature and sequence of application or removal of external loads, as well as the temperature and
humidity conditions of the environment. It has been experimentally found that creep has a considerable impact on the
redistribution of internal forces in concrete and reinforced concrete structures. Moreover, the displacements caused by
creep deformation can be several times higher than those caused by the application of the load at the initial moment of
time. There is now a significant amount of experimental and theoretical material available on concrete creep. At the same
time, the well-known approaches to calculating concrete and reinforced concrete structures taking into account creep are
mostly focused on solving problems with a relatively simple product geometry and they fail to take into account the
technological background associated with the formation of the initial stress state and the effect of inheritance of the stress-
strain due to the history of loading the structure. Therefore, we are being faced with a pressing problem of developing a
more general finite element algorithm implementing a model of an elastic creeping body allowing one to consider the
effect of rapidly increasing creep at the time of application of an operational load, the partial reversibility of creep defor-
mation while removing a long-acting load (elastic after-impact), various methods and schemes of reinforcement prestressing.

The objective of the study is to test an authorized finite element software package by means of comparing the results
obtained with other authors’ data.

Materials and Methods. In compliance with G.N. Maslov — N.H. Harutyunyan’s assumption, the total relative longi-
tudinal deformation &(t, 7) of a prismatic concrete sample during compression is commonly represented as the following
sum [1-4]:

8(t,7) = — + C(t,7),

E(t)

where 7 is the parameter corresponding to the "age" of the concrete; % is the elastic instantaneous deformation of the

sample; E(t) is the the current value of the modulus of deformation; C(t,7) is the creep deformation at the time of
observation t (t < t < o0).

The function C(t,t) is commonly referred to as the creep measure. Depending on the type of the function C(t, 1),
creep deformation following unloading can be completely or partially reversible [5]. As noted in [1, 3, 4], it is convenient
to approximate the function E(t) using the following dependence:

E(t) = Eo(1 — Ee7FY),
where E,is the limiting value of the modulus of elasticity of "mature age" concrete.
The parameters &, gincluded in the expression E(t) are determined experimentally and depend on the composition
and conditions of concrete hardening.
These are the expressions for the creep measure function:
by N.H. Harutyunyan [1]:
C(t,7) = p(D)[1 — 7D, @
by S.V. Aleksandrovskiy [3]:

1-Aye™V*
1-Aze~VYt

Ct) =@ —b(® (i) 77 + A1 - 0], )
The rapidly decreasing functions here are the following:
P =Ci+ 2P = C+2 A0 =€ - C; +
It should be noted that the function ¢ (t) was first set forth by N.H. Harutyunyan [1]. The graph of the function ¢ ()
for various parameter values C;and A; is shown in Fig. 1. In this figure, the curves ¢ () tend to the limiting value C, /A;.
The constants in expressions (1) and (2) in units of measurement adopted in [3] are

a =6day?; y=0.03 day 1;4,= 4.62:10° m‘e“i (4.7095-10- 10222

c/cm? N/m?

A1—Ag

a

. d 10 4 . _ i . .
A,=1; A;=3.416:10 ﬁ (3.48226:10°1° N/j:z), C;=0.975-1075 cm?/kgsec (9.9388:1072° m2/N):;

C5;=0.756-10"%% cm?/kgsec (7.7064-10t m?/N).
The values of the constants converted into the SI system are shown in the parentheses. The graph of the function
C(t, t) for various values in the range t from 0 to 100 days while using the values of the constants in the Sl system is
shown in Fig. 2.
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0,9

0,8
0,7
0,6
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0,3 1
0,2 2
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. 1 1),

Fig. 1. Graph ¢(7) = A—I(C1 + ;).
1— C1=0.975-10"5 cm?/kgsec; A1 = 4.62 10-% days-(kgsec/cm?)L;
2 — C1=0.23810"% cm?kgsec; 41 = 1.85 105 days-(kgsec/cm?)?

C(t, 1)x10%,(N/m?)* C(t, 1)x10%,(N/m?)*
=2 days =2 days
1,0 =8 days 2,51
1= 14 days
0,8 =20 days 2,01
1= 30 days
0,6 1,51 1= 8 days
= 14 days
0,4 1,04 =20 days
1= 30 days
0,2 0,51
t. days t. days

10 30 50 70 90 10 30 50 70 90
a) b)
Fig. 2. Graphs of the functions C(t, 7): (N/m?)-
a — by N.H. Harutunyan [1]; b — by S.V. Aleksandrovskiy [3]

Comparing the graphs in Fig. 2, a and 2, b at 7 = 2 days and t = 100 days, we find that the values calculated using
formula (2) are almost 2.5 times higher than the data based on formula (1). At Tequalling 8, 14, 20, 30 days and t = 100
days of the value of C(t, 7) calculated using formulas (1) and (2) are not much different. It should also be noted that the
initial steepness of the curves C(t, t) in Fig. 2, b is sharper than in Fig. 2, a.

For the finite element analysis of monolithic reinforced concrete structures taking into account the creep of concrete,
the relationship between stresses and deformations is presented in the matrix operator form:

{o®)} =[E®MIA - R{e(®},
where {a(t)}, {e(t)}are the vectors-columns of the stresses and deformations corresponding to the moment of time t;
[E (t)]is the elasticity matrix (with the dimensionality 6x66 X 6in the general case); Re;; = frtl R(t,1)&;;(T)dr, i,j = 1,3is
the linear integral operator establishing a correspondence between the current deformations ;;and the "history" of long-term
deformation &;; (7).

The so-called hereditary function R(t, t) is introduced in the expression under the integral sign . The type of hereditary
function is known to determine how real modeling of a creep process is, particularly taking into account the system
response when the load is partially or completely removed. In relation to the theory of creep of hereditary concrete, three
major directions are identified [3, 4]: the theory of elastic heredity; the theory of aging; the theory of elastic-creeping
body. Let us take a closer look at the main features of hereditary functions that are at the core of each of the above theories.

In the theory of elastic heredity, it is assumed that complete reversibility (zeroing) of deformations occurs during
unloading. The hereditary function in this case takes the form [3]:

R(t — 1) = EoC,ye Y (AFEoC)(E=1) (3)

where E, is the initial elasticity modulus; C,, yare the constants identified experimentally using the creep curves.
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The graph R(t, ) based on expression (3) for various values of the parameter t is shown in Fig. 3. Hereafter, the
constants included in (3) are assumed to be the same as in expressions (1) and (2). The value of the initial modulus of
elasticity of concreteE, = 2.55-1010 N/m2. The computer mathematics environment of the Maple system was used to
design the graph [6]. R(t), days™
7, days

0,07
0,06
0,05
0,04
0,03
0,02
0,01

10 30 50 70 90 t, days
Fig. 3. Graph R(t, 7) according to the theory of elastic heredity

As can be seen, the curves in Fig. 3 for various values of tmimic one another with a displacement. This is due to the
fact that in expression (3) the modulus of elasticity is assumed to be constant, i.e. the effect of "aging" of the material is
not considered in this theory. The theory of elastic heredity is only applicable to "old" concrete. In this case, it is assumed
that the creep deformation depends only on the duration of the operating load.

The theory of aging relies on the assumption that the reversibility of creep deformations during partial or complete
unloading is completely denied. The expression for the function R(t, 7) taking into account the change in the deformation
properties of the material over time provided in the biography of S.V. Alexandrovsky [3] takes the following form:

R(t,7) = %t) . % [E(T)e—f:E(r)%C(r,n)dr 7 4)
where E(t) = Eo(l — e‘ﬁf) is an approximation of the modulus of elastic deformations (parameter = 0.206 days™); ,
is "age" of concrete at the time of loading, days.

Visualization of the function R(¢, 7) in the form of a graph based on expression (4) in the Maple environment is shown
in Fig. 4.

R(t,7), days™

06 1= 2 days R(t,), days?
0,5

o 1= 8 days g’i ]

03 = 14 days 0'2

0,2 /// 7= 20 days 0"1

01 / 7= 30 days

0 5 10 15 20 25 30+, days

3
- 40
«Age» of concrete T = T4 in days by the moment YT 7725 650 t,

deformations occur

days

Fig. 4. Graph R(t, ) according to the theory of aging

As noted in [3], the theory of aging is applicable for calculations of concrete and reinforced concrete structures under
a short-term load. Furthermore, in the case of unloading, this theory causes a considerable overestimation of the aftereffect
deformations for “young” concrete and an underestimation of those for “old” concrete.

The theory of elastic-creeping body takes into consideration the partial reversibility of creep deformations during
unloading. In the monograph by S.V. Aleksandrovsky [3] within the framework of the theory of elastic-creeping body
the following expression for the hereditary function of concrete is set forth:
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R(t,T) ~ — %KZ(T)F,(T)(eyT — 4y) —K'(©)— [K(1)(e?™ — A)e @] [LK(@F (1)e"® dr ++B3(t)e O}, (5)

where (...) = 0.../01; B3(t) = F'(t)(e?® — A,)[E?(t) — K2(t)] — aE2()A(t) + K'(t) — E'(t);
1) = 55 (Bs(®) + ye F (OIE*(®) = K*(0)] —

—F2(t)(e" — A)?[E%(8) — K3 ()] — aE(O)[E(®)AD)] -
—a?E3 ()22 + 2F (£)(e" — Ap)[E(t) — K*(1)] +

K(t)
+2aE3()A(O)F (t) (e — Ay)};
___E®
k() = 1+AE®)

For a rapidly decreasing function 4(t), the following dependencies are set forth in the monograph [3]:
1) A(t) = (0.25 4 0.997%) - 1075;

2) A(t) = €, — G5 + 22

3)4(t) = (S +2.714) - 107;
4) A(t) = (11.2 + 34 - e70125¢) . 107,

The graph of the function A(t) designed using the above expressions for A(t) is shown in Fig. 5. The numbers indicate
the curves corresponding to the dependency numbers A(t).

A(t)-108

= N w s oo N @

0 10 20 30 40t days
Fig. 5. Graph of the function A(t) for dependencies 1, 2, 3, 4

Given the qualitative coincidence of the curves A(t) in Fig. 5, in the future a more universal dependence (2) will be used.

In order to make formula (5) look convenient for programming, the symbolic processor of the Maple system [6] will
be used. The curves of the function R (t, T)for different "ages" of concrete obtained by means of computational technology
[7] are shown in Fig. 6. Figure 7 shows a similar graph R(t,7)from the monograph [3]. The range of variation of the
parameter in Fig. 6 and 7 is almost identical.

Comparing the graphs R(t,7)in Fig. 6 and 7, it is found that that the curves of the hereditary function are identical
within the visualization for the same parameter values. It is critical to note that the curves R(t, t) shown in Fig. 6 are
clearly indicative of the consideration of the so-called rapidly increasing creep observed in practice at a moment in time
t = T + 6t where §t <1 day [3].

R(t,1), days?

R(%,r), days™*

7
=2 days 7= 2 days
6 1= 8 days 6 1 t=4days
5 =14 days 5 = 6 days
1=20days A 7= 10 days ]
) ©= 30 days = 20 days
|
X ’ 1= 40 days
2 2
1 1
0 10 20 30 40 60 70 ° 10 20 30 40
t days ,,Age “of concrete T in days by the moment deformations occur
Fig. 8. Graph R(t,7) [7] Fig. 7. Graph R(t, 7) [3]
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For "old" concrete, the following expression for the hereditary function is recommended in the monograph [3]:
R(t—1) = A;e P17 4 4,e7P2(t-D), (6)

where
E,

Ay = 0p2 {(rho + ado)[Eg(ypo + ady) — p,] + a4y + v Po};

P1—
Ay = Eq(yo + ady) — Ayq;
1
P12 = 5{05 +y + Ey(yo + ady) £

i\/Eoz(W/)o + ado)? + (@ —y)* — 2E,(yiho — ady)(a — Y)}

When calculating R(t — t)in expression (6), we assume A(t) = 4, = const, P (t) = P, = const.

Research Results. As the first test example, let us look into the problem of prolonged deformation of a cylindrical
prismatic concrete sample while compressed axially. The results of similar physical experiments are provided in [8]. The
diameter and height of the prismatic sample as in [8] were assumed to be 12 cm and 30 cm, respectively. A pressure of
15 MPa was applied to the free end of the sample. Taking into consideration the axial symmetry of geometry and loading
during finite element modeling, % of the prismatic sample was considered. The grid step was assumed to be uniform and
equal to 1 cm. While boundary conditions were set, connections were introduced at the ends of the prism in order to
prevent radial movements. Therefore the nodes of the free end have only one degree of freedom in the form of axial
displacement.

For calculations the authorized Polygon complex [9, 10] is used. The obtained graphs u,~tfor two concrete models
and two loading schemes are shown in Fig. 8. The initial modulus of elasticity of concrete is E = 2.8 - 10* MPa. The
observation time is 200 days. The right-hand side of Fig. 8 shows a graph u,~tfor the loading and full unloading mode

at t = 60 days.
7 p
T 1L Y S — wide L P

-0,2
-0,2
-0,4
-0,4
e -0,6
-0,8 .
s -1,0
12050 100 150 200t days -1,2
i "0 40 80 120 tdays

Fig. 8. Graphs of the movement of the prismatic sample: 1 — model of an elastic-creeping body (5); 2 — model of "old" concrete (6)

As can be seen, for the "old" concrete model (6), complete reversibility of creep deformation occurs during unloading.
Visualization of the distribution of axial displacement fields and stress intensity for the elastic-creeping body model
(5) and time = 60 days is shown in Fig. 9 and 10.
Uy, M

-0,001076

-0,0008606
-0,0006454
-0,0004303

-0,0002152

0
Fig. 9. Distribution pattern in 1/4 of the prismatic sample at t = 60 days
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Fig. 10. Distribution pattern g;in 1/4 of the prismatic sample at t = 60 days

Fig. 10 is clearly indicative of the impact of the accepted boundary conditions on the stress distribution over the height
of the prism. The highest concentration g;= 113.9 MPa is observed at the lower end of the sample.

In order to study the accuracy of the developed mathematical and software, the results of field experiments on the
long-term creep of double-support beams under two-point loading provided in [11] were used. In these experiments,
prestressed reinforced concrete beams were subjected to prolonged (over 4.5 years) force exposure. The constant load
F = const F = const was maintained by hydraulic jacks.

The loading scheme and cross-section options of the beams are shown in Fig. 11 and 12, respectively (the dimensions
are in millimeters).

i i

200 ’!’i’ 2000 4000 J. 2000 ”}.jj; 200

Fig. 11. Loading scheme of the beam
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— — :
0 : of Y| |o : o 1 5
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o 1 (=} i ’”
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LN Ln o1 0 o
= 5012 = 5012
| 340 | 340 J
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Fig. 12. Cross sections of RC and R-S series beams in the middle of the span [11]

These figures show the placement schemes of the "background” longitudinal and "active" prestressed fittings. Ac-
cording to the data [11], the initial stress state was generated in the beams of the R-C series by compressing concrete at
the "age" of 28 days along the ends with cable reinforcement. These are the so-called post-stress beams. The cable was
made up of twenty strands with a nominal diameter of 7.2 mm (the cross-sectional area of one strand was 38.70 mm?).
The diagram of the trajectory of the "active" reinforcement of the R-C series beam is shown in Fig. 13. During testing, a
beam variant with the following parameters was considered: a = 0.115 m; b = 0.227 m. The tensile strength for a single
strand strand is 1770 MPa.

The prestressing in the R-S series beam was created according to the scheme of tension of the reinforcement on the
stops. 28 days after the concrete had been laid in the appropriate form, the "active" reinforcement had been "removed"
from the stops, and the initial stress state occurred in the beam. The voltage in the "active" reinforcement for the R-C and
R-S series beams was assigned based on the following condition:

0 = 0.7 fpex-
Then for the R-C series beam we have:
Fyr = onAg_¢=0.7-1770-10°-20-38.7-10 6= 959 kN,
where n is the number of cable strands (n = 20); Ar-c is the cross—sectional area of the cable strand.
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Fig. 13. Diagram of the trajectory of the "active" reinforcement of the 1/2 part of the R-C series beam

For a qualitative and quantitative assessment of the restoring effect caused by the tension of the rope in the beam of
the R-C series, we use an auxiliary two-dimensional finite element model. This model is formed from truss and spring
finite elements (Fig. 14). In this case, the vertical reactions in the spring elements r; are equivalent to discrete values of
the restoring forces.

r L r I
(AT ?
X Fpr(V) Fpr

Fig. 14. Diagram for identifying the restoring force

As a result of the modelling, we get: Fp(f): 958 kN; Fp(';v): 51.1 kN. A plot of the distribution of the restorative efforts
of Frest is shown in Fig. 15.

Y

L.

X
Fig. 15. A timeline of restorative efforts F,.q;

12902H
—*25641H

12531H

The prestress in the R-S series beam is created by eight cables & 1/2". The nominal diameter of each cable is 10.9 mm
(cross-sectional area 93.3 mm?). For this series, the tension force is given by the formula:

Fpr =0.7-:1860-107-93.3-10%= 121.4 kN.

We assume that the effort g,,, from the prestretched cable in the R-S series beam acts on a section with a length
of [, = 15-d where d is the diameter of the reinforcement (Fig. 16). The value q,,, is defined as the ratio F,,./l,.

Y A

q

_______ L= <—| P
& X

Fig. 16. Prestressing scheme in the R-S series beam

The design scheme for the 1/2 part of the R-C series beam and the corresponding finite element model with the
allocation of an array of concrete and a reinforcing frame are shown in Fig. 17 and 18, respectively. The force applied to
1/2 part of the beam, Fsust = 63.75 kN. In order to reduce the stress concentration in the force application zones and the
support, pads with a thickness of 10 cm have been introduced. The material of the platforms is steel.

Y3 MFM
ngm
___________ R _est_ttL_____________‘Q_pr_pr
1 '
0077 X

Fig. 17. Calculation scheme of 1/2 part of the R-C series beam
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View from

View from

the right

the left

-C series beam

Fig. 18. Finite element model 1/2 part of the R

The design scheme for the 1/2 part of the R-S series beam and the corresponding finite element model with the allo-

cation of an array and a reinforcing frame are shown in Fig. 19 and 20, respectively.

Fsust
b4

Fig. 19. Calculation scheme of 1/2 part of the R-S series beam

SJlueydaw uondnIsuoc)

C and R-S

of concrete for 14 days and loading with Fs force at the time of 28 days

Fig. 20. Finite element model 1/2 part of the R-S series beam

The results of finite element modeling of deflection changes w,, in the center of the beam span of the R

series at the stages of prestressing at the "age'

are shown in Fig. 21, a. The estimated observation time was 100 days. Fig. 21, b shows the graphs u, ~tobtained exper-

imentally [11].
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As can be seen from Fig. 21, a and 21, b, the deflection values obtained numerically and experimentally at time points
28 days and 100 days almost coincide.

Visualization of longitudinal fields o, and tangential ., The stresses for the R-C series beam (time point 100 days)
are shown in Fig. 22 and 23. Similar stress distribution patterns o, and oy, The R-S series beams are shown in Fig. 24
and 25. Fig. 22-25 shows the beam fragments corresponding to the section 0 < x < 3,71m, i.e., without a support area.

Uy, M Uy, MM
0,015 10422
0,010 /
0,005 0
0 -10 L
-0,005 . /2
-20 -
-0,010 \1- B
-0,015 -30 SEE
-0,020 -40
0 20 40 60 80 100 t, days 10 100 1000 t, days
a) b)
Fig. 21. Graphs u,,~t: 1 — R-C series beam; 2 — R-S series beam
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Fig. 22. Visualization of the distribution g, for the R-C series beam, t = 100 days
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Fig. 23. Visualization of the distribution o, for the R-C series beam, t = 100 days
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Fig. 24. Visualization of the distribution g, for the R-C series beam, t = 100 days
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Fig. 25. Visualization of the distribution o, for the R-C series beam, t = 100 days

Based on the above results, the effect of prestressing on the RS series beam is more pronounced than on the R-C series
beam. Hence in the case of the R-C series beam, tensile stresses are formed in the lower layer when loaded with a given
Fsust force. o, = 18.8 MPa, while in the R-S series beam, compressive stresses of the order of 100 MPa are observed in
the area under the same load.

The stress distribution pattern o,,, is of particular interest for the investigated beam schemes (Fig. 23 and 25). Com-
paring the data in Fig. 23 and 25, we find that the voltage field is more uniform. o, corresponds to the R-S series beam.
Minor disturbances in the distribution g, for this beam, it is observed at the place of application of the load and the area
adjacent to the support. It should be noted that the background reinforcement for the beams of both series was assigned
to be almost identical.

Discussion and Conclusion. The analysis of the distribution of displacements and stresses in the considered rein-
forced concrete beams considering the creep of concrete and the pre-stress generated by the cable reinforcement thus
enables the following conclusions to be made.

1. The distributed scheme of "background" reinforcement from a physical point of view allows the most realistic
modelling of the joint work of the reinforcing frame and the concrete array.

2. The suggested concept for identifying the restoring force caused by the tension of the "active" reinforcement can
be implemented in the software complexes ANSYS, Lira CAD and SCAD Office certified by the Russian Academy of
Architecture and Building Sciences.

3. It was found that the deflection values of the beams obtained numerically and experimentally for time points
28 days and 100 days almost coincide.

4. The analysis of the longitudinal and tangential stress fields in the beams of the R-C and R-S series for a time
of 100 days revealed a considerable effect of the "active" reinforcement scheme on the load-bearing capacity of the struc-
tures in terms of the appearance of tensile stresses in concrete. The developed mathematical and software allows the
accuracy and reliability of strength calculations of monolithic prestressed girder structures made of reinforced concrete
to be improved.
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