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In thisarticle, there are given the results of studies on the strength of steel-concrete bent
elements, in which additional reinforcement was introduced at various levels of initial
reinforcement and loading, as well as after unloading, and the beams were brought to
destruction. The need for overhead cover reinforcement during the process of its exploitation
appears not only in the course of reconstruction but also due to its physical aging that is
caused by various factors. Accomplished part of the research does not take into account the
prehistory of the work of the bent element before reinforcement or takes it into account
approximately. The objective of the study of bent elements, in which the reinforcement with
additional unstrained reinforcement is performed under the current load of different levels,
has practical and theoretical significance. Moreover, such study is urgent and the solution of
the problem will contribute to the growth of the economic efficiency of reinforcing steel-
concr ete structur es.
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IIpoananizoBano pe3yabTaTH eKCHEPUMEHTAIbHUX 1 TeOpeTHYHHMX AOCTiIKeHb
3rHHAHMX eJIeMEeHTIB, MiACUJIEHUX A0JATKOBOI apMaTypol0 B PO3TATHYTIH 30Hi, B AKHX
J0JATKOBY apMAaTypy BCTAHOBJIIOBAJIM [JIs1 BiTHOBJIEHHS a00 30LIbIIEHHSI HECYUYOl 3JaTHOCTI.
OckiIbKH e(peKTUBHICTh BUKOPUCTAHHS T0JATKOBOI apMaTypu AJis 30i1blIeHHs MillHOCTI,
JKOPCTKOCTi 3HAYHOIO MipOI0 BM3HAYAETHCH HANPYKEHUM CTAHOM 3TMHAHOrO eJeMEHTa /10
NMiACHJIEHHs, TO NMPOAHAJI30BAHO Pe3yJbTATH [IOCJTiKeHb BIJIUBY Pi3HOPE:KUMHUX HABaH-
Ta)KeHb Ta PO3BAHTAKEHb HA HANpPY:KeHUiIl CTaH 3rHHAHUX ejeMeHTIB 10 miacuienHs. s
nepeBipKN TeOPeTHYHUX MOJIOKEHb 1| METOANMKH PO3PAXyHKY HAINPYKEHOr0 CTaHy 3rMHAHUX
CTa1e0eTOHHUX eJeMEHTIB, fAKi MiICHIIOITHCS PO3TATHYTOI A0JATKOBOIO HEHAIPYKEHOI0
apMaTypol0 miJl HABAHTA’KEHHSM Pi3HOr0 PiBHS, AOCHIIKEHO 0AJKH HA KOPOTKOYACHI Ta
TpuBaJi HaBaHTaxkeHHsi. HaBeaeHO TeopeTHYHi AOCAIIKEHHSI Ta METOAUKY PO3PaXyHKY
MilfHoOCTi Ta AedopMalliii 3ruHAHUX eJ1eMEHTIB i3 J0JATKOBOIO HEHANPY:KEHOK apMaTYypPoOIo.
BceranoBiieHo aBi cTtagii po60oTH 3rHHAHOrO ejJeMEHTa i3 10aTKOBOI0 apMaTypol0 Mix vac
po3paxyHky MinHocTi. Ilepmuii — KoM B MOYaTKOBili apMaTypi Hanpy:KeHHS JOPiBHIOIOTH
Mexki Teky4ocTi, i 0ajka cTa€c HempHIATHOI AJddA ekcmuyarauii. Jpyruii — ¢isuune pyiiny-
BaHHA 0aJKM HAcTa€ y pa3i JOCATHEHHA B I0IaTKOBii apMaTypi Hanpy:kKeHb MexKi TeKy40CTi.



HeoOxianicTh y migcu/jieHHi nmepexkpuTs y npoueci ix excrnjyaranii BAHMKA€E He TUIbLKH
Mg Yyac peKOHCTPYKUii, aje i 3 NpUYUHU (Pi3MYHOrO iX cTapiHHA, siKe CIIPMYUHEHe Pi3HUMH
(pakTopamu. 3MiHHI TeMmepaTypHO-BOJIOTiCHI YMOBM HeraTMBHO BIUIMBAaIOTh Ha HeCy4yy
30aTHICTh TAa eKCILTyaTauiiiHy NPUAATHICTh KOHCTPYKUIH. ¥ YacTHUHI BHUKOHAHUX JOCTIIXKeHb
He BPaXOBaHO MNepeaicTOpii po6oTH 3rHHAHOIO eJeMEeHTa 10 MiIcuIeHHsA 200 BpaxoBaHo iioro
npudausno. Takox BiACyTHiI pexomenaauii 3 oWiHIOBAHHA 3aJIUIIKOBOI MIITHOCTI 3rUHAHOIO
eJleMEeHTAa NpPUH BH3HAYEHHI KIIBKOCTI [0JaTKOBOr0 apMYBaHHSl, BeJUYHUHY apMaTypH
NMiACHJIEHHS YacTO NPUIiMAIOTh, He BPaXOBYIOUH HANPY’KEHOr0 CTaHy 3rHHAHOIO eJIeMEHTa 10
nigcujeHHs. 3aBAaHHA JAOCAI)KeHHSI 3THHAHUX eJIeMEeHTIB, B SIKMX MiICHJIeHHA JA0AATKOBOIO
HEHAIPY’KEHOI0 apMAaTypPOl0 BUKOHYETHCA Wil Ail0YMM HABAHTAKEHHSIM Pi3HOro piBHA, €
aKTyaJbHMM, BHPilIeHHsI HOro cHpuUsiTAMe 3POCTAHHIO EKOHOMIYHOI ed)eKTHBHOCTI
miJCUIeHHSI 3a1i300€TOHHUX KOHCTPYKILiid.

KuarouoBi cioBa: craned0eToOHHi 3rHHAHi ejleMeHTH, JHCTOBA apMarTypa, J10JaTKOBa
apMarypa, po3BaHTaKeHH, 3aJMIIKOBI HANpPYyKeHHs, MillHiCTh, e opmanii.

Introduction. In the country it could be observed the increasing humber of overhead covers that
need to be strengthened to increase the bearing capacity of the buildings which are under the process of
reconstruction according to new technologies as well as restoring the bearing capacity at the physical aging
of steel-concrete structures. Among the structural, technological and economic requirements, the most
successful one is considered to be the increase of the armature in the stretched zone, since over time the
level of tension in the compressed zone decreases due to the concrete creeping and the increase of concrete
durability over time. This allows to load up the compressed zone with additional stretched armature, while
the openness of the stretched zone ensures the technological convenience of the implementation of the
reinforcement [2].

The purpose of experimental research is to reveal the peculiarities and rules of the development
of deformations and the effect on the deflections and strength of the additional stretched armature and
to verify the method of calculation of the stress state of the bent elements, which are reinforced under
aload of different levels. For the first time in Ukraine, the norms for reinforcement DBN B.3.1.-1-2002
indicate the need to take into account the stress state of the reinforced structure when calculating the
reinforcement [7].

Scientific sources and publications review. To implement the mentioned reinforcement tasks, the
method of reinforcement is chosen. The works [2, 12, 13] show that one of the most economical methods
of constructive-technological requirements is the reinforcement of the stretched zone by the method of
augmentation, which is associated with the establishment of additional reinforcement. Moreover, even

when the relative height of the compressed zone approaches the limit value X =X, at the initial

reinforcement, it is possible to install additional reinforcement because the strength of the concrete
increases in time, and the concrete creeping in the compressed zone contributes to lowering of the neutral
axis, aswell asto increasing of the height of the compressed zone and reducing the stresses in the concrete
[3, 9, 14]. The method of reinforcement with augmentation (increasing the reinforcement of the stretched
zone) allows to use effectively the main armature in the conditions of joint work with the armature of
reinforcement [2].

The purpose and the objectives of the research. The gist of the experiment is the uninterrupted
measurements of the deformations in the compressed and stretched zones, the deflections before and after
the setting of the additional armature installed in the stretched zone of the bent elements, which were under
the short-term and long-term load of different levels. Herewith, the deformation measurements were
carried out uninterrupted from loading, long-term loading (for some beams unloading), setting additional
armature, loading up with short-term or long-term loading and brought to destruction. During the research
the parameters were changed: the value of the initial and additional armature, the level of initial long-term
loading and unloading before installing additional armature. Twin beams were also studied for



reinforcement and load levels at short-term loading. Steel concrete unstrained beams with aspam of 2 m, a
crosscut of 0.12x0.24 m and with main sheet armature which has thickness of d =2 and d =4 mm and
mounting armature in a compressed zone with 236 A240 were studied at the age of concrete 140 days with

a prism strength f =19MPa and an average value of the initidl modulus of

ck, prism

dasticity E,, = 29.1" 10° MPa .
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Fig. 1. Indicator on concrete (1). Micro-indicator on the main armature and concrete (2).
Micro-indicator on additional armature (3).
Picture 1 a, b— adiagram of loading up and placement of measuring devices,
¢, d— reinforcement of beams of | and 11 groups

Beams with different level of sheet armature reinforcement were loaded in steps 0,56 and 0,76 Mp
from a destructive moment, were held under load, unloaded or not unloaded, additional armature was
installed, and the beams were brought to destruction. Welding of additional armature and installment of
micro indicators on it was carried out within one hour, while previously installed devices on the loaded
beam were not removed, in order to record all deformations at the states of unloading and rest during one
hour.

Theoretical and experimental research. All designations are accepted according to DBN V.2.6-98:
2009. For additional armature enter the index “d". For example, €,,S 4,0y, 2,, — average
deformations of additional armature, the tension of additional armature, working height and the arm of pair
of internal forces during reinforcement A, + A, .

Using the prerequisites and the methods of calculating of the strength of normal crosscuts according
to DBN V.2.6-98: 2009 we will provide a calculation scheme of efforts to determine the strength of a bent
element with the additional armature put at a certain strained state of the element (Fig. 2, b). The strained
state at the intermediate stages of work until the installment of the additional armature, we will determine

according to the methods presented in DBN V.2.6-98: 2009 with tension in a crosscut with a crack
(Fig. 2, a).
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Fig. 2. Calculation schemes:
a — at calculation of tensions in the reinforcement before additional armature installation
according to the methods of DBN V.2.6-98: 2009;

b — at calculation of the strength when A, + A4,



The strength of a bent element with additional armature according to figure 2b is determined by the
formula:

M £ f b, (dog - 0.5%)+ f 4 (dog - ), (1)
while the height of the compressed zone is determined from the equation:
fgA+S gdg - TqA'= fubXy, )

where A, — mounting armature, and the height of the compressed zone isxy; £X; a A+ A4 .
Taking into consideration that the main and additional armatures are fastened and work together in all
stages of operation, as well as that bearing capacity and operational suit occur when the limit of fluidity is
reached in the main armature, the tensions in the additional armatures _, are:

E
S = (1 -5,) 22, 3

S
where s  — the tensions in the main armature at installment of additional armature, and f,4 — its

calculated resistance (the limit of fluidity).

The average tensions and deformations of the main armature in the crack before the installing of the
additional armature are determined:

M S

wm = Ys Eqn = —_Ssm (4)

Az E

The height of the compressed zone of concrete is determined by:

X=],(0 s+ )d. (5)

Thearm theforce pair if the form of tensions in the concrete of the compressed zone is triangular

(Fig. 2, &):

S

-d-=
z=(d 3), (6)

To compare, the height of the compressed zone and the arm of the force pair were also determined
with the help of the square equation according to the procedure givenin [1].
The long-term nature of the load for determining of X(t), z(t) was taken into account with the help

of coefficientsy ((t), J ,,(t). Asit can be seen from Picture 3 the values of deformations determined by

two methods are close. However, the calculation x according to DBN B.2.6-98: 2009 is much simpler [6].

As it can be seen from Equation 3, the additional armature is used more effectively if the tensions
are lower in the main armature before the installation of the additional one. Therefore, part of the beams
was unloaded completely or partially before the installation of additional armature. While unloading, the
bent element is situated under the influence of internal forces in a complex strained state. After full
unloading, in the stretched armature, there are stretching tensions due to the impossibility to cover the
cracks completely, the distortion of the concrete zones near the edges of the cracks and plastic
deformations of the stretched concrete between the cracks. The return of the stretched armature to the
initial position is also hindered by inelastic deformations of the compressed zone of concrete, resulting in a
residual strained state. Stretching in the reinforcement should be balanced by compression of the concrete
near the neutral axis, which in turn causes stretching in the edge fibers of concrete in the compressed zone,
Using the research data presented in [3] as well as ours, a calculation scheme and formulas for the
definition of residual strain (deformations) after full or partial unloading are established.

After full unloading from moment "M" the residual tensions in the stretched armature were
determined:

2 é, 2 ..U
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" theresidual tensionsin the
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If there were partial unloading from moment "M " till moment "M
stretched armature were determined:

M M
— 0y - 03 0 — 0 , 03 0
S M, (S - S s) '\Z +Sg, S sOM . (S s(t)M ~ S s(t)) —Mzt) +s s(t) (8)

where s , is determined by the expression (4), and the transition to the average deformation is performed

po3

through the coefficient y .
After installation of the additional armature, the bent element works with new reinforcement
A, + A, and new brought geometric characteristics. On the basis of the research data of bend elements on

different-mode loadings, the change of strains (deformations) from additional external forces can be
considered as growth (increase) of strains (deformations) under conditions of new reinforcement and new
geometric characteristics.
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Fig. 3. Experimental and theoretical values of average edge
deformations of concretee,, armature €, beam B-3, x = 0.0169, m, = 0.008 at long-term loading

M
* The moment (unloading) of installation of additional armature kK = M_ =0,
p

M
**The moment of loadingup K = "I =0.56, *The moment of destruction according to (A, + A)
P
4  Theoretical valuesif x is according to DBN B.2.6-98: 2009, ® Theoretical valuesif X isfrom equation

| — average deformations of concrete 1* 10°° | 11 — average deformations of armature 1* 107, I11 — days,
IV —bent moment M, H*cm
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According to the expression 4 the tension and deformation of the reinforcement for the element with
additional armature:

S - My < =) - S cmd
smd ' ~smd
Z,(A+Ay) E,
The long-term nature of the loading is taken into account at determining X, (), z,(t) through the

9)

coefficientsy o (t), ] ,,(t) determined for new reinforcement by A, + A, .

Table 1
Experimental-theoretical and theor etical values of tensions
in reinforcement and destructive moments
Loading Tensonsinthearmature, s _,S , MPa
level -
Group of M Experimental Theore- _
= : . Experi-
beams |\ | K Theoretical tical
coefficient um M mental
ber ’ y i destruc- .
of i Residud During destruction tive destructive |,
basicand |, ° Unloading | During during moment moment »
I beams loadin . ; e M™
additional level INg | ingtdlation Inthe Inthe M ™ M p »
armature M up of initial additional r Hxem
—_ )24 ..
K= S ¢ additional armature armature Hxem
P armature
S sm(t) 0. M, S o S g
S an'S an
. B1 0.56 139.1 107.0 324.0 221.5 28665 31360 1,00
m= 0.31 161.5 103.4 314.6 211.2
0.0084
m, = B2 0.56 143.4 39.8 3145 ;78.3 30445 34627 1,07
0.0108 0 161.5 311 318.0 86.9
53 0.56 195.8 27.3 344.5 327.0 43558 41160 095
I 0 196.8 33.2 359.0 308.6
m= b4 0.56 2011 1155 342.4 235.4 40772 39854 0,98
0.0169 0.31 196.8 120.5 345.8 225.3
m = b-5 % @ @ % % 40183 39201 0,98
0.008 0.31 268.9 1359 344.5 208.6
56 0.76 282.4 284.6 338.1 55.7 34700 34620 0,99
0.76 268.9 268.9 329.6 60.5

Note: The experimental and theoretical values of the tensions are obtained from measured (on the basis
of 400 mm) average deformations of the reinforcement e, ,e,, determined with S =e,  E, and

S« =€y Eg ,when thetheoretical values are obtained according to the methods given in the article.
The tension in the reinforcement in the element with the additional armatures , for the moment

"M" isdetermined by:
+Ds (M- M (10)

where s o, —residual tensions in the reinforcement before the installation of additional armature at

SsmdM:Ssmg pog)

full unloading are determined according to the formula (7), and with partial unloading according to the
formula (8).



Ds .4 —increase in tensions in the reinforcement from the moment of the installation of the additional

armatureat "M" till "M " determined according to the formula 10.

Table 1 shows the tensions in stretched armature and the destructive moments for two groups of
beams with different basic and additional armatures.

Before the installation of additional armature from picture 3 it is clear that the theoretical values of
the average tensions of the reinforcement are smaller than the experimental ones in the beams of the
second group by 3.5 — 8.6 %, while in the non-reinforced beams of the second group (B-1, B-2) the
theoretical values are greater by 8.6 — 20 %, which is explained with not taken into account, in the
theoretical values of tensions, the work of concrete over a crack, which is more substantial in little
reinforced elements. With a long-term loading, this differenceis only 8.6 % (B-1, B-2), which indicates an
exception from the work of concrete over the crack. This pattern is observed with increasing level of
loading, which also reduces the role of stretched concrete over the crack (Table 1). It has been
experimentally proved that the residual tensions in the armature at full unloading depend on the size of the
reinforcement and the level of loading from which the unloading is carried out. The larger loading to
unloading contributes to the development of plastic deformations in compressed and stretched concrete,
which restrains the regress of the armature to its original position. At the same coefficient of
reinforcement, the residual tensions are greater in the beams, in which the loading level from which the
unloading is carried out is larger (B-5, B-6)

The experimental values of tensions in stretched armature with partial unloading are more
theoretical by 3.9 % in less reinforced beams of the first group, and larger by 4.7 % and 13 % in the beams
of the second group with more initial reinforcement. This can be explained with the fact that with a larger
reinforcement and a higher level of loading, the height of the cracks and their width of opening, and even
their number, cause larger distortion of cross sections at the cracks, which holds back the deformations of
the armature during unloading. The obtained experimental data correlate well with the results of special
studies of bend elements at unloading [3].

On the stage of destruction, the theoretical values of tensions in the reinforcement differ from the
experimental ones by -1.1 to 4.0 % in the beams of the first group (B-1, B-2) and in the beams of the
second group the theoretical values are greater by 1.0 to 4.2 % and smaller by 2.5 %. As it can be seen,
these differences do not contain a regular nature and can be explained only with the fact that the
experimental value of the bearing capacity was determined at a certain degree of loading. The theoretical
values of the tensions in the reinforcement are larger by 1.0 — 5.7 % of the values obtained from the
research of the physical and mechanical characteristics of the reinforcement itself.

The tensions on the stage of destruction in the additional armature depend on the loading criterion
(tension in the basic armature), in which additional armature was installed. The theoretical values of the
tensions in the additional armature are larger than the experimental ones by 3.1 % and less by 0.5 to 4.9 %.
So, these deviations are also not of a systemic nature. Attention is drawn to the small values of the tensions
in the additional armature on the stage of destruction, when it is placed on the bent element which is close
to the stage of the limit (B-6). This emphasizes the importance of unloading before the installation of
additional armature (Fig. 3).

As it can be seen from Table 1, those elements are the strongest in which the additional armature
was installed at its full unloading, since in this case the range of joint work of the initial and additional
armature is the longest (B-2, B-3). Partial unloading of elements, before the installation of additional
armature (B-1, B-4, B-5), also increases the strength of the elements in comparison with those in which the
additional armature was installed without their unloading. The least strength have the beams in which
additional armature is installed with larger load criteria without their unloading, because in this case the
range of joint work of the armature before the stage of destruction is the smallest (B-6). Mentioned above
features on the experimental values of the strength of the beams relate to both groups of beams, in which
the different correlation of theinitial and additional armature can be observed.

The nature of destruction of the beams with additional armature is very plastic, and not only because

of X <Xg at (A, +Ay), but when the tensions of fluidity in the initial armature are reached, the moment



of external forces seems to be transferred onto additional armature. The beam continues to perceive a
certain increase in the moment, but at the same time the deformation of the compressed and extended
zones and the deflections grow intensively, up to the strength limit of the basic armature. Thus, with the
joint work of the basic and additional armatures, installed in a steel concrete element at a certain strained
state, additional armature is used to the limit of fluidity of the initial armature. In this case, the

conditionX <X, must besatisfiedat A, + A .

Conclusions. 1. The researches have established that with the joint work of the basic and additional
armature installed on the bent steel-concrete element in a strained state, the determining strength to
increase the strength, firmness of the bent element and the efficiency of the use of additional armature is
theresidual strained state before the installation of additional armature. Therefore, the maximum unloading
of the bent elements before the installation of additional armature is positive for the residual bearing
capacity and increases the range of use of additional armature.

2. Thestrength of the bent e ement with the additional armature installed at a certain strained state of
the element can be determined by the method of the limit state according to the DBN B.2.6-98: 2009, and
the tensions in the additional armature on the stage of destruction are determined depending on the residual
tensions in the basic armature before the installation of the additional one.

3. Thetension in the reinforcement, before the installation of additional armature on the intermediate
stage, is recommended to be determined with the DBN B.2.6-98: 2009 through determining of the height

of the compressed zone in the section with a crack, when the coefficients y , j ,, should be determined

by norms or by the level of loading and the characteristic of creep.

4. Unloading of any level (from full to partial) of the bent eement before the installation of
additional armature increases the range of joint work of the basic and additional armature and as a result
the strength and firmness of the elements with additional armature and the efficiency of its use. The
remaining tensions, deformations and deflections after unloading are recommended to be determined by
the proposed methods based on other authors' and our experimental data.

5. The deformation of the reinforcement, deflection of the bent elements with additional armatureis
recommended to be determined as the sum of the remaining deformations of the armature, the deflections,
got before the installation of additional armature and deformations obtained by the element after the

installation of additional armature for an €ement with new geometric characteristicsby (A, + A,).
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