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Introduction

Experimental-theoretical researches
and improvement of the calculation
theory of reinforced concrete structures
by the action of diverse influences, such
as strength, rigidity and crack resistance
is a very important scientific problem in
civil engineering.

New concepts for the calculation of
reinforced concrete structures are be-
ing developed (Pavlikov, Kochkarev &
Harkara, 2019), existing methods are
being improved (Kolchunov & Yakov-
enko, 2016; Karpyuk, Kostyuk & Semi-
na, 2018; Karpiuk, Somina & Antonova,
2019), including with the involvement

of the calculation apparatus of fracture
mechanics (lakovenko, Kolchunov &
Lymar, 2017). In accordance with the
current building codes of Ukraine in the
field of design of reinforced concrete
structures, i.e. the DBN V.2.6-98:2009
standard (Ukrayinskyy naukovo-doslid-
nyy i navchalnyy tsentr problem stand-
artyzatsiyi, sertyfikatsiyi ta yakosti
[SE UkrNDNC], 2011a) and the DSTU
B.V.2.6-156:2010 standard (SE UkrN-
DNC, 2011b), normal cross sections of
reinforced concrete elements are calcu-
lated according to the boundary condi-
tions of the first and second groups using
the deformation method.

The main feature of this method is
the solution of a system of non-linear
equations. Therefore, the use of numeri-
cal calculation methods, modern soft-
ware packages for their implementation
is an integral part of this process. A char-
acteristic feature of the above normative
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documents is that they practically do
not consider cases of stress-strain state
(SSS) of normal sections with off-center
tension. In particular, this applies to the
case of small eccentricities, there are no
practical recommendations for the use
of the deformation method. In practical
manuals for building codes (Babayeyv,
Bambura & Pustovoitova, 2015; Bam-
bura, Pavlikov, Kolchunov, Kochkarev
& Yakovenko, 2017; Wojciechowski &
Zhuravsky, 2017) this issue is also insuf-
ficiently covered. The appearance of the
first cracks (Bambura et al., 2017; lako-
venko & Kolchunov, 2017) in reinforced
concrete structures significantly affects
their rigidity. This further significantly
reduces the load-bearing capacity of both
normal and inclined sections. A special
influence on the appearance and spread of
cracks has a complex resistance — torsion
with bending (Dem’Yanov, Yakovenko,
Kolchunov, 2017; Dem’Yanov, Kolchu-
nov, lakovenko & Kozarez, 2019).

Topicality

Eccentrically stretched elements are
quite common among reinforced con-
crete structures. These types include a
fairly wide class of reinforced concrete
structures — monolithic walls of tanks
and hoppers rectangular in plan, the low-
er belts of non-skeletal trusses, pipeline
structures, walls of cylindrical silos, gra-
naries, arched structures, and so on.

When determining the SSS of normal
cross sections of such elements due to the
lower height of the compressed zone of
concrete, its compressive strength is not
fully used, as is the case with off-center
compression or bending.

Execution of modern calculations of
reinforced concrete structures in com-
puter-aided design systems (Kolchu-
nov, Yakovenko & Dmitrenko, 2016;
lakovenko et al., 2017) is based on the
construction of finite-element models of
rod (which simulate the work of beams,
columns) and plate shell finite elements
(which simulate the work of plates, dia-
phragms, walls).

Therefore, the search for a rational
design on the basis of real research and
the results of the SSS calculation of
normal cross-sections of eccentrically
stretched reinforced concrete structures
by the deformation method is an actual
task. The obtained results (Bambura
et al., 2017; Kolchunov, Dem’yanov, Ia-
kovenko & Garba, 2018) are of practical
importance in the implementation of the
proposed algorithms for calculations of
reinforced concrete structures in mod-
ern software packages, based on the de-
formation model of reinforced concrete
(Bambura et al., 2017) and conducting a
more accurate, reliable analysis of such
structures (Kolchunov et al., 2018).

Material and methods

Study area. Output data. To con-
duct a numerical study, the authors chose
a rectangular reinforced concrete normal
section of the slab fragment with double
reinforcement with rod reinforcement
(Fig. 1). The class of heavy concrete
— C16/20, the class of longitudinal work-
ing reinforcement — A400C.

The following parameters were var-
ied: the height of the section /# and the
coefficient of the accepted reinforce-
ment p.

Strength of eccentrically tensioned reinforced concrete structures...
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class of heavy concrete C16/20
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FIGURE 1. Geometric dimensions and normal section reinforcement scheme of reinforced concrete slab

This type of section is chosen due
to the wide application in the modeling
of both rod and plate (shell) types of fi-
nite elements. These types of finite ele-
ments make up the calculation models of
buildings and structures when perform-
ing their calculation in modern software
packages (for example, the PC family
“Lira-CAD”). The initial data of the task
are presented in Table 1.

Reinforcement of the section is taken
symmetrical to prevent the impact on
the external eccentricity (from external
forces relative to the geometric center

of gravity of the section) additional ec-
centricity (from the displacement of the
center of gravity of the section due to
asymmetric reinforcement). It should be
noted that with small external eccentrici-
ties, this effect is quite significant and
can in some cases lead to a change in the
SSS cross section.

The calculated diagrams for concrete
(Fig. 2a) and reinforcement (Fig. 2b) are
accepted as bilinear with the correspond-
ing parameters specified in the current
building codes, i.e. the DBN V.2.6-
-98:2009 standard.

TABLE 1. Physico-mechanical characteristics and initial data for calculation of reinforced concrete

cross section

Characteristics of reinforced concrete section Value
— sectional height — /4 [cm] 20 | 16 | 12
— sectional width — b [cm] 100
— area of the longitudinal reinforcement at the top of the section — 4 4, [em?]| 11.31| 6.5 | 2.25
—the area ofzthe longitudinal reinforcement at the bottom of the section 11311 65 | 225
- As,low [Cm ]
— the distance from the upper face of the slab to the reinforcement axis at the 3
top of the section — aj 4, [cm]
— the distance from the lower face of the slab to the reinforcement axis at the 3
bottom of the section — aj j,,, [cm]
— section reinforcement coefficient — p [%] 1.33 | 1.0 | 0.5
— the coefficient of reinforcement to concrete reduction — o 7.407
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FIGURE 2. Bilinear diagrams of the stress-strain state of materials “o —
a — for concrete; b — for reinforcement

Research methodology

Stress-strain  state of reinforced
concrete rectangular section is flat non-
-eccentric tension.

This type of SSS is quite common
in determining the required area of re-
inforcement in shell reinforced con-
crete elements. In the implementation
of such calculations by the method of
Wood—Armer (Shin, Bommer, Deaton &
Alemdar, 2009) there is a problem of sig-
nificant duration of their implementation
due to the large number of calculated
combinations of efforts in comparison
with the method of Prof. N.I. Karpenko
(Karpenko, 1996). That is why the de-
velopers of computerized algorithms for
calculating reinforced concrete struc-
tures by the Wood—Armer method is also
an important task to reduce the time of
calculations and their high accuracy.

The system of non-linear equilib-
rium equations (in general case), which
describes the operation of a normal rein-
forced concrete section under load (the
second form of equilibrium), with a tri-
angular diagram of the compressed zone
of concrete (Fig. 3a), has the following
form:

Eud
€” are accepted at modeling:

+ZAsi 05 —N =0
2-x i=1
b-Eu-€, & |
S Y A o ()
3 x i=1
Ec - e
e T4
X
where:

E.4 — calculated modulus of elasticity of
concrete in compression [MPa],

N —longitudinal force acting on the
section under consideration,

M - external moment and longitudinal
force acting on the section under
consideration.

The external moment is dependent
by next formula:
M=N-(y+e, —x1) (2)
where:

y — distance from the extreme stretched

edge of concrete to the center of
section gravity [cm],

Strength of eccentrically tensioned reinforced concrete structures...
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eg — eccentricity of external force ap-
plication of relative to the center of
section gravity [cm],

b — section width [cm],

y —curvature of the bend axis in
cross section is determined by the
formula:

_1_ (&) —&c2))

r h 3)

In Eq. (3) the following notation is
accepted:
&c(1) — deformation of compressed fiber
concrete,
average deformations of stretched
concrete fiber,
the distance of the i-th rod or
layer of reinforcement from the
most compressed edge of the sec-
tion [cm],
the area of the i-th rod or layer of
reinforcement [cm?],
stresses in the i-th layer of rods
or reinforcement [MPa], are de-
termined by the deformation
diagram of the reinforcement
(Fig. 2b) depending on the cor-
responding strains &g, Wwhich
are determined by the following
dependence:

€c(2) —

Zsi

Ei = (x1—2zsi)

“)

where the height of the compressed
zone of concrete — x; [cm] is defined as
follows:

Ec(1)
4

X1 =

)

In the case, when compressed zone
of concrete has a trapezoidal diagram,
the system of non-linear equations of the
section equilibrium (Fig. 3b) has the fol-
lowing form:

b'fcd
2-x

'(2'80(1) —&c3,cd )+

+ ZASi O -N=0
i=l1
(6)
b'fcd
347

2
“(3-&c(1) "Ec3,cd —2-863’Cd )+

Ec(ly — X Zsi
D X4y

n
+ ZAsz *Oi *
i=1

where:

fea — the calculated compressive
strength of concrete [MPa],

€34 — ultimate elastic deformations of
concrete compression (Fig. 2a).

The tensile performance of concrete
was not taken into account in accordance
with Chapter 4.1.1 the DSTUB V.2.6-
-156:2010 standard.

The solution of the equations sys-
tem (6) was performed according to the
method presented in Appendix A of the
DSTU B V.2.6-156:2010 standard for
one section repeatedly by finding a bal-
ance between external forces M and N
and forces arising in concrete and rein-
forcement. The implementation of the
above algorithm was performed by se-
lecting to the fixed value of the strains
of the more compressed face of concrete
&c(1y the corresponding strains of the
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FIGURE 3. The scheme of efforts and the calculated schemes of stresses and strains at eccentric stretch-
ing of a reinforced concrete rod: a — cross section of the rod; b — with a triangular diagram of the com-
pressed zone; ¢ — with a trapezoidal diagram of the compressed zone

stretched face ¢.(2), at which equilibrium
occurs.

Selection is performed using a com-
bination of numerical methods — methods
of successive approximations, half divi-
sion, secant. The selection step is accept-
ed 0.01 - &, (in contrast to the step rec-
ommended 0.1 - &1y in Appendix A of
the DSTU B V.2.6-156:2010 standard).
To determine the strength of the cross
section, a state diagram “N —¢&.1)” was
constructed at characteristic points &y,
the maximum of which was equal to the
maximum value of the longitudinal force
N, perceived by the cross section.

The maximum value of the bending
moment, which perceives the cross sec-
tion at a given combination of external
forces is determined by the formula:
M =N e @)

At the above value of the strain step
ec(1), the diagram “N —¢.1)” must have
100 points. At each step &1y in the selec-

tion of strains &), all other parameters
of the SSS cross section (y, xy, ;) were
calculated and then substituted into the
first equation of the system — Eq. (1) or
(6), while N assumed to be zero.

Next, the obtained value of the in-
ternal force &V, which perceives the cross
section, was multiplied by the eccen-
tricity of external forces ey. The result-
ing bending moment M was substituted
into the second equation of the system
—Eq. (1) or (6) and when the above SSS
parameters of the cross section were cal-
culated, the equilibrium was checked.
Thus, in the chosen approach, the cri-
terion for finding the equilibrium of the
equations system (1) and (6) is the prox-
imity to zero of the result of the second
equation (equation of moments), namely
the condition:
> M<AM (8)
where AM is an error in solving a system
of equations [kKN-m].

Strength of eccentrically tensioned reinforced concrete structures...
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Results and discussion

The authors consider two possible
forms of equilibrium of reinforced con-
crete section under the action flat non-
-eccentric tension:
non-eccentric tension with large ec-
centricities, the strains diagram is
ambiguous, the work of the section is
similar to that which bends (Fig. 4a);
non-eccentric tension with small ec-
centricities — the line of action of the
external tensile force is between the
rods of the longitudinal reinforce-
ment of the section, the section is
almost completely stretched with a
relatively small height of the com-
pressed zone of concrete (Fig. 4b).

A

According to the first form of equi-
librium of the experimental cross sec-
tion (Fig.4a) — under the action of
external forces N = -2,000 kN, M =
=600 kN'm, ey =30 cm, ep/h = 1.5 (the
line of action of the external force is
outside the cross section) the equilib-
rium is at the characteristic points &.)
of the state diagram “N — ¢.(1)” (Fig. 5).
The bearing capacity of the reinforced
concrete section is — Ny, = 169.5 kN,
Mipax = 50.03 kN-m.

If we consider the action of another
combination of external forces N =
=-2,000kN, M=120kN'm, ¢;=6.0 cm,
eg/h = 0.3 (under the action of reduced
by 5 times M), there is a second form of
equilibrium (Fig. 4b) at cross section.

5,10, &
=P c(l)
3 [ . — - O—S'As,mp
2 I erae I =
/ Kj‘d * — O',:"A(,
A N = -
/ /ASIFD“' /éc}'j'/l o
- SSW s, low
a5 (
K -+
b 5.:(3)
N
-
b A
: &
‘ s,fop C(]) /O_CAC
e A T
S(I) Os A s,top
O-S.As,fﬂv
SJ
¢(2)

FIGURE 4. The scheme of efforts and forms of equilibrium under the non-eccentric tension of rein-
forced concrete section: a — with large eccentricities; b — with small eccentricities
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To more clearly display the results
of calculations using the algorithm under
consideration, the graphs of dependence
on the values > M of strains of the more
tension section face &.)/écmax, Which
correspond to the values of the more
compressed section face &), are con-
structed. The values &, ., correspond
to the largest values of tensile strains
€c(2), at which there is a rupture of the
reinforcement in the tensioned zone of
concrete.

According to the data obtained with
this combination of efforts, the equi-
librium is also established (graph M
of &.(2)/éc max the intersection of the ab-
scissa) at all 100 characteristic points
of the state diagram “N —¢.1y” (Fig. 7),
even at the highest values &.(1) = &, 34 (at
values () close to the maximum & payx
— Fig. 6, Curve 1).

The bearing capacity of the section is
Npax = 484.3 kKN, M0x = 29.06 KN-m.

With a further decrease in the value
of the external moment, with a combina-

N, kN
180
160
140
120
100

20
]
40

20

0

tion of external forces N = —2,000 kN,
M=30KkN'm, ¢y =1.5 cm, ep/h = 0.075
cm, the equilibrium is no longer at all
points of the diagram “N — &.(1y”.

In this case, when &) = &, 34 and
1) = 0.8  &¢y 34 the graph Y} M of the
dependence &.(2)/&.max does not inter-
sect the abscissa axis (Fig. 8, Curves
1, 2). The equilibrium is starting from
80(1) =0.56 - Ecy-

In Figure 9 section of the descend-
ing branch of the diagram at values
ey> 1.7 1073 corresponds to the values
of strains &1y, in which the search for
equilibrium between external and inter-
nal forces occurs rupture of the reinforce-
ment in the tensioned zone, i.e. the equa-
tions system (1) or (6) has no solution.

Comparing the state diagrams of the
cross section “N —¢)” at different ec-
centricities e, of external load applica-
tion (Figs. 5, 7, 9), it should be noted
that when the eccentricity for the experi-
mental reinforced concrete section de-
creases, the length of the inclined section

Ee(1)

00E+00 3.2E-04 65E-04 9.7E-04 13E-03 1.6E-05 19E-03 2,3E-03 26E-03 2.9E-03 32E-03

FIGURE 5. State diagram “N — ¢.(1y” of the experimental section at ¢y = 30 cm
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FIGURE 7. State diagram “N — &.(;)” of the experimental reinforced concrete section at ey = 6.0 cm

decreases until its complete disappear-
ance. So at eccentricity ey = 30 cm its
length makes from ey = 0 to &1y =
=5.9’104;whene0=6.0cm—fromec(1)=0
to &.1) = 1.029- 1074, At eccentricity ey =
= 1.5 cm, it is absent in general.

Also, when the external eccentric-
ity decreases e (reduction of the bend-

ing moment M at a constant longitudi-
nal force N), the value &1y at which the
chosen system of equations has a solu-
tion decreases, i.e. the maximum relative
deformations of compressed concrete
&c(1) decrease by force. This is fully con-
sistent with the physical picture of the
experimental process — with increasing
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FIGURE 9. State diagram “N — &.(;)” of the experimental reinforced concrete section at ey = 1.5 cm

external tensile force N, the tensioned
cross-sectional area increases, the im-
pact of compressed concrete on the over-
all cross-sectional strength decreases.

If we continue to gradually reduce
the eccentricity e of the external forces
application, the number of characteristic
points &.(1y at which the equilibrium will

be in the cross section will also decrease.
The results of experimental cross sections
calculations are presented in Table 2.
But even at sufficiently small values e,
close to the transition limit of SSS cross
section from non-eccentric tension with
small eccentricities to central tensile us-
ing the method presented in Appendix A

Strength of eccentrically tensioned reinforced concrete structures...
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of the DSTU B V.2.6-156:2010 standard,
you can find a balance between external
and internal forces and estimate the load-
-bearing capacity of the section, which is
completely determined by the area and
tensile strength of the reinforcement. But
to successfully find a solution to the sys-
tem of Eq. (1) or (6) you need to reduce
the selection step from the recommended
g1y = 0.1 - &, to the smallest, for ex-
ample, to &.1) = 0.01 - &,

An alternative option in this case may
be to calculate the load-bearing capacity
of the reinforced concrete section ac-
cording to the formulas of the algorithm
presented in the previous building codes,
i.e. the SNiP 2.03.01-84* standard (Go-
sudarstvennyy stroitelnyy komitet SSSR
[Gosstroy SSSR], 1989), which is based
on the method of limiting forces. An ad-
ditional argument in favor of the calcu-
lation of this option is its higher speed
compared to the iterative algorithm of
the deformation method, which may be
useful when performing calculations of
reinforcement of rectangular sections by
the Wood—Armer method (Shin etal.,
2009).

Conclusions

During performing calculations on
the strength of normal sections by the
deformation method of non-eccentri-
cally tensioned elements of reinforced
concrete structures with small eccen-
tricities, an equilibrium was found be-
tween internal and external forces only
with a two-digit diagram of the distri-
bution of relative longitudinal strains
(in the presence of a compressed zone
availability).

It is established that with a decrease
in the eccentricity of the application of
force, the compressed zone of concrete
in cross section decreases until its com-
plete disappearance. The cross section
of the reinforced concrete structure be-
comes completely tensioned. An equi-
librium between external and internal
forces cannot be found with the help
of the deformation method realization,
proposed in Appendix A of the DSTU B
V.2.6-156:2010 standard.

Options for solving this task without
significant loss of calculation accuracy
are proposed, the most appropriate of
which is the transition to the method of
limiting forces (which was adopted as
the main in previous building codes, i.e.
the SNiP 2.03.01-84* standard) and fur-
ther calculation by this method.
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Summary

Strength of eccentrically tensioned
reinforced concrete structures with small
eccentricities by normal sections. It is im-
plemented the method of normal rectangular
sections slab (shell) reinforced concrete el-
ements strength calculating with flat eccen-
tric tensile strength using the deformation
method. The results of the calculation are
analyzed for the case of eccentric tension
with small eccentricities with varying next
parameters: the height of the cross section
and the reinforcement coefficient. It is in-
vestigated the character of diagrams condi-
tion change of section “N — ()" at gradual
change of the stress-strain state from eccen-
tric to the central tension. It is revealed that
when the eccentricity of external forces de-
creases, the compressed zone of concrete
decreases until its complete disappearance,
and at rather small values of eccentricities of
force application the balance between exter-
nal and internal forces cannot be found by
the method of current norms. An equilibrium
is found between internal and external forces
only at a two-digit diagram of the distribution
of relative longitudinal deformations (in the
case of a compressed zone). Variants of the
given problem decision without considerable
loss of calculations accuracy are offered, the

most expedient of which is transition to al-
gorithm of calculation by a method of limit-
ing efforts. It was accepted as the basic in
the previous building norms. The results of
numerical calculations performed in the soft-
ware complex “Lira-CAD” and the corre-
sponding mathematical modeling confirmed
the rationality and allowable accuracy of fur-
ther calculations by this method.
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