Vasyl Karpiuk, Matija Oreskovic,
Yulia Somina, Anatoliy Kostiuk

Basis of force and deformation-force

resistance of reinforced concrete

at the complex stress-strain state

L a0 =cp
-

Fanline
| py
g
¥ ] N\l
[ N Th B
\\ (pa-max
th;‘ 2c
L 2% ()
p- ma o= ]
’< } o et m:cg !L =
Ie -~
- e O o
s o
Pq 7 0% p-a
i
15 il I ]/“
b} i
6 Q
A S| e
v =
=¢ s [ e
Py%
Rﬂlﬂ.“ QJM“
[ s { $ s N
i a0 = co




-

UNIVERSITY NORTH, Koprivnica/Varazdin
and

ODESSA STATE ACADEMY OF CIVIL ENGINEERING AND ARCHITECTURE



-ii-
BASIS OF FORCE AND DEFORMATION-FORCE RESISTANCE OF REIN-
FORCED CONCRETE AT THE COMPLEX STRESS-STRAIN STATE
Authors: Dr. tech. sci. Vasyl Karpiuk, prof.
Doc. dr. sc. Matija Oreskovi¢, dipl.ing.grad.
Yulia Somina, Ph.D.
Anatoliy Kostiuk, Ph.D., prof.
Reviewers: Dr. tech. sci. Nikolai G. Suryaninov, prof.
Dr. tech. sci. Andrei Grishin, prof.
Publisher: Sveuciliste Sjever
For the Publisher:prof.dr.sc. Marin Milkovi¢
Proofreading: Lena Njemecek, prof.
Graphic editor:  doc.dr.sc. Matija Oreskovi¢

Circulation: 100 kom

Publication was approved by the Senate of the University
North on its VIII™ Session ac.year. 2017/2018, held on 29 March 2018,
KLASS: 602-04/18-02/03, Ref. No: 2137-0336-09-18-8

The CIP record is available in the computer catalog of the
National and University Library in Zagreb under number
001020064

No part of this book may be reproduced, photocopied or
reproduced in any way without the publisher's written
consent.

ISBN 978-953-7809-64-5

1%t edition



-iii-
UNIVERSITY NORTH, Koprivnica/Varazdin

and

ODESSA STATE ACADEMY OF CIVIL ENGINEERING AND ARCHITECTURE

BASIS OF FORCE AND DEFORMATION-FORCE
RESISTANCE OF REINFORCED CONCRETE
AT THE COMPLEX STRESS-STRAIN STATE

Vasyl Karpiuk, Matija Oreskovi¢, Yulia Somina, Anatoliy Kostiuk

Varazdin, 2019.



-jv-



-y-



-Vi-



-Vii-

CONTENT
INTRODUCTION ..oviiiiiiiiiiiiiiiiiiiiic it saan e s sra e 1
CHAPTER 1
FUNDAMENTALS OF FORCE AND FORCE-DEFORMATION RESISTANCE OF REIN-
FORCED CONCRETE IN TERMS OF ITS COMPLEX STRESS-STRAIN STATE ........... 2
1.1 CLASSICAL APPROACHES TO DETERMINING THE STRESS-STRAIN STATE

OF REINFORCED CONCRETE STRUCTURES. .......cooiiiiiiiiiniiiisii e 5
1.2 STRENGTH CALCULATION OF NORMAL SECTIONS OF CONCRETE AND

REINFORCED CONCRETE ELEMENTS OF THE FIRST LIMIT STATES GROUP................. 12
1.3 CONCLUSIONS ON CHAPTER L: ..ciiiiiiiiiiniiciciici i 18
CHAPTER 2
GENERAL CASE OF NONLINEAR DEFORMATION MODEL OF SPAN REINFORCED
CONCRETE STRUCTURE........cccttttiiiiiiinininiiniiininieiieiiiiieiiieeeeeeiemeeeeeeseeessssessseeee 19
2.1 CALCULATION ELEMENT CROSS SECTION ....ccivviiiiiiiiiniiciccieci e 26
2.2 CONCLUSIONS ON CHAPTER 2: ...oviiiiiiiiiiiiiniecini it 35
CHAPTER 3

RESISTANCE MODEL OF PREFABRICATED CONCRETE ELEMENTS FOR THE PER-
MANENT CYCLIC ACTION OF THE TRANSITIONAL FORCES OF HIGH LEVELS....36
3.1 MODEL OF REINFORCED CONCRETE ELEMENTS RESISTANCE WITH NO

SHEAR SPAN REINFORCEMENT .....ccoiiiiiiiiiiiiniicicicc sttt 37
3.2 REINFORCED CONCRETE ELEMENTS RESISTANCE MODELS WITH SMALL,

MIDDLE AND LARGE SHEAR SPANS........cooiiiiiiitiiiicin e 46
3.3 CONCLUSIONS ON CHAPTER 3: .ooiiiiiiiiiiiiiciniecicici et 60
CHAPTER 4
ENGINEERING METHOD OF INCLINED SECTIONS OF BEAM STRUCTURES CALCU-
LATION ON THE FATIGUE FRACTURE MODEL.......coovviiiriiiiiiniissnnnnninnnnnnnnnnnne, 61
4.1 CONCLUSIONS ON CHAPTER 4: ...ttt 84
GENERAL CONCLUSIONS:......cccovtttmmmmmmmmemmmmmmmmmmmmmmmmmmmeemmeesiesssemmsmsmssssssessssssssees 85

REFERENCES: .....coiiiirtitiiiiiiinnetiieninnninneesesnssssnnsssssssssssssnssssssssssssssnssssees 86



-Vviii-



INTRODUCTION

World practice shows that the volumes of using monolith and prefab-
ricated reinforced concrete are increasing, and in the coming decades they will
remain the main structural material. Therefore, it is obvious that the effective
using of reinforced concrete, is possible with the presence of reliable, accurate
and economical calculation methods. Thereby, much attention is paid towards
the development of the theory of reinforced concrete.

The experience of designing, construction and exploitation of span re-
inforced concrete structures shows that, practically, all of them work at com-
plex stress-strain state. At the same time, the researchers pay much more at-
tention to the calculation of strength, deformability and crack-resistance of el-
ements in normal sections, than to the calculation of their areas near supports,
including the inclined sections.

Besides, a significant number of span reinforced concrete elements, is
subjected to the action of low-cycle loads. They lead to such specific features
of concrete work as nonlinearity of deformation, micro cracking, accumulation
of residual deformations, low-cycle fatigue (fatigue damage), decompaction of
concrete etc. The results of the research show that the destruction of structure
under the action of low-cycle loads occurs at the smaller stresses, than the de-
struction of structure under the action of short duration static load.
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CHAPTER1 FUNDAMENTALS OF FORCE AND FORCE-DEFORMATION RE-
SISTANCE OF REINFORCED CONCRETE IN TERMS OF ITS COM-
PLEX STRESS-STRAIN STATE

The data given in this chapter of monograph are based on the research
of Romashko V.M. [3].

Analysis of modern studies of concrete and reinforced concrete struc-
tures was performed. It has shown that the overall theory of concrete and re-
inforced concrete continues to develop in the direction of compliance with
generally accepted principles and preconditions of solids mechanics. Even
though the problem of the general theory of resistance of concrete and rein-
forced concrete creation is far from perfect, certain ways to solve it have al-
ready been developed.

According to numerous studies, summarized in Bondarenko V.M. work
[1], following studies hierarchy is considered to be methodologically correct:
physical model, calculation model, and mathematical model.

The physical model should include the fullest possible description of the
object of research in the physical objective terms. Obviously, the physical
model cannot be created by purely empirical observation, since it is impossible
to understand the experiment without analytical thinking and experimental
data synthesis. Physical model creation is based on a synthesis of information
storage array, sometimes chaotic, and contradictions, empirical and intuitive
nature of related industries data and analogies with the following formulation
of the initial principles and regulations, sometimes contradictory to traditional
notions. Physical model should include, without any simplifications, all known
functions and other relations and links between process parameters, which can
be, both, deterministic and stochastic.

However, the lack of certainty, and sometimes an excessive complexity
of the relations between the factors and difficulties of logical and mathematical
interpretations, necessitate the transition to the next stage of research- to the
calculation model.

The computational model, being released from minor and insignificant
factors, replacing or complementing the primary information by means of hy-
potheses and invariants, thus simplifying the physical model makes it, firstly,
an engineering graceful, and secondly solving in a modern way. However, the
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transition from the physical model to the calculation, for example, by means of
linearization and averaging the time processes, needs to be done very carefully
to keep the right decision, not to aggravate the quality of the processes, to
ensure sufficient accuracy of the results. Excessive simplification often does
more harm than good.

Computational models, as a rule, allow to determine the form and struc-
ture of the solutions that are expected. It is necessary to ensure the selected
models adequacy.

At the same time, the implementation of the computational model, the
engineering attainability and significance of the results, depend on the applied
mathematics. The mathematical model is a set of equations, and other rela-
tions, algorithms and solutions, as well as the programs agreed with the possi-
bilities of the existing computer equipment. Mathematical model has to be re-
produced.

However, it should be noted that not all computational and mathemat-
ical models can be given in the form adapted for the development of engineer-
ing calculation methods. So, only full and unambiguous enough representa-
tions or research processes (physical model) and a reasoned setting of specific
initial hypotheses and invariants (calculation model), statistical evaluation of
experiment data, development of the empirical approximations do not contra-
dict the general concepts, as well as successful mathematical implementation
(mathematical model) may result in a theoretical study of the problem with
reliable results.

Thus, solids mechanics, as a part of continuum mechanics, is the basis
for the theory of the structures force resistance, in its particular sections as
structural mechanics, strength of materials, theory of elasticity, plasticity,
creep, and fracture mechanics of materials, rock and soils mechanics, design of
structures, foundations and cellars.

A distinctive feature of the reinforced concrete force resistance, in ad-
dition to the anisotropy and irreversibility, is the mode-genetic specificity of
nonlinear, unbalanced deformation. Ignoring this fact (for example, an existing
spring-piston simulation), undoubtedly, leads to qualitative losses and quanti-
tative errors. Therefore, modern science and computational engineering stud-
ies are developing in a phenomenological way, according to the fundamental
provisions of mechanics, physics and thermodynamics. The logical framework
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of the phenomenological method, as it is known, consist of research and sta-
tistical evaluation of deformation and fracture factors of materials and struc-
tures, the identification and analysis of the existing qualitative and quantitative
relationships between them, a generalization of the results obtained with the
formulation system of hypotheses and invariants, enough to create an applica-
tion theory of solving engineering problems, including the definition of elastic
and inelastic deformations, creep deformation and others.

Beneath strain-force model of reinforced concrete structures, re-
sistance force and other effects, mean a prototype of a real process of defor-
mation of concrete and reinforced concrete elements and structures, repro-
duced by some of the generalized state diagram.

Deformation-force model is also discrete. In cross section of the ele-
ment or structure it is reproduced with a large number of elementary areas,
within which the properties of the material are taken as constant. The continu-
ity of the curvature function is provided on the edge of cracking by the same
generalized state diagram of reinforced concrete elements and structures, in
the form of continual dependence without breaks, fractures and jumps.

In addition, the entire process of deformation of concrete and rein-
forced concrete elements and their actual stress-strain diagrams, are repro-
duced in the strain-force models using the stiffness function. This connects the
main force and deformation parameters of the stress-strain state of these ele-
ments and structures. Thus, as shown by experiments, up to the loss of ele-
ments’ bearing capacity, stiffness nonlinearly depends on these factors. Appli-
cation of the extreme criterion [2], which fixes the moment of the reinforced
concrete element bearing capacity loss, and the force limits of deformation pa-
rameters, only emphasizes the power orientation of the model. Deformation
orientation of the model is realized via deformation in the equations of equi-
librium and distribution law in the section height (usually flat sections hypoth-
esis).

It should be emphasized that the basis of modern deformation models
of reinforced concrete elements and structures resistant to external action lies
in discretization of design schemes and their representation in the form of a
elements set of certain structural levels. In particular, in work [3] a classifica-
tion of the objects of study in five interconnected levels of hierarchical subor-
dination are proposed to be introduced:



- material

- section (a set or a combination of materials)

- element (a set or a combination of sections)

- construction (a set or a combination of elements)

- structural scheme of the building or structure (a set or a combination
of elements and constructions)

1.1 Classical approaches to determining the stress-strain state of re-
inforced concrete structures

The theory of resistance of reinforced concrete structures, as men-
tioned before [4], is aimed at the precise definition of the four major problems:

- accurate calculation of the load at which the first cracks appear;

- determining the width of the cracks in the operational phase, starting

from the moment of their appearance;

- calculation of rigidity and deflections, including the maximum permis-

sible;

- definition of maximum possible bearing capacity (strength or stabil-

ity).

Thus, under the influence of external loads or impacts, the internal forces
in the most intense section of reinforced concrete elements, as well as defor-
mation of concrete in its extreme fibre, increase from zero to some limits. With
double-digit stress diagram, the section usually goes through three typical
stages of stress-strain state.

Stage 1 (operation without fractures) is observed at relative elongation
concrete tension area smaller than the limit value of ecw. At this stage, the de-
flection value and the rigidity of low reinforced structures operating without
cracks in the tension zone, are calculated.

Stage 1a occurs at the moment when the relative elongation deformation
of concrete extreme fibres reaches the limit values .. Concrete starts to burst
on and off from work, causing the reinforcement to work hard. An accurate
assessment of stress-strain state of the cross sections at this stage will allow to
determine the force at which the first cracks appear in the concrete tension
area and calculate the element’s section stiffness (without cracks).
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Stage 2 occurs after the appearance of the first cracks in the concrete ten-
sion area. It is considered as the main working stage of deformation of rein-
forced concrete bent elements. At this stage researches can determine the
width of the crack opening, and calculate the stiffness and the magnitude of
the deflection of reinforced concrete elements under the action of operating
loads.

Stage 2a represents the limit state. It occurs when the stress in the tension
reinforcement reaches the characteristic strength values on the verge of its
yield fyk or extreme fibre stress of compressed concrete - characteristic values
of the compressive strength of f«, i.e, reinforced concrete element begins to
form so-called "plastic hinge" in the cross section (start of the destruction).

The final stage 3 represents the limit stress-strain state of reinforced con-
crete elements and characterizes its complete destruction. It occurs when the
balance of forces in the most stressed section element can no longer be en-
sured. At the same time, the relative deformation of the extreme fibres of com-
pressed concrete reach the value . > £c1 and tension reinforcement can work,
both, before and on the border of yield:

Es < Es0, Es0 < Es < Esuk.

Researches constructions on stages 2a and 3 make it possible to determine
the real value of the destructive forces that should be displayed in the stand-
ards.

As known from mechanics of solid deformable body two main and four
additional conditions are needed for the task. There are two equilibrium equa-
tions for planar systems in a normal section, as well as auxiliary terms in the
form of strain distribution law along the section height of the element 1/r = (&
+ &) /d, physical dependence between stresses in the reinforcement os = f(e),
and the compressed and tensioned zones of the concrete oc = f(g¢) i Oct = fl€ct).

It should be noted that the mapping of stages of the stress-strain state of
reinforced concrete structures for force model of the previous standards [5]
has a number of serious shortcomings:

- simplified method of accounting for concrete plastic deformations in

the form of a rectangular stress distribution;

- adopted in [5] is approach of strength calculation of reinforced con-

crete elements that cannot be directly implemented in the calcula-
tions of their strenght and resistance to fracture;
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- calculation method of the work impact of tensioned concrete be-
tween and above the cracks on the overall stress-strain state of rein-
forced concrete element weakly reflects the redistribution of forces
between the concrete in tension zone and tensioned reinforcement;

- a characteristic of strength tensile reinforcement on the verge of its
yield fyx, or the characteristic value of concrete compressive strength
of fu in its extreme fibroids, cannot act as the exhaustion criteria of
bearing capacity of reinforced concrete structures.

Deformation model, as opposed to force, more accurately reflects the
stress-strain state of reinforced concrete elements in the limit stage. However,
asingle general criterion of the exhaustion of bearing capacity has not yet been
developed in these models.

If we assume that the real model of deformation of concrete and rein-
forced concrete structures is [3] the deformation force in nature, in its frame-
work, the only common criterion of the exhaustion of bearing capacity occurs
in moment of imbalance of strenght that is secured by an extreme criterion of
bearing capacity dM / d(1/r).

So, the real state of the reinforced concrete structure cannot be displayed
only by stress distribution or deformations diagrams. This can only be done
when both diagrams are used in conjunction. In this case, the generalized
model of the element deformation should be able to equally reflect both the
nature of the growth of relative deformation of materials, and the process of
continuous redistribution of stresses in them, especially at stages that are close
to the limit equilibrium.

Loss of reinforced concrete elements of the bearing capacity of normal
cross sections is characterized by a violation of one of the two known equilib-
rium equations 2N = 0 and ZM = 0. More rigid is the second equation, which
implies defining the condition of limit equilibrium:

Med < My (1.1)
where Meq — estimated value of the bending moment on the external load;
My - limit value of the moment of internal forces in the cross section of
reinforced concrete element.
In the design of concrete and reinforced concrete structures maximum
bearing capacity is My or Nu by dM / d(1/r) = 0 or dN/de = 0 according to [3].
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The characteristic that links the strength (M, N) and deformational (1/r,
€) parameters can be stiffness of the element in a certain section. The
knowledge patterns of change in the rigidity are critical, not only in the calcu-
lation of reinforced concrete structures for deflections and crack resistance,
but also in determining its load-bearing capacity.

It is known that the rigidity of the concrete or reinforced concrete ele-
ment is an integral characteristic. Obviously, when the axial compression or
tension of concrete element with small or occasional eccentricities varies, pri-
marily or only by changing the concrete strain module (fig. 1.1, a), since all the
geometric parameters of such elements remain unchanged:

D,=E'1,, D, =E; O, (1.2)

where pint -integrated (averaged) module of compressed or stretched con-
cc(t)

ct

crete strain;

Teer) ™ moment of inertia of the compressed or tensioned concrete
cc

section.

With double stress diagram in the reinforced concrete elements cracks
can appear and develop, break tensile strength of reinforcement with concrete
and its gradual removal from service. The value of the integral rigidity of these
elements consists of stiffness of compressed and stretched zones of concrete,
compressed and stretched reinforcement:

DzEélgtIcc +Eércltlct + D Egelge ¥+ X Egly (1.3)

The function of rigidity in the section with a crack (Fig. 1.1, b) should
reflect the relatively rapid (almost sudden) exclusion from the work of the con-
crete in tension and the corresponding redistribution of the stresses in the ten-
sion zone, from the concrete to the reinforcement.

In the block between the cracks a reinforced concrete element stiffness
varies by not geometric and deformation characteristics (modulus of concrete
strain) but also can be reflected by the expression (1.3).

The stress-strain state of a reinforced concrete elements at this time
should describe the characteristics of a calculated (averaged) section of the
block between the cracks, including the averaged integral rigidity, which will
change as the expression (1.3), relatively smoothly, with no apparent jumps of
function.
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Calculation of the average integral stiffening of the reinforced concrete
structure by the expression (1.3) is a difficult task with many unknowns associ-
ated, not only with the deformation characteristics of the materials, but also
with geometric section parameters. Therefore, in practical calculations average
integral stiffness is suitably in its classical expression:

D=M/(1/r) (1.4)

a)

| M/ M

L7 TR 10

Fig 1.1. Modifying stiffness of the compressed (tensioned) concrete element with a
small eccentricity

(a) and the diagram of the integral (averaged) bending stiffness of a reinforced con-
crete element

(b) in section: 1 — with crack; 2 — between cracks; 3 — averaged in block between
cracks.

Obviously, connection between the stiffness and emerging internal
forces in the section element and its curvature has to be nonlinear, capable of
reproducing its stress-strain state only with simultaneous use of force and de-
formation characteristics.

In real conditions, even if the axial load concrete and reinforced con-
crete elements stiffness is changing, both, due to the deformation properties
of materials (E), and due to the geometric parameters of cross-section (/), that
is, M/ (1/r) = El.

In general, the stiffening of the element is associated, not only, with the
level of efforts exposure M / M., but also with its deformation level (1/r) /
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(1/ru). Therefore, the force that an element has to take over, by work [3] can
be calculated depending on its level of deformation by the formula:

1/r
ECOIred,O a’r- Mu[lj

/1,

1+(E001red,0 _ 2 Jl
M, 1/r, )r (1.5)

where My — bearing capacity of the concrete or reinforced concrete rod;

M =

1/r, —element curvature in limit state;
u

Enl — initial reduced stiffness of the concrete or reinforced con-
c0'red,0

crete element section.

It is obvious that the expression (1.5) describes the state diagram of the
element or structure (Fig. 1.2) with the ascending and descending deformation
branches. In this case, the descending branch of the diagram is not possible to
statically determine reinforced concrete structures and concrete elements be-
cause achievement of the ultimate state in the most intense section will lead

to geometric variability and destruction.

I

1/ru 1/rm
Fig 1.2. Relation between the curvature and the moment in the reinforced concrete
structure (state diagram)

Structural analysis of the expression (1.5) shows that it describes a
smooth and monotonic function of the ascending and descending branches of
the diagram, and can, therefore, be unconditionally used for reinforced con-
crete structures, operating without formation of the cracks in the tension zone.
With the emergence of cracks, their stiffness will change more rapidly due to
the accelerated elimination of the work of concrete in tension and increasing

of the curvature 1/r.
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Obviously, the rapid drop in stiffness (increasing of the curvature) oc-
curs as a result of intense changes in the geometric characteristics of its cross-
section. The majority of foreign scientists associates the stiffness of reinforced
concrete structures with the, so-called, effective moment of inertia, which de-
pends on the level of loading. Typically, it is done by adjusting the effective
moment of inertia /e using different degree dependences [6-13].

Likewise, it is advisable to adjust the curvature itself and the reinforced
concrete structures with cracks in the tension zone, using functions like [3]:

‘,Ui=1+m'M/Mu(1—M/Mu) (16)

where m - option, which is recommended [3] to be taken as depending on
character of the destruction:

m = 3 at the work reinforcement yield in low reinforced elements (p/ <
1,5%);

m =2 at the yield in normally reinforced elements (1,5% < p; < 3,5%);

m = 1,5 at concrete smashing in over reinforced elements (p; > 3,5%)
and in structures with high-strength reinforcement.

If in the equation (1.5) the replacement of 1/r with the adjusted (real)
curvature 1/r* of the reinforced concrete element with cracks by 1/r = (1/r¥)
Y can be carried out, the traditional entry of the phase diagram can be saved
in practical calculations in the form of:

2
/r* 1/r*
ECOIred,O dw _Mu( ]

M= i Y Q/r,
1_'_(ECOI;’ed,O _ 2 ]d/r*
M, Ur, Yi (1.7)

In the work [3] it is shown, that seeking a universal function oc = f(&)
based on the results of experimental studies of standard samples, is impossi-
ble, because in nature there are no two equivalent elements of the reinforced
concrete, for which the stress-strain state would be the same. Therefore, a uni-
versal function should be required, not for the concrete stress-strain diagram
and to the phase diagram of the RC element M - (1/r), which can be repre-
sented by irregular fractional-rational functions (1.5) or (1.7), since they allow
us to describe the stress-strain state of a bent, and centrally or eccentrically
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compressed, or tensile RC element. Thus, it is evident that the material defor-
mation diagram is a state diagram of standard sample, under the standard con-
ditions of testing. If applied to the generalized state diagram of reinforced con-
crete element M - (1/r), limit equilibrium hypothesis, and extreme criterion of
the bearing capacity dM / d(1/r) = 0, you can get the actual diagram of the
deformation of the compressed or tensile concrete.

So, the real model of concrete and reinforced concrete elements and
structures, is always a deformation-force and cannot be solely deformation or
solely force.

1.2 Strength calculation of normal sections of concrete and rein-
forced concrete elements of the first limit states group

Following hypotheses and conditions are laid into the basis of calcula-
tion of the strength of normal sections of these elements when they are arbi-
trary bent, compressed or tensed:

1. Discusses the elements and structures in which the lateral force influ-
ence on deflections is small and in the cross sections of which there is
no torsion deformation.

2. The actual stress-strain state of these elements is described by the
corresponding diagram in the form of improper fractional-rational
function (1.5) or (1.7).

3. The process of deformation of reinforced concrete elements for their
average sections is considered as equitable as the hypothesis of flat
sections (fig. 1.3): 1/r=ec /x=¢€s/xs=(ec—€s) / d = (ec — &) / (x + Xs).

4. Load bearing capacity (strength) of concrete or of reinforced concrete
element and the resistance of its design section to the load is consid-
ered to be exhausted in violation of classical conditions of the limit
equilibrium N < Nyand M <M.
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Ec

= e Esc

s - 1/r

Xsi
/\J

H.JL.

hn

Xt
Xs

f— —Es
Ect

Fig 1.3. Character of the deformation changes in the averaged cross section of rein-

forced concrete element

5. Theinitial modulus of the deformation (initial modulus of elasticity) of
concrete is calculated by the formula
Eco=ko- Ecm (1.8)
with use of table data Eco and ko.

6. The connection between stress and strain of compressed and tensed
concrete is described by its complete deformation diagrams in the
form of improper rational functions:

_alk —-b k2 /e, _alk —blE’
Mt B fy 1+clE, (1.9)

where

a-= EcD} b =b: /Ecl =fck /5621; c= Cl/fck = Eco/fck—Z/Ecl (110)
Taking into account (1.10), the expression (1.9) is transformed into the

2
&
EcO Il‘c - fck [ﬁgcj
cl

g, =
1+ {Eco —zj (F,
f el (1.112)
2
[Egc,j
o Ecrl

ct
e
Jere  Een (1.12)

formula:

ck €
ECO I}cr - fcrk
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7. Critical deformations of compressed and tensed concrete at the maxi-
mum compressive and tensile loads are determined by the respective
formulas:

Ec1= Kei* Ec1, el + Kpi* Ec1, pi (1.13)

Ect1=Keel " Ect1, el + Kt pl * Ect1,pl (1.14)
where ke (ki er) and kpi (ke, p1) — factors, taking into account the peculiarities of
the concrete, work in the section element and the development of its elastic
and plastic deformations. In "hard" mode, loading (dec / dt = const = dec: / dt)
Kei = kt,e1 = kp1 = kt, p= 1 based on (1.13), (1.14) are transformed into expressions:

ecl_fﬂ+(14o 0,7 - f) - 10°

Ect1 —fctk /Eco +(3 fctk /3) 105 (1-16)

(1.15)

Under standard conditions test with a "soft" load mode

(doc/ dt = const = doc: / dt), the critical strain ec; and &1 is recommended [3]
to be described by equations (1.15) and (1.16), taking kp = k, o1 = 0,78, and kel
= ky o1 = 1,05 for concretes with strength fa < 40 N/mm? and fo < 2,1 N/mm?;
ket = ke, e = 1,03 for concretes with strength 40 N/mm? < fo < 80 N/mm? and 2,1
N/mm? < few < 3,3 N/mm?;

ket = kt e = 1,0 at foc > 80 N/mm? and feu > 3,3 N/mm?.

8. Limit strains of boundary fibres of compressed concrete ., are depend-
ent on the stress-strain state of the element with a rectangular cross-
section and the parameters of its reinforcement so it is recommended
to determine them by using the general dependence:

2
Mo =20 =145, EZp,lEé ) + B %

cl

1+«l/6—01mh )(k -2) 1n(6/k—2(0,1-mh)))2

(043 02004 =m,)" Ji=m3'* Yt =, kW )"
1+ ({76 - 0.0m2 Xk = 2)n(67k - 2(0.0 - m, )))

(1.17)
where m;, - parameter of inhomogeneous deformation along the section

height h: my, = €con / €c2; My, = €cob / Ec2; €c2 = Ecu, @ Ec0 = 0;
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neu — the level of ultimate strains in the most compressed fibre of the concrete
Neu = Ecu / Ea

xsi — the distance from the neutral line to the centre of gravity of compressed
rods at osi < fyk. If asi 2 fyk, Xsi = 0.
pii = Asi / (bnhn) — ratio of section reinforcement with the same rods;
B — factor depending on the type of stress-strain state of the element. 8 =1
for compressed elements.
k — ratio, which relates the initial modulus of elasticity of concrete Eco with the
section modulus of concrete deformations Eco = foc/ €c1 at critical stresses oc <
fek, k= Eco - €c1 / fek.

as — relative value of the elasticity modulus of the reinforcement used

as = Es /200000.
During plain bending at 0 < m < 1 at & < €50, dependence simplifies and

reduces to the expression:

n 2
N, =1+5' @, Efgf;ﬂZﬂﬁ Eﬁxj +0810
- i=l

X

st o omr T

1+ ((l /16— 0,1m2)(k ~2)In(6/k - 2(0.1 - m)))2

(1.18)
During the yield reinforcement in plain bending at m =0, &5 > €50
New =1 +0,322-Ink / [1 + ((k-2) /6-In(6 /k - -
0,2))?] (1.19)
9. Limit deformation of concrete in tension, in the moment of normal
cracks appearance is determined by &0 = 0 and octo = 0 according to
the formula:

0,642 - \/(Inky)™*

ke =2 (38 i
1*( 6 '“(kg 0'2)) (1.20)

10. On the limit state, the effect of concrete in tension on the bearing ca-

nstu =1

pacity of the reinforced concrete element, is not considered.

11. The relationship between stress and strain with physical reinforce-
ment yield strength is taken as the Prandtl diagram or two-line dia-
gram.
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12. In the absence of physical yield strength of reinforcement, defor-
mation diagram is described by two-line dependencies or linear-para-
bolic functions.

For bent concrete elements with double reinforcement (Fig. 1.4), or in
the case of multi-row reinforcement equilibrium, equations in the limiting
stage will change, mainly, due to the redistribution of efforts in reinforcing
rods, neglecting the work of concrete in tension.

b LE
N = ’;/ S(£s1+ Lu)zph si n ps (‘gsl )Eslwllzkpl st (121)
K} )Zpll si n E‘ (Esl lwllzkpt si (122)
(1/ ) (1/ )

where P~ coeff|C|ent element section reinforcing by separate rods, 0= Asi

/ (bn - d);

£~ the relative deformation of the i-th of reinforcing bar in element

section;

Eq ™ the current strain of the most tensed reinforcing bar;

kg - coefficient characterizing the position of specific reinforcing bar
in element cross-section, with respect to the most tensed, ksi = Xsi [ Xs1.

kpi ™ actuation coefficient specific of cross-sectional area of the rod to

the cross-sectional area of the most tensed, kpi = O / Oy

xs1 — the distance from the neutral axis to the most tensed reinforcing
bar of concrete element.

&
[} ¥ - £32 Jex AUZO' 52
3 > A
/: Ecl f ck
o -
o] Py
M( . i A= H.L
- Eo A& Ootu fct
= - {
= 1 1 a S A.!io-.rl
IS o /-— Es! F————>
\ bn

Fig 1.4. Stress-strain state of reinforced concrete bent element with double reinforce-
ment
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In the ultimate stage, deformation of the reinforcement can occur in
three different schemes:

- all reinforcing bars of bent concrete element are working elastically;

- most stressed reinforcing bars are operating in the plastic stage and
less tensed — are deforming elastically;

- tension in all bars reaches the yield point.

In the case of elastic deformation of reinforcing bars (€Si<€s0)’ the

deformation of the most tensed one, should be calculated from the expression:

Eq =" /2-'—-\/(‘9614 /2)2 +5€ []70 /(ES [jjllzkpi Ek“}

i=1
In this case, bearing capacity of the element is determined by:
(1/ ) (5 DB E EE&I +£ )I—_’t‘sl |$llzkpt Sl (124)
If the flow occurs only in the part of the relnforcmg bars(& .. &2 £

(1.23)

u

)and (g

" gsn<£x0) is not present in the other, then the total force which is

perceived by reinforcement of the concrete element, can be calculated by the
formula:

b 1 n
N.\' = ﬁE\ (gsl + gL’M )(Z Ioli I}.\'O + Zpli I}slj =

b”
=Ce e, +e,)ae, DOHZ" T %%"ﬂ o (1.25)

Deformation of the most tensed reinforcing bar can be found from the

equation:

2
gsl+‘g ¢pl)+ cu so¢pl 50 /(E, ¢¢) =0 (1.26)
using the expression:

2
Eu +£s ¢ Eu + & ¢
gsl = 2 e t [ 2 - pl] +5C mc /(Ev |$¢1) _gcu‘%0¢pl

(1.27)
where the appropriate reinforcement parameters are:

1 n
D= P! Ppi: Py =,0112 kpi’ Ppr= Pur Z K piksi
pt = (1.28)
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Ppo= p]]zkpl si’ '0¢2=pllzkpiks2i;
i=1

¢pQ= ,0¢o/,0¢2? ¢p3 = P! Pp1- (1.29)
The bearing capacity of bending element takes the form:
Mu = (1/ ) (5 EB E q‘gsl + gcu) q‘gsl g~sO |$¢0 + £s1p¢2))
(1.30)

Upon reaching the yield stress in all reinforcing rods ( £z é’so ), the de-
formation of the most tensed one £, is determined by:
n
Esl = 50 mc/ Es Izi.SO |'_/bII kal _Ecu

i=l (1.31)
and Ioad-bearing capacity of the bending element has the form:

Mu =(1/ ) (6 E'B +E |}‘30("%1-'- )Qsl |1‘)”2](/)1 si

(1.32)

1.3 Conclusions on Chapter 1:

1. Deformation model, as opposed to force, reflects the stress-strain
state of reinforced concrete elements in a limit stage more accurately. How-
ever, in these models, a single general criterion of the exhaustion of the bear-
ing capacity, has not yet been developed;

2. Generalized model of the element deformation should be able to
equally reflect, both, the nature of the growth of relative deformation of ma-
terials, and a process of continuous redistribution of stresses in them. So, the
real state of the reinforced concrete structure, can only be reflected when,
both, stress and deformations diagrams are used in conjunction.

3. Characteristic that links the strength (M, N) and the deformational
(1/r, €) parameters can be stiffness of the element in a certain section.
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CHAPTER 2 GENERAL CASE OF NONLINEAR DEFORMATION MODEL OF SPAN
REINFORCED CONCRETE STRUCTURE

General case of stress state in random sections of span concrete struc-
tures involves a joint action of longitudinal and shear forces and bending mo-
ments.

Fundamentals of modern ideas about the theory of strength of concrete
and reinforced concrete in the triaxial stress-deformed state were laid by
M.M. Filonenko-Borodich, G.A. Heniyevym, V.M. Kyssyukom, G.A. Tyupinym,
G.S. Pisarenko, A.A. Lebedev, T.A. Balan, S.F. Klovanychem, M.I. Karpenko and
his students, Dei Poli, K.H. Gerstle, H.B. Kupfer and others.

The appearance of modern computers as personal computers, made it
possible to solve problems with complex computational models by numerical
methods.

Let us consider the reinforced concrete rectangular section rod-beam
(Fig. 2.1) with constant stiffness by length, in whose computational sections,
there is a general case of stress state.

Fig. 2.1 Internal forces on rod’s random normal-section in its general stress-
strain state

We consider that the rod-beam is made from heavy concrete, which was
hardening in normal, natural conditions. Its reinforcement is random, in the
form of orthogonally directed working rods and mounting reinforcement along
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the axis z, transverse vertical (along the axis y) and horizontal (along the axis x)
reinforcements.

Let us consider the problem of determining the bearing capacity of re-
inforced concrete rod considering its central compression (tension), skew bend
with free or compressed torsion, the impact of structural factors and factors of
external action, nonlinear properties of concrete and reinforcement, a simple
proportional, small cycle constant sign and alternating loads.

The main hypotheses and conditions:

- Reinforced concrete rod element is stiff;

- Calculation sections normal to the longitudinal axis are considered;

- Relations between stresses and deformations in the concrete and re-
inforcement are set using full diagrams;

- thehypothesis of flat sections can be used during deformation of com-
pressioned (tensioned) bending RC elements;

- Shear stresses in the element calculation section at its free torsion are
determined in accordance with recommendations S.P. Tymoshenko
[14] in the editorial of I.A. Birger and J.G. Panovko [15];

- Shear and normal stresses in rod calculation sections in its com-
pressed torsion are determined by the decision of M.l. Bezukhov in
the editorial of Y.O. Shkola [16], [17];

- Concrete and rods of longitudinal reinforcement perceive normal oy,
0y, 0z and tangent Tu, Tz, Ty Stress;

- Transverse reinforcement rods perceive only tangent stresses t.x and
Tzy. Their distribution along the length of the rods is considered une-
ven;

- Phenomenological condition of strength of M.I. Karpenko and his stu-
dents [18] or V.M. Kruglov [19], [20] can be accepted as a criterion of
the destroying of concrete (macro cracks appearance);

- Before the appearance of macro cracks it is considered as equitable
condition of strain compatibility of concrete and reinforcement. Once
concrete is excluded from work and stresses in the section with crack
are taken over only by reinforcement;

- Reinforcing rods are excluded from work with the appearance of yielding
strains in them. As the criterion, the yielding condition of Huber-Mises-
Genk [16], is taken;
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- During the transition from stresses to generalized internal force factors, the
procedure of numerical integration of elementary internal force factors on
the entire area of calculation section, is applied. Thus, current section of
rod element is conventionally divided into separate small particle elements,
within which stresses are considered as equal.

According to the recommendations of G.A. Heniyev, M.I. Karpenko, S.F.
Klovanych and others, the strength of concrete in the coordinate system of the
main stresses o1, 02, 03 is described by the continuous, convex, symmetric
against octahedral normal stress ogo, and equally inclined to the said axes sur-
face plotted by the method of M. Filonenko-Borodich using the equation

f (G0 Toc:6.) = Toe = T01. (T ) [P(6,) =0 (2.1)

where O Toe ~ octahedral normal and tangent stresses;

¥ — angle of stress state type;
p(@c) - interpolation function between Ty (06 =60°) and Too

(ec =(0°), which is determined, as it is proposed by D.l.Bezushko
[21], by the formula:

o8) :[2accos¢9c +b£,lac(4cosz¢9c —1) +b :|/(4aCCOSZGC +bf) 2.2)

Where aﬁ' = 1 - cl‘z’ b(‘ = 20(‘ - 1’ cc = T()Z(‘/ralc .
Relation between octahedral stresses at angles of stress state type
6.=60° ta 6. =0° canbe shown as:

o, =Ar.,.+Br, +C, 0, =AT., +B,T

1% olc 1% olc

02c + Cl (23)
Factors A, A,,B,,B,,C, are achieved by the way of “binding” of

characteristic points in the surface of concrete strength. Using the experi-
mental relations of M.M. Bondarenko and V.I. Kolchunov, it is proposed to de-
termine them by these simplified formulas in author’s interpretation:

A =414/(f, = fu):

B, =(5.3812 + fufu 63812 ) /[ 4.24(f 1) |

A, =(4.091, -4.16£,)/(1L.20£] =2.20f, £, + £2): (2.4)
B,=(4.461} =2.04f, f.,, —0.7312)/(4.32£ =792, f.. +3.6012):

C ==H ==(0.82f,. £, )/(fic = fuu):
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where £ f - characteristic (design value f _ f ) concrete strength, ac-

cording, for compression and tension. With the formula (2.1), the surface of
concrete strength can, uniquely, be described, because it consists of coeffi-
cients (2.4) of five independent parameters of (its) strength, which correspond
to individual cases of stress state:

- uniaxial compression R =f, and tension p = L
” ) V4 ct

- biaxial compression R, OL2R . =1,2f, and tension
R2p D Rp = etk ’

- triaxial uniform tension R, =K D(O’82Rc mp)/(Rc _R,,)-

Angle of stress state type in rod concrete which is considered, can be
determined by M.I. Bezukhov [16] considering 5 = 5 =
X y

\/0' 20’ +9I' +I' +I' ):l

—arccos
2\/_ ] 2\/ Uzc/3 + Tx)'c + TZZ)'C + Tzz,\'c ) (25)

where D,,D,- second and third invariants of stress deviator.

g = l arccos [

Considering (2.1), (2.3) we will get:

_ A] 2 B]
= T, + r, +C
p*(6.) " p(6.) 1 (2.6)

Limit values of concrete strength (on the “surface” of strength) in the

oc

form of@'oc and foc are determined by solution of equation system:

r,.-1,=m,(0,-0,);

oc oc

___ A ., B _

= T, T +C,
p(6) " p(8) 1 (2.7)

where o, and r, - stresseson previous load level (at simple proportional

oc

loading o, =T, = 0);
m, - factor that characterized stress-strain state of concrete
Huber-Mises-Hencky condition of reinforcing steel yield [16] at
0x=0y=0 looks like:
72
o, +31 +31. 4312 = f) (2.8)

where f;[ — calculation strength of reinforcement on the yield limit considering



-23-

its decrease because of complex stress state compared with central tension-
compression.

According to recommendations of M.I. Karpenko [18] concrete deformation di-
agram at compression (tension) can be shown as:

g, _ o

—_ C —_

£ =€
’ EV, E.Q, (2.9)

where E, =&~ relative linear concrete deformations;

g,=0," normal stresses in concrete;

Ev? = Eco—initial concrete modulus of elasticity;

vb = {c—factor of secant concrete modulus of elasticity change.

Deformation relations for concrete, which is, in complex stress-strain
state, advisable to formulate as a link between octahedral stresses and defor-
mations. With next hypotheses considered as equitable:

- link between octahedral stresses TOC and shears on octahedral

planes Y, 1s nonlinear: r,. =G, (Vm) y,.. e G, (Vgc) - secant (octahedral)

concrete shear modulus;

- link between octahedral normal stresses og,. and average defor-
mations & _ is also nonlinear and can be shown as: a, :K(Vgc) [@g _ _pyjc),

where p. - modulus of dilatation (by G.O. Heniyev [22] - gm); K(y ) - mod-

ulus of volume deformations.

For determination of secant modules analogically to the hypothesis of
“single curvature of deformation”, it is advisable to use the hypothesis of S.F.
Klovanych and D.l. Bezushko, according to which the form of link between
stresses and deformations is not depending on the stress state type, i.e. link
between 7 = and y,. can be accepted similar to uniaxial compression and for

determination of secant shear modulus the relation EKB (Fig. 2.2)
G, (VM) =G, Of (Vo) proposed by Siense can be accepted. Here:
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Fig. 2.2 Concrete deforming diagram at triaxle stress state

where:
c=A(1-¢)/[&(n-1) -In | B=1-2C A=C+-2 £ =0/ 1, =085
,7r :V/Vr :1’41’ gzanc/fl‘k; ”:ync/Zc; /1 :E//]’

initial displacement module

G,=G,=E,/[2(1+v,)]: 0,=(0,+0,+0,)[3: ¢,=(¢,+&,+¢,)/3:

xyc zyc

r,, =1/3 \/(an_ - aﬂ_)z + (aﬂ_ - a_w_)z +(o,.-0,)+ 6(r2 +72 + r2)

Y, = 2/3\/(51(_ - 5_‘,0)2 + (é‘z(_ - E_W)z +(e,—e,)+ 3/2( Vot Vi + y2)

Considering 4 =g = for consideredrod: g =¢ /3;
Xc yc oc c

e.=e, /% 1, =30 v(2 42w ): =3 pE a3 e ) s

recommended to determine limit (maximum possible) shears y, on octahe-

dral planes by regression equation of D.l. Bezushko [21], received as a result

of processing of known A.V. Yashin and M.D. Kotsovos experimental data of

triaxle compression:

V.=7.97(z,./f.) +15.22(1,./ f,)-3,713 (2.11)
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Dilatation modulus of concrete by Heniyev H.O. [22]:
- — 12—
pc _goc __HC/AL‘ __(gxc +£yc +£217)Goc/4<fhk (212)
where BC,AC - respectively limiting volume deformation and intensity of con-

crete shear deformation at free shear;
fu™ characteristic (design foa ) value of limit stresses of coupling

which approximately is: fru=R,, =07 /RbRbr by V.M. Baykov.
Modulus of volume deformations is determined analogically:

K. (v,.)=K,Of (y)'),where K = E,,  -initial modulus of volume de-
12y,
formations.

Hence the secant modulus of elasticity £ and coefficient of transverse
deformations v_ of complex stressed concrete by M.l Karpenko [18], are de-

termined by:

E, =3K,.(1,.)G. (% )/[G.(v.c) + K. () ]
ve=[K. () =26.(n) {26 (v) + k()] 2.13)

Similarly, we can get the formula for secant modulus of elasticity at
shear for reinforcement steel and relations for diagram of its shear:
E,9 .
GS - 'sk™s ; TS - Eskﬂs K
[2(1+v,)] [2(0+v,)] (2.14)

where vs — factor of secant modulus of elasticity change.
Axial deformation in rods of transverse reinforcement and relative angle
deformation in adjacent concrete can be calculated by O.F. Yaremenko and

Yu.O. Shkola [23]:
gjw = }/j = }/L [1 +d E V (1 + VC)/(2ZSWECOUC)]_1

SWITSWE o Sw

(2.15)

Joint work of longitudinal and transverse reinforcement at reinforced
concrete calculations is considered by reducing the design value of yield limit
of longitudinal reinforcement by V.M. Baykov and Yu.O. Shkola [31] with re-
ducing factor ki:
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Fru=Fu \/1 =35k (crg’a/, +ergB/1L,) /[ 41+ v.) . (2.16)

where the value of reducing factor k:=0,08...0,10.

2.1 Calculation element cross section

Concrete part of rod cross section is conditionally divided on small parts
of rectangle form (Fig. 2.3), dimensions of which conform to the fineness of
largest concrete fraction.

Each of these particles is assigned a serial number. For each n particle
of concrete in calculation cross section, there are fixed coordinates of its cen-
troid relative to the centre of symmetry axes of section xcn, Yen, area Acn, char-
acteristic concrete compression strength fu«, tension strength fe, initial modu-
lus of elasticity Eco. Poisson ratio v.=0,2.

Location of rods of longitudinal reinforcement is taken discrete. Each
longitudinal reinforcement rod is assigned own number j, indicating its diame-
ter dsj, location of centroid relative to the centre of symmetry axes of elements
section xsj, ¥sj, characteristic values of strength on yield limit fy; (or fo2x), rela-
tive reinforcement steel deformations eu, initial modulus of elasticity Es; and
reinforcement grade. The Poisson ratio vs = 0,25.

Location of transverse reinforcement in the plane of calculation section
is taken as discrete too.

Horizontal and vertical rods of transverse reinforcement (stirrups) are
conditionally divided on separate areas, each of them assigned number i, are
arranged with concrete surface area Acswi and coordinates of its centroid in the
plane of calculation cross section Xswi, yswi relative to symmetry axes.
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Fig. 2.3 Particle components of the calculation cross section of the rod

Following vakues are set: characteristic value of strength on the limit of yield
fywk, characteristic value of tension strength fuwk, modulus of elasticity Esw, the
Poisson ratio vsw=0,25, characteristic value of relative deformations guwx, limit
or level of elasticity and transverse reinforcement grade.

On the element length the transverse reinforcement is considered as
distributed layer of area per unit length on its edge:

A= ﬂdszwi/(4si) (2.17)

where s; — step of transverse rods on longitudinal direction.
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Equilibrium equations.

+ZA .
=3 J

n=l1
"cn cn ZA J-s; i

+ZAJ X,

Jj=1

7( n

i

Lisw 1=2,3-4

k
g ZAT +2Ar S+ Z A0 i (2.18)

<
1

Lysw,i-4.2-3

k
y Z )C“ ZA/T')Y] + Z A)ml yswi
k
t()r mr tor tor
Z ( yen C" "V'” C" ) ZAS/ (T"\S/X T"XS/YS] )

xysw, 1.4

ASWI (0. X t{)r a. X tor)
=1

<
1

l

ys wi XSWi SwWi

where ozcn — normal stresses in n particle of concrete section;

0zsj— normal stresses in j longitudinal rod;

Txen, Tzyen — tangent stresses in n particle of concrete section;

Taxsj, Tzysi — tangent stresses in j longitudinal rod;

Oxswi, Oyswi —normal stresses in on i piece of, accordingly, horizontal and vertical
transverse reinforcement.

Normal and tangent stresses:

azml = Elezmlgzml; szml mlﬂzxmlyzxml ,

szml = Gmlﬂzymlyzyml; Txyml 19 'mlyx}m] (2.19)
where Z— factor of secant modulus of eIast|C|ty of concrete Emichange;
& - factor of secant shear modulus G change;
m = c for particles of concrete section; m = s for rods of longitudinal
reinforcement; m = sw for rods of transverse reinforcement;

I — number of concrete or longitudinal reinforcement rod particle;
i—number of transverse reinforcement rod particle.

Generalized linear and angular deformations determined by the hy-
pothesis of flat sections, H. Han solutions of theory of elasticity [24] at bending,



-29-

Y.0. Shkola functions of stresses distribution at constrained torsion and Saint-
Venant functions at free torsion:

gzml :£0+XXXITII ) ml +ﬂ€¢(X,;UI”Yn:‘;’
yz,x;ml = Kxg,\'ml + Kh +g fmzl

yzym/ = Ky g yml + Kxhxml 02 fzym/

yml

yxym[ = _gz fxyml (220)

where Ey axial relative deformation of element along axis z;

Xor X, ™ bending curvatures in planes of moments Mx, My accordingly;
K. K i~ shear curvatures in planes of shear forces Vy, V), accordingly;
02 — relative (per unit length) angle of twist if rod unit length (rad/m);

¢(X;:[’Y,;7r) - Saint-Venant center of twist related torsion function;

B;—factor of section deplanation, which, for constrained torsion, is determined
by the formula: g =pe™

where n — Yu.0. Shkola compression factor [17];

z—distance along element axle to the closest rigid fixing. At free torsion B =1
8ami’ &y’ Mowr b, — H-Han functions of angle deformation at transverse

bending distribution;

4 m xym. .
f)ml (H I}; ) f\ml ﬁm;f)’ f,nml (H E;ml) - funCt|0n Of tangent

stresses at free and constrained torsion distribution.
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General physical correlations:

Developing ideas [25] with considering the shear force action, general
physical correlations for calculation cross section of reinforced concrete rod
took the form:

N~ Dll D12 D13 0 0 D16 &
M‘ D21 D22 D2’% 0 O D26 X}’
MA - D31 D32 D33 0 O D36 /Yx
V., 0 0 0 D, Dy Dyl|K,
Vy 0 0 0 Ds, Ds Ds Ky
Txy | Dy Dy Dgs Dgy Dgs D |6 (2.22)
or {N} =[D]{e}.
where D11 — axial stiffness of element:
k m
D = Acn Eu an + A.Y'E.s\'(m' /l//&
! 21 ’ ; R (2.22)
D22, D33 — bending stiffnesses in planes zox, zoy:
k m
D22 =ZAmE00anan2n +ZAJ/'ESJ'ZZS_/'X52/'/¢IJ/'
n=1 j=1 (2.23)
k m
D33 = Z AmECOanYci + z As/'EstZsjYJ/? /(/IJ/'
n=1 j=l (2.24)
D3 — stiffness of mutual influence of bending in two planes:
k m
D23 = D32 = z AczzEuOananzzzYc?z + z AsjEstzstA?jY.; /l//sj (2 25)
n=l Jj=1 .

D12, D13 — stiffnesses of influence of longitudinal force on bending and bending
moments on element elongation:

k m
D12 = D21 = Z AmEuOannXm + z AsjEsj(ijsj /l//sj
n=1 j=1 (2.26)

k m
Dl3 = D3l = ZACVIECOVIZCVIYCV! + ZAS_/'EJ/'ZZJ/'YS_/’ /wsj
j=1

n=1

_ (2.27)
Daa, Dss — stiffnesses of shear in planes zox, zoy from shear forces action:
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k cOn wgnn YJ JV/ng Loy s
Z [2(1 tv )] Z [2(1 + V, )] IZ:; ASW" ESngm‘igxswi,c (228)

n=l1

> Ao Eeon "”g)‘" 5] wgw &2
z:1 [2(1 +v, )] z [2(1 Ty )] Z:I: A EWZ”.W,- 8 yowic (2.29)

n

Dass, Dsq — stiffness of mutual influence of bending in planes zox, zoy:
_ - ALE 0 F ol A, Ev’?«whw e
= cn cun zxen - xen A?wi ESWZXNWi h“wi .
2 [2(+v,)] Z [2(1+v ) Z ‘ “(2.30)
AE S h

= o AaEeon zyen ' “yen A] th Lov.y
R CH I ¢ Ty oL LN

n

D16, D26, D3s — stiffnesses of influence of torsion moment Ty, on elongation and
bending curvatures in planes zox, zoy, longitudinal force N and bending mo-
ments My, My on shear in plane xoy:

Dy=D,= 2 L EoloBHXT )+ ZA‘,EXZVM(X::’,Y:’) LI

Dy =D, = z El X8 ¢(X:;2Y;:') S AEL X BT Y g,

Jj=1

(2.33)

Dy =Dy =Y AE LY BANXT Y S AL VB Y,
n=l j=1

(2.34)

Dss, Dse, — stiffnesses of influence of torsion moment T,y on shear in planes zox,

zoy and shear forces Vx, Vy on shear in plane xoy:

k
= = m LOVI xrnf)m &IEAjﬂz/\'ijZ/\—Xj =
T T R = e ML E
(2.35)
_ k m c[)n xm.f}c,, + uJ A EYJ }V s + A E h
”2:1: [2(1+VL)] Z_l [2(1+ )] Z swi vw(}vwz Zyswi ¢
(2.36)

Des, — stiffness at rod torsion in plane xoy:
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AmELOnﬂmn S A

D, E}Pﬂ:—ﬂ%mwxx Fan X2 ) E:ﬁhi“ﬁ(wx7—fwxy)+

n=1

tor tor
+ Couilr -/ )
Auu Esw xyswi zyswi Xsm ZXSWI XMH

(2.37)

where (s — V.. Murashev factor:

Y, =1-awo, /0, (2.38)

where gs; . — stresses in B j rod at the moment of crack appearance;
osi — current stress in j rod of longitudinal reinforcement;
@ - factor of completeness of diagrams of tensioned concrete,

w=0,7.

It is believed that physical correlations (2.22)...(2.38) are valid on all
stages of stress-strain state of rod reinforced concrete elements of rectangle
section at their simple proportional loading.

On any loading stage the deformation vector

{g=[D]"{M (2.39)

The flowchart of algorithm of bearing capacity of reinforced concrete
rods of rectangle section with arbitrary orthogonal reinforcement determining
[26] is shown in Fig. 2.4.

Algorithm consists of block of source data input, main part, auxiliary
routines of conditions of load vector increasing check, bearing capacity exhaus-
tion and calculations printing block.

On every loading stage the calculation is performed by performance of
some quantity of iterations to the time, while the accuracy of all components
of the deformation vector would not meet some predetermined value, i.e. until
execution of condition:

(e}, -{e}.-)Aeld, <} (2.40)
where {e}» — deformation vector, calculated on n iteration;

€}n-1 — the same on previous n-1 iteration;
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{n} — accuracy vector, combined of pre-set accuracies for each compo-
nent of deformation vector.

Consistently increasing the vector of given ratio forces acting in rod, the
bearing capacity of reinforced concrete rod can be determined. As a limit load
maximum force vector {N} is applied, at which the system of equations (2.21)
has a solution, i.e. matrix determinant [D] is not zero (with some pre-set toler-
ance naet) or reinforced concrete road bearing capacity is considered exhausted
if

det[D] <7, (2.41)
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2.2 Conclusions on chapter 2:

1. Accepted in general case, nonlinear deformational model of rod con-
struction allows to form the work union of reinforced concrete mechanics, that
considers features of mutual work of concrete and reinforcement on all stages,
including destruction. It can be used at design or strengthening of beams,
cross-bars, columns and elements of girder frames of rectangle cross section
and at check of bearing capacity of existing rod reinforced concrete structures,
which are working in conditions of complex stress-strain state, including small
cycle permanent sign load;

2. Prediction of cracking on the faces of reinforced concrete rod and
checking concrete strength advisable to perform by three-level criterion of
V.M. Kruglov or five parametric criterion of M.l. Karpenko, his students and
followers;

3. Crack appearance in concrete is considered by excluding from calcu-
lation that particles of concrete, which spatial stress-strain state does not sat-
isfy criterions of strength.
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CHAPTER3  RESISTANCE MODEL OF PREFABRICATED CONCRETE ELE-
MENTS FOR THE PERMANENT CYCLIC ACTION OF THE TRANSI-
TIONAL FORCES OF HIGH LEVELS

In the current design standards, the calculation of durability in bay rein-
forcement concrete structures is performing under the assumption of concrete
elastic work. Calculation of sloping sections is performed under the assumption
that main tension stresses, which appear on the level of centroid of trans-
formed section, should be fully carried by transverse reinforcement at stresses
in them, which are equal to calculation resistance of transverse reinforcement
fsw, multiplied by condition load effect factor ysw, in elements without trans-
verse reinforcement — by concrete at stresses in it, which are equal to concrete
calculation tension resistance fad, multiplied by an appropriate condition load
effect factor y..

Such calculation approach contradicts the real work character of inelas-
tic work of reinforced concrete elements, and does not display reinforced con-
crete behaviour features in the zone of transverse forces actions at cycling
loads, does not display real stress-strain state, does not consider the ambiguity
of transverse forces perception by different elements at different shear bays
and character of fatigue destruction crack appearance and propagation, does
not consider or take into account indirectly the influence of a number of con-
structive factors and factors of external action, which ultimately leads to a sig-
nificant difference in the calculation and experimental data.

Researchers’ main attention is paid to the study of durability and stress-
strain state of normal sections of elements which are bent, to the durability of
concrete and reinforcement and their deformability at second loads. During
these researches a lot of experimental data has been accumulated, and a num-
ber of practical methods of normal section calculation in the zone of structures
pure bending have been proposed.

Despite the large number of experimental and theoretic researches of
reinforcement concrete elements resistance to the transverse forces action at
static loads, the problem of reinforced concrete resistance to the second loads
action remain mainly unexplored.
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Theoretical researches of development of physical models of bending
reinforced concrete elements fatigue resistance to the series action of trans-
verse forces and calculation methods on its base, are almost missing. There-
fore, the development of physical models of fatigue resistance and destruction
of near support parts of beams, which correctly shows their real work consid-
ering real element concrete and reinforcement deforming at different shear
spans and corresponding methods of their calculation, has just started.

Complexity of results of previous researches in the field of reinforced
concrete elements resistance to the action of transverse forces at static loads,
and durability of concrete and reinforcement in normal sections of reinforced
concrete structures considering their real deforming, had created objective
conditions to design the science basics of the theory of fatigue resistance of
their near support places to secondary action of transverse load.

3.1 Model of reinforced concrete elements resistance with no shear
span reinforcement

0.S. Zalesov, Yu.A. Klimov, L.T. Mirsayapov [27] and others, identify
main forms of fatigue destruction of reinforced concrete elements depending
on the relative shear span co / ho: elements with zero shear span (co / ho = 0),
with small shear span (co / ho £ 1,2), with middle shear span (1,2 < co / ho < 2)
and with large shear span (co / ho > 2). Their researches, using thermal imager,
have shown that in elements with co / ho < 1,2 occur local stress strips between
points of applying of concentrated force and beam support, within which fa-
tigue destruction occurs. With the subsequent decrease of relative shear span,
limit state occurs, when co / ho =0 i Mmax = Qmax = 0, i.e. force action lines and
reactions converge and local compression occurs, which can, also, be included
into general system of reinforced concrete elements resistance to the trans-
verse forces action.

It is obvious that for each of indicated groups, a method of strengths
and durability calculation of near support places of reinforced concrete ele-
ments considering the value of shear span, should be developed. Contrary to
the normative method, it should be based on physical model of their fatigue
resistance to mutual action of transverse forces and bending moments. Con-
struction of the settlement machine is carried out considering real stress state
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of the elements, all internal forces and influence of the most significant factors
on their fatigue resistance. Durability calculation is carried out by classic
scheme: on the base of physical models, internal forces and stresses in specific
sections are calculated; determining the limits of concrete durability and rein-
forcement durability, its anchoring; conditions of endurance are checked.

In contrast to technique standards, stresses and factors of stresses
asymmetry in concrete and reinforcement, are determined considering their
change during cycle loading as a result of extension of deformations of vibro-
creep of compressed concrete in conditions of limited deformation capability.
Limits of durability (objective fatigue strength at cycle and small cycle load) of
concrete and reinforcement should be determined by appropriate criterions of
fatigue strength considering appearance and extension of fatigue micro- and
macro-cracks, nonelastic properties of concrete, real deformation modes of
concrete and reinforcement as a part of a structure.

Despite the number of theoretic and experimental researches of con-
crete and reinforced concrete resistance at local static load action, in literature,
available to author, there was no information about concrete and reinforced
concrete behaviour at local action of repeated load. Thus, in domestic design
standards there are no clear recommendations about the calculation of rein-
forced concrete elements at local cycle compression load, particularly with
zero shear span.

Relying on researches, carried out by V.G. Donchenko, O.S. Zalesov,
V.G. Kvasha, M.M. Kholmyanskiy, |.T. Mirsayapov [27] and other, physic model
of fatigue resistance of concrete at such load can be represented as following:
at local compression of concrete element, cross-directed force flow occurs be-
tween load areas, limited by dimensions of load areas. Stress state inside this
flow is heterogeneous, since after applying the repeated load on flat element
under load areas of limited width, friction forces between these areas and con-
crete surface appear, through which, impacted volumes in the form of wedge
(Fig. 3.1, a) with edges appear in concrete, inclined to the area of load transfer
with an angle that is equal to the angle of inner shear of concrete ¢ (Fig. 3.1,
b), and inside the wedge stress state “compression-compression” (

max

o (1), JZW(;)) is forming. Wedge displacements as a solid and its “wedg-

ing” in environing concrete cause appearance of thrust and, as a result, splitting
(tensile) stresses ore (1) between vertexes of impacted wedges. Along the



-390-

edges of wedge the condition of pure shear is realized and tangential stresses
appearz e (r). As a result of pressure of these wedges of impact as a solid on

environing concrete, compression stresses appeared in it too o (1) (Fig. 3.1,

c). The compression core with width of /es, less than width of load area lio, ap-
pears in the middle zone, between vertexes of impacted wedges in elements
with dimensions H < 1,5L and li.c / H > 0,2 by results of B.S. Sokolov researches
[28].

At the cycle load of concrete, fatigue destruction and nonlinear deformations
of vibro-creep, are characterized by the appearance and extension of cracks of
normal rupture. At the initial stage of loading, after the excess of the average
compressive stresses g "4 (g of the initial level of formation of microcracks

in concrete elements, there are microscopic fractures of the concrete separa-
tion. With the increase of the load level or the number of its cycles, the mi-
crocracks of the separation in the middle of the concrete element between the
tops of the sealing wedges are first developed, which are then connected,
forming a fatigue macro crunch, parallel or with a slight inclination to the line
of external compressive forces (the main compressive stresses). When the total
length /(t) of fatigue macro crack of detachment reaches critical length /., and
the dynamic development of main detachment macro crack starts, that, in
some circumstances, leads to ultimate destruction of compressed concrete el-
ement. Research of the destruction surface of concrete elements shows, that
the ultimate destruction occurs due to shear by inclined areas under load ar-
eas, i.e. by maximum tangential stresses. Wherein, the volume is separated
from the main mass wedge. It is “impact wedge”. The surface of wedge is une-
ven. Concrete is not destroyed inside the wedge and beyond its borders.
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Fig. 3.1 Model of concrete deformation at local compression by repeated load (a),
stress and forces distribution in compressed elements with zero shear span at
cycle load at lloc /H< 0,2 (b) and lloc / H> 0,2 (c)
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Thus, the criterion of fatigue destruction of concrete at local repeated

compression can be shown as or (1) > f (1), Where ¢ J ey (D) 1S the ob-
c ¢ cd ,rep

ed ,rep

jective (residual) concrete strength in compression force flow of stresses at cy-

cle load at the moment of time t; o"*(¢) is maximum compression stress of
c

cycle from external load at the moment of time t.

So, as a result of wedges pressure on environing concrete stress state
“compression-tension” between the vertexes of wedges appears, inside the
wedge — “compression-compression”, along the wedge edges the condition of
pure shear is realized. In this case, on the one hand, up to fatigue failure all
components of the stressed state remain less than the estimated resistance of
the concrete at a one-time static load, that is, I (1) < fop? and on the other

hand, even at external fixed cycle load (Pmax; p = const), stressed state in con-
crete and reinforced concrete elements is unstable (nonstationary), i.e. at re-
peated loading there is a continuous shift of stress-strain state of elements in-
side the compression force flow, formed between areas, through which, the
load is transmitted. The reason for this is intensive extension of vibro-creep
deformations €101 in compressed concrete along the axle of compression force
flow.

Based on kinematic compression model of S.M. Krylov, L.N. Zaycev, I.S.
Ulbiyeva [29], model of concrete deformation at local compression by repeated
load can be shown Fig. 3.1, a, according to which, as a result of intensive ex-
tension of vibro-creep deformations of compressed concrete, there is a dis-
placement of impact wedges in the vertical direction on value

0,5H
A= [ &c(h)an
0,5/, cos gsin g (3.1)

At vertical wedge displacement, along the axle of compression force flow on
value Ac , transverse displacement in concrete in the middle zone will be

0,5H
Uy, = | & (h)dn Dtg
0,5/, cos g sin ¢ (3.2)
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And shear of concrete along the edges of impact wedge:

0,5H 1
Desp = I e (h ) dh Eéﬂ
0,50;,,. cos @sin @ (3.3)

Transverse displacement Uy calls causes uprising of additional tensile stresses
dd x . . o .
o444 (1) = f, (vy,) 1N concrete and shear, uprising of additional tangential

dd (,} = i incre-
stresses radd (;)= f, (a,,,) inconcrete along the edges of wedges. At incre

ment of numbers N of cycle loads, vibro-creep deformations 1o 1l of con-
c.p

crete increase. In turn, they cause enlargement of residual tensile stresses

o'add([) and residual tangential stresses rifd (1) in concrete, which are dis-
tributed relatively evenly and have the same sign as initial stresses o (1)

T (10) at first load, to maximum level of series load Pmax. It is obvious that

total stresses onax (1) = gnax (’n)+ Gézéitd (t) and rlnéux (t) - leéax (ZO)+ Tlazdd (t)

Stresses enlargement at repeated loads occurs not just at maximum value of
. of
external load, but at minimum, too. Thus, the actual factors of asymmetry

stresses series in concrete Py and Pry do not converge with thef ;
actor o

asymmetry of external load series p = Pmin / Pmax. As the number of cycles and
load levels increase, continuous increasing of maximum splitting normal
O3 () and tangentialTl”ﬁm(l)stresses in concrete and their factors of cycle
Py and o; ) )

asymmetry ~92ct 12 occur. Concerning this, based on the models of
splitting of I.A. Rokhlin [30] and O.S. Zalesov, V.N. Sakharov, A.V. Starchevskiy
[31](3.1)...(3.3) Fig 3.1, a. the distribution of current stresses at repeated loads
in concrete elements with dimensions H < 1,5L and loc / H < 0,2, can be repre-
sented as Fig. 3.1, b. Based on the compression model of B.S. Sokolov [28], the
distribution of current stresses at repeated loads for concrete elements with
dimensions H<1,5L and li.c / H > 0,2, are shown in Fig. 3.1, c.

Due to longitudinal fatigue micro cracks forming, following concrete re-
sistance to destruction depends on concrete’s ability to resist the extension of
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fatigue micro and macro cracks. For analytical description of fatigue destruc-
tion process and changing of fatigue strength of the concrete, it is expedient to
use the destruction mechanics methods. Based on this, it is necessary to make
up the equilibrium equation of forces at the moment of time t for evaluation
of the objective (residual) strength at cycle loading, i.e. limit of durability of
concrete element at local compression. For concrete element with dimensions
H<1,5Land lic / H<0,2 (Fig. 3.1, b) — conditions of equilibrium of vertical and
horizontal forces for half-wedge ABO, and the condition of horizontal forces
equilibrium for vertical section OO; in elements with dimensions H < 1,5L and
loc / H> 0,2 (Fig. 3.1, ¢). As a result of impact wedges pressure as a solid on
concrete, that environs it, compression stresses are appearing o™ (1) in it too.

Consequently, in the core of force flow, there is compression force in concrete

N1c, which must be considered in stated conditions of equilibrium.

Due to uniform distribution of maximum actual stresses o (1) e (1)
2ct 12

and o (1) in the process of cycle loading, and geometric dimensions of com-

pression models after simple transformations, we get the analytic expression
of the objective (residual) strength of concrete in compression force flow at
cycle loading at the moment of time t, that is considering:

— cdf Elgt
t)=——FF—— 18P X
Jed.rep® (t, T) (l) o cigp
-1
1
+
E

c

= cal 1
x A-BIG, I, QQK,{@WJHIW[EC(T)WE(LT)}?

lo (3.4)
where 4 =1 and le/sin2¢ - for concrete elements with dimensions of
H<1,5L and lioc / H < 0,2, and for concrete elements with dimensions of H >
1,5L;

A:c052¢ and B =ctg2¢ - for concrete elements with dimensions of H < 1,5L
and loc / H>0,2;

h:— tensioned zone length;

1
I, :77((2@ - 11) g8, - (28, - 1) g8, )
Ae G, =arctgsingcos@, 5 _
K

H .
arctg —
lloc
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As can be seen from Fig. 3.1, ¢, the limit of durability (objective fatigue
strength) fed, rep(t) of the concrete at local cycle compression, depends on criti-
cal factor of concrete stresses at repeated load Kcs(t) at the moment of time t,
which is considered, on fatigue separation crack length /(t) inside the compres-
sion force flow at the actual moment of time and deformation properties of
concrete, and depends on the angle of internal concrete shear ¢, elements di-
mension ratio H/L and load areas to element height ratio 6 = lioc /H. Since the
critical ratio of concrete stresses intensity at cycle load goes down, and the
separation fatigue crack length inside the compression force flow increases and
inelastic deformations of concrete with cycle numbers enlargement increase,
the objective strength of the concrete has a variable value.

It is obvious that the presence of reinforcement affects the nature of
extension of separation cracks, nature of compressed strip destruction and the
value of objective strength fcq, rep(t) at local cycle compression load.

As a result of joint work of concrete and reinforcement repeated load,
due to vibro-creep of compressed concrete, additional (residual) stresses ap-
pear and accumulate in the reinforcement. Accumulation of residual stresses
in concrete and reinforcement that are equal by sign with initial stresses, leads
to the increase of actual stresses in concrete and reinforcement and their ratios
of cycle asymmetry. Even at continuous (stationary) external cycle load (Pmax;
p = const), with an increase of its cycle amounts, there is a continuous increase
of maximum stresses oM (1) and ratios of cycle asymmetry Py () In vertical

compressed reinforcement As;, maximum stresses ;max () and ratios of cycle
asymmetry ps(t) in horizontal reinforcement As. They are located in the middle
zone between vertexes of impact wedges. Increase occurs in maximum tangen-

tial stresses z-gm(;) and their cycle asymmetry ratios pr,, (1) in the concrete

along the edges of impact wedges, and forces in horizontal reinforcement Asg,
that are crossed by shear area along the edges of impact volumes and maxi-

mum tangential stresses lerax(t) in them and asymmetry factors ps:(t).

The base of fatigue resistance of reinforced concrete element model at
local compression, serves the model of fatigue resistance of the concrete ele-
ment. Its geometric parameters and principles of formation converge. Stress
distribution in concrete of reinforced concrete element as at first load, and at
the process of cycle loading, is taken into account. Concrete deformations
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schemes are the same as in concrete elements (Fig. 3.1 a, b, c). External con-
crete resists to vertical displacement of impact wedges in reinforced concrete
elements. The vertical displacement of the seal wedges in the reinforced con-
crete elements rests around the concrete, and the effect of the horizontal and
vertical reinforcement in the above-mentioned equilibrium conditions for the
semi-wedge ABO and for the vertical section of the OO (Fig. 3.1, b, c) is taken
into account in the form of forces in the reinforcement
N (1) " (1) N (r)

Here from, we get the analytical expression of objective strength of re-
inforced concrete in compression force flow at cycle load at the moment of
time t:

N e N O (1A [1()+(i-05)8  [1(r)-(i-0.5)B\|
Jet e )_JW/T(gt) w(z){ koo (1) gbu/ﬁ(z)<\] 1(1)-(i-0,5)s \/l(z)—(i+0,5)5‘>}

6EJ L1
3
E a
bld, 4= 1,4 =
[Ecs %/ECEEL +L5</;D

x L +c;k|:'n|lg{am'/u+j[a{l +qt,1')‘|af
E e s 1| £, (1)

x| A= G,LB+ +C

-1

t

(3.5)
where A, B — see explanations (3.4); C = 0 — for reinforced concrete elements
with dimensions H<1,5L and lioc / H< 0,2, and for reinforced concrete elements
with dimensions H < 1,5L and lioc / H > 0,2; oM (1) and s — actual stresses in

horizontal tensed reinforcement and its step.

For durability provision for concrete and reinforced concrete elements with
zero shear span (ao / ho = 0), i.e. at local compression, it is necessary to deter-
mine the compression stresses ol (1), which appear inside the compression

force flow, and limit them by concrete (or reinforced concrete) durability limit
at local compression fu, rep(t) for given mode of cycle load, i.e. inside the com-
pression force flow, it is necessary to provide the condition of durability:

Oﬁ’]ax(t)s]%d,rep(t) (3.6)
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Since the extension of vibro-creep deformations €i¢, pr in compressed
concrete in the direction of stress action ;max ) is going in free conditions

and nothing interrupts their extension, we can accept 510000 (1)=0 and, thus,

actual compression stresses gi?ax([)= aﬁm(to) at first load. Ratio of stress cycle

asymmetry is equal to ratio of asymmetry of external load cycle, i.e. pc =p =
Pmin [ Pmax. Limits of concrete durability are determined by (3.4) or (3.5).

3.2 Reinforced concrete elements resistance models with small, mid-
dle and large shear spans

Further researches of authors and I.T. Mirsayapov [27] and other have
shown, that at co / ho > 2 fatigue destruction of near support parts of bending
elements occurs with the appearance of critical inclined crack, whose location
is connected, not only with points of external force applying and support reac-
tion, but with internal force factors, which occurs in shear span (moments and
transverse forces). At 1,2 < co/ ho < 2 destruction of near support parts of beam
elements at cycle load has little similar signs of destruction of elements with
small and large shear spans. In this case, internal force factors and local con-
centrations of stresses in corresponding zones near points of external concen-
trated forces, influenced the behaviour of appearing and extension of cracks
and fatigue destruction in this zone at indicated load.

The feature of “long” bending reinforced concrete elements work at
small shear spans (ao < 1,2ho) appears on local stress strips, connected with
points of concentrated forces applying, within which fatigue destruction oc-
curs. This feature of usual reinforced concrete beams with small shear spans
joins them with “short” (high) elements. In both cases, this feature occurs at
small values of relative distance between the forces, applied to the element.

T.l. Baranova, O.S. Zalesov [32], B.S. Sokolov [28] and other, consider
that for practical calculations of “short” elements, the simplest solution of the
problem is formation of calculating model as a frame-rod system (FRS), which
consists of inclined compressed strips and tensed bottom, and compressed top
reinforcing zones, which enclose at points of concentrated forces and support
reactions applying (Fig. 3.2).
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Fig. 3.2. Formation of force flows in usual (“long”) beam with small shear spans at
repeated load (a) and its frame-rod analogue (b)

Frame-rod analogue is widely used in the practice of reinforced con-
crete structures design abroad. In the last 30 years, in our country a lot of ex-
perimental and theoretic researches on the development of calculation models
of short elements at static load in form of frame-rod system which confirmed
its usability even at static load of experimental beams with shear span ao <
1,2ho, have been performed.

The principle of calculation model development is in determining the
compression stresses in inclined force flows and tensile stresses in horizontal
flow, intersection of which creates a system which can, conditionally, be called
as frame-rod model of short elements. Main parameters which determine cal-
culation inclined strips are dimensions of load lé(,;’l’, and support l,l;‘;’ areas, un-

der which flows of compression stresses are forming. The smaller the sizes of
areas, the highest trajectory density. So, support and load areas form an incline
strip and its width at top and at bottom. The angle of incline of main compres-
sion stresses flow, approaches the angle of line incline which connects centres
of applying of support reaction and external concentrated force.

It is obvious that in the process of modelling of near support area of the
concrete, element works at small shear spans using frame-rod analogue and it
could be considered that its fatigue strength is determined by durability of
every FRS element: inclined compressed strips and strength of tensed rein-
forcement. Fatigue destruction of tensed elements zone occurs as a result of
fatigue rupture of longitudinal reinforcement at place of intersection with in-
clined crack, or as a result of violation of reinforcement anchoring by inclined
crack. Thus, occurring stresses should be limited by values of objective con-
crete and reinforcement strength at cycle load (durability limit) and its friction
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between themselves, i.e. for provision of durability of such reinforced concrete
elements, it is necessary to follow the durability conditions:

A1) fedrep®” T2 (1) S Fydgurep )
a7 (1) = fyd.an® (3.7)

where ;max (r) ~ compression stress on compressed force flow;
c
oM (1) ~ actual tensile stresses in most loaded fibres of longitudinal rein-
5,8

forcement in the place of intersection with inclined crack;
o™ (1) ~ actual (maximum) axle tensile stresses in longitudinal reinforcement
S

in the place of intersection with inclined crack;

(t) - limit of concrete durability at local compression;
fcd,rep

fyd () ~ limit of reinforcement durability on tension;
Jydq,rep

Fod-an(®) ™ limit of longitudinal reinforcement anchoring durability.
Jyd,an

Experimental researches [27, 28, 32] have shown, that stress-strain
state inside the inclined compression force flow, is the same as in flat-stressed
elements at local load. Thus, for evaluation of fatigue strength of inclined strip,
the model of fatigue destruction at compression and equations of objective
(residual) strength of the concrete and reinforced concrete at cycle load, can
be used. Wherein, if axle “1” (Fig. 3.3) is directed along the longitudinal axle of
inclined compression force flow, and axle “2” in orthogonal direction, and use
the same designations as in elements with zero shear span, stress state inside
the inclined compressed force flow can be represented as Fig. 3.3.

Since the vibro-creep deformations €1 pr extension in compressed con-
crete in the direction of stresses a2 (10) action, as at local compression, oc-

curs in free conditions and nothing interrupts its extension, we can accept that

ol (1)=0: o (1)=0: I (1) = o (1g): X (1) = oM (1), @nd

s
i oM™ (1) slightly simple determines at first load from the conditions of equi-
s
librium on the base of fatigue resistance model.
Because stress-strain state inside the inclined compressed strip and the
behaviour of its fatigue destruction are analogical to stress-strain state and the
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behaviour of fatigue destruction of flat-stressed elements at local load action,
expression for determining the objective fatigue strength (limit of durability) of
inclined compressed stripe at the moment of time t by analogy (3.4) and (3.5)
takes the form:

2 NG
L@ = co R | Ppzipe=

a) “l \ : 4;//

| N Tiz. B
\\ Nmax (po-}’éax
L 2% K« o=
"< : o4 S 10.1”'5'“ :;fc g ',L -
e O 2 O-h;mx "
Imax Oic (0 2t
X s o

Fig. 3.3. Physic model (a) and calculation scheme (b) of bending reinforced concrete
element resistance with small shear span at joint action of transverse force and
bending moment
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(kaf (1) + Ky, (£) cos a) 0, ctgd
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fcd,rep(t) =

X{ Ay =y GeLeByy, +
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(3.8)
where g. (;) - stress intensity factor which characterizes influence of trans-
sw

verse reinforcement on crack extension inside incline compressed flow;
a — angle of compressed strip incline;

A= 1, B, :1/Sjn2¢ - for reinforced concrete elements with load areas sizes

Isup / h < 0,2; AHR = cos’p, BHn = ctg’p — for reinforced concrete elements with
load areas sizes lsup / h = 0,2; in elements without transverse reinforcement

Ky =0

Multi-cycle fatigue of reinforcement is characterized by appearance and
extension of fatigue cracks in it. The formation of fatigue cracks occurs as a
result of intensive plastic deformation of reinforcement steel in local volumes
of stress concentration in reinforcement, main source of which, is its periodic
shape. It leads to significant closed hysteresis loops, whose area is equal to en-
ergy spent by one cycle of the load. After plastic deformations are exhausted,
micro cracks appear in these local volumes, one of which can transform into
the main crack. Following the enlargement of cycle numbers, extension of the
main crack up to the critical size, occurs. Thus, for analytical description of fa-
tigue destruction process and change of fatigue strength of steel reinforcement
in reinforced concrete element at repeated loads, methods of destruction me-
chanics are used. The durability limit (objective strength of longitudinal rein-
forcement at the moment of time t, at the place of its intersection with inclined
crack in conditions of flat stressed state becomes:

Frs =0y Kooy 0¥ 0 0007 B0+ K5 0) 9)

S
(3.10)
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where Ogpmax’ Ts.max normal stresses in most loaded (tensioned) fibres and
tangential stresses in longitudinal reinforcement in the place of its intersection
with inclined crack;
[S (r) -length of fatigue crack in reinforcement at the moment of time t;

Kyep ™ critical factor of reinforcement stresses intensity at repeated loads at
5¢

the moment of time t;
o, —temporary steel resistance to rupture;

EPleC - residual plastic resource of steel.
p

Process of multi-cycle fatigue anchoring of reinforcement is character-
ized by the appearance and extension of fatigue cracks in the contact zone be-
tween the reinforcement and concrete. If the clutch stresses of reinforcement
and concrete 1y are high, and these stresses are larger than limit of durability
of the clutch, i.e. condition 1y / Trep > 1 is true, generation and extension of
through (inner) fatigue cracks in the contact zone between the reinforcement
and concrete occur. As it is shown in researches by B.Broms, |. Goto [33], M.M.
Kholmyanskiy [34], M.l. Karpenko [18] these through inner cracks form cone-
shaped volumes. Indicated cracks permeate into concrete thickness, which
crumples under these protrusions. Thus, objective fatigue strength of the con-
crete under protrusions and forces of clutch of reinforcement protrusions with
concrete, should be determined as function of cone-shaped crack length /(t),
which is permanently increasing with increasing of load cycle number. How-
ever, for analytical characteristic of process of fatigue destruction of contact
zone, and for change of fatigue strength of longitudinal reinforcement anchor-
ing at repeated loads, it is also expedient to use methods of destruction me-
chanics. Then, the limit of durability (objective strength) of longitudinal rein-
forcement anchoring at the moment of time t is determined by:

LSa ¢, .
Fst anrepy =Kot (t)dg¢[co ¢ ) ¢ singeos ¢]X

k k

x(d +2¢, +(0,75a - 0,5¢,ctg , sin ¢ cos §))x

x(1,5(1+sinar)—M)BW4€;MX (3.11)
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<A X5, (d +2¢,)sin 24, sina, ) ' x
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where ASh:O,Scos¢{d+26 +
——r »

A (d+q)

4 - rod diameter;

O,Scrsin(¢—¢k)};

sin @y cos @

Cri$eQ, = accordingly height, step and angle of incline of reinforcement pro-

trusions;

a — concrete cover;

LLy~ the length of reinforcement fastening in concrete and plastic place of
i

this fastening;
S - angle of wedge under reinforcement protrusions;

l(t,r) - length of fatigue crack in concrete under reinforcement protrusions

at the moment of time £.

During cycle loading under the influence of high stresses of concrete
crumpling under the reinforcement protrusions, there are intensively extents
deformations of vibro-creep. With enlargement of load cycles number N, due
to concrete vibro-creep under reinforcement protrusions which surrounds
them, increasing of displacement increment g (1) on loaded end and in-

max

side the fastening gx

(t) occurs, and this, in its turn, leads to redistribution
of clutch forces P, from more loaded protrusions in the end of fastening, to

protrusions that are situated in the depth of fastening, i.e. redistribution of
clutch stresses ; along fastening occurs. Wherein, enlargement of load cycle
8

number leads to continuous increasing of plastic area length and increasing of
completeness of clutch stress diagram.

Analysis of a number of experimental data shows that fatigue strength
and limit of durability of reinforced concrete bending elements in the zone of
joint action of transverse forces and bending moments, exceeds appropriate
stresses (loads), at which, inclined cracks in the tensed zone of the element
appear, even for short time static load, i.e. bending reinforced concrete struc-
tures resist to repeated cycle loads at presence of normal and inclined cracks
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in near support areas. Concerning this, during the development of calculation
model for evaluation of fatigue strength or durability of such structures at the
transverse force and bending moment action, it is necessary to consider the
existence of cracks in the tensed zone, because the appearance and the exten-
sion of inclined cracks, radically change the quality of stress-strain state, espe-
cially, in the elements with large shear spans.

The condition of the formation of cracks in the stretched zone of ele-
ments under the vertical displacement of wedges in sealing concrete elements
that resists surrounding concrete, and the impact of horizontal and vertical re-
inforcement in the above-mentioned equilibrium conditions for the semi-
wedge ABO and for the vertical section of the OO (Fig. 3.1, b, c) is taken into
account in the form of forces in the reinforcement.

In elements with large shear spans (ao / ho> 2) in the zone of joint action
of transverse forces and bending moments, first of all normal cracks appear,
and then, at optimal quantity of longitudinal work reinforcement (in not over
reinforced structures), they are warping on near support areas by trajectories
of main compression stresses and transform into inclined cracks. By increasing
the cycle number, one of such inclined cracks starts to expend more intensively
and becomes critical. Trajectory of main compression stresses, along which ap-
pearance and extension of initial place of critical incline crack occur, can be
described by equation y /j = m/(n +h/a)' where j; p — are determined

from boundary conditions. Analysis of character of appearance and expansion
of fatigue cracks, fatigue destruction of experimental beams, their stress-strain
state in the zone of joint action of transverse forces and bending moments at
repeated loads of high level and experimental thermograms [27] of near sup-
port areas of experimental elements, allow to propose the following hypothe-
sis of following expansion of critical inclined crack and developing the physic
model of fatigue destruction of bending reinforced concrete elements with
large shear spans. Long before the appearance of normal and inclined cracks in
shear span, especially, before forming end expansion of critical inclined crack,
in normal section, at the end of shear span, where maximum moment occurs,
normal crack appears (section 1-1 on fig. 3.4).

Until the remaining cracks appear in the zone of transverse force and
bending moment action, this normal crack in the end of shear span extends on
high
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Fig. 3.4 Physic and calculation model of fatigue resistance of not over reinforced con-
crete element with large shear span

height and tensed zone is practically fully off from work, the diagram oM (p)
is twisted, increases the completeness of this diagram Wy and in top part of it,

plastic area starts to form; reduction of compressed part of concrete section
height which has no cracks, yet leads to sharp increase of completeness of di-
agram @, of tangential stresses and to sharp increase of maximum value of

. max - .
tangential stresses Tyy (t)- Thus, inside the plastic area Xpp of compressed

zone, it is sharply increased resulting N of normal

_ Fnax and  tangential
Nénax = J‘ '\ (t)m g | Q;nax :Vcrnax - J‘ rmllx (t) A

Xy
Apl A pl

forces, where Apl — area of plastic part of compressed zone in normal section

with crack at the end of shear span. Under the influence of the force y max in

a compressed zone operating in limits of load area xpl/cosy' in the direction

of the line of this force there is an inclined compressive force stream inclined
at an angle y to the longitudinal axis of the element. Pattern of stress distribu-
tion inside this inclined compressed force flow, is the same as at local compres-
sion. Action line of tensile stresses generates and extend fatigue separation
microcracks during the cyclic loading.
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That happends before the appearance of critical inclined crack inside the in-
clined compressed force flow from micropores in concrete body and extend
fatigue separation microcracks, that later join into separation macrocrack ed at
angle y to longitudinal element axle.

The most characteristic feature of normal separation cracks on near
support parts of not over reinforced beams, is the tendency of any, even ini-
tially inclined to compression force action line, crack to align its trajectory in
the direction of this force. Wherefrom, we can accept the hypothesis, that from
all inclined cracks which were formed on near support part from joint action of
transverse force and bending moment in the tensed zone at first load or at
increasing of cycle numbers and load levels, that inclined crack becomes criti-
cal, which comes to zone of influence of inclined compressed force flow, gen-
erated by action of resulting N max of forces in compressed zone inside the

plastic area X This can only be explained by the fact that the critical, as a

rule, becomes the extreme (closest to the support) fracture that forms and de-
velops along the less stressed trajectory of the main compressive stresses.
What is happening further is development of the critical sloping crack and its
disclosure that is more intensive in comparison with other inclined cracks. Also,
there is a severe increase in normal stresses in the longitudinal reinforcement
in place of its intersection with a critical sloping crack, that is, the alignment of
longitudinal forces.

Fatigue destruction of reinforced concrete element on the inclined sec-
tion occurs due to compressed zone or as a result of fatigue rupture of the most
stressed rods of transverse reinforcement which intersects with initial area of
critical inclined crack, or on the tensioned zone as a result of fatigue rupture of
longitudinal reinforcement in normal section 1-1, or because of anchoring vio-
lation of longitudinal reinforcement on and out of support.

So, for assurance of operability of the element at repeated load, one
needs to adhere to conditions:

oﬁux(t) Sfcd,r.ep (t)' Ols%(t) Sfydw,rep(t)'
Ts (1)< Frdg,rep (1) 05 (1) < Frdan,rep (1) (3.12)
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where gMax () —actual maximum stresses in the most loaded rods of trans-
sw,a

verse reinforcement at the moment of time t, on the place of their intersection

with initial part of critical inclined crack in the tensed zone;

f (;) - durability limit of transverse reinforcement rods at their axle,
ydw,rep

loading at the moment of time t;
The same as in elements with large shear span, action of repeated load,
which leads to extension of vibro-creep deformations of compressed concrete

in the direction of stresses a)’?l"x, 1%, is accompanied by the appearance

and extension of additional (residual) stress-strain state on near support part
of bended reinforced concrete element. With the aim of stress-strain state
evaluation simplification, the action of repeated load and reinforced concrete
element work, is divided into two stages. The first stage shows the stressed
state of the structure at the first cycle (N = 1) of load, to maximum cycle load
Pmax. The second stage is characterized by the stressed state of the element in
the process of its repeated load (N > 1), which is continuously changed through
intensive extension of vibro-creep deformations €1, s of compressed concrete.

In the general flow, stresses in concrete and reinforcement, and the fac-
tors of cycle asymmetry, have the form:

o™ (1) =™ (1) £ o (1) (3.13)

pi(0)= (o™ (1) + o (1) /(o (1) + o () (310

wherep:Pmin/PmaX ) gmax (,0) — initial stresses in concrete or reinforcement
1
at the first half-cycle of load; ;000 ()~ additional (residual) stresses in concrete
l

or reinforcement, which appear as a result of concrete vibro-creep defor-
mations accumulation.
Initial stresses at first load ;max, ) are determined from conditions of

external and internal forces equilibrium based on the model of fatigue re-
sistance of the element. Additional stresses Jl,add(,), which appear during the

process of their repeated load, starting from the second load cycle, are deter-
mined based on the deformation relation for normal section (1-1) at the end of
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shear span and inclined section (2-2), which are placed on the critical inclined
crack (Fig. 3.4).
Fatigue destruction of compressed concrete zone over critical inclined

crack, occurs under the action of resulting N%X of transverse and longitudinal

forces, which appear inside the plastic part of normal section 1-1. Due to stress-
strain state of the compressed concrete zone over critical inclined crack (inside
the inclined compressed force flow), and the behaviour of fatigue destruction,
we can conclude that they are analogical to stress-strain state and the behav-
iour of fatigue destruction in flat-stressed elements at the local load action,
objective fatigue strength over critical inclined crack at the moment of time t,
so we determine:

(kccf (t) + kg (t)) 0, cosyctgp 5
xpp (1) (1)

Glg ,  6EJ L T [Gos(¢ - y)siny

J cd,rep )=

) sin2¢ E a 3 g
[ds vEZEEL4+1,25i1/gD sin @
-1
x L+Ck|_:|nKkaz// +jH i{ ! +C(t r)}h
E, e v ; Tar E. (1) ’

(3.15)

Durability limit of longitudinal reinforcement fod b (z) on the place of its in-

tersection with critical inclined crack in conditions of flat-stressed state, is de-
termined by (3.9) and (3.10). Durability limit of longitudinal reinforcement an-
choring fyd an (t) by critical inclined crack, is determined by (3.11). Durability

limit f (t) at axial load, is determined by (3.9) and (3.10), taking into
ydw,rep

account that, rhAx =0

Testing [27] reinforced concrete beams with rectangle cross section
with shear span ao=co=(1,51—1,67)ho,has allowed us to specify the following
picture of appearance and extension of cracks and character of fatigue destruc-
tion in the zone of transverse forces and bending moments action. Since the
elements with middle shear span 1,2 ho < co = ao < 2 ho are on the borders of
elements with small and large shear spans, in their operating and in mechanics
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of fatigue destruction at middle shear spans, features of the first and the sec-
ond are determined, i.e. the behaviour of appearance and extension of cracks
in the zone of transverse force and bending moment action and fatigue de-
struction of these elements is influenced by internal force factors. Local fields
of stress state and stresses concentration in corresponding zones in places of
concentrated external forces are applied. Thus, at the middle shear spans, the
fatigue destruction occurs with the appearance of critical inclined crack, but
local fields of stressed state and concentration of stresses in indicated zones
influence the destruction. Critical inclined crack can appear on the distance
(0,2...0,3) h from the tensed edge and extends in support or concentrated ex-
ternal force direction. In the tensed zone, it disclosures along the line 2-2 (Fig.
3.5), which connects the inner edge of supporting plate with the external edge
of load plate, and fully intersects (to the inner edge of the support plate). But,
in its extension from support to concentrated force, critical inclined crack, after
approaching point O, i.e. intersection of lines 2-2 and 3-3, changes its direction
and resumes extension along the line 3-3 by the axle of inclined compressed
flow. At the same time, inside the compressed force flow on the line of tensile

stresses g-gtlax, rupture crack d — e along the axle 3-3 appears and extents,
which afterwards merges with the initial part 0O of the critical crack. It is ob-
vious that the appearance, extension and disclosure of the critical crack in
tensed zone (area 002) are connected with flat rotation and shear of inclined
section 2-2. Their extension and disclosure in compressed zone (ed) are caused
by the appearance and the extension of micro cracks rupture on the line of
tensile stresses aér;ax (Fig. 3.5) action in the zone of “tension-compression”, in-
side the inclined compressed force flow, formed under the action of force
PglaX, and following
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Fig. 3.5 Physic model and calculation scheme of fatigue resistance of inclined, not over
reinforced element with middle shear span

merge into macro crack, following the extension and disclosure of this macro
crack rupture. Behaviour of stress distribution inside the inclined compressed
force flow is the same as at crumpling.

For this cause of stress-strain state and destruction character objective
fatigue strength (durability limit) of inclined concrete strip over critical inclined
crack becomes:

_ [Keer (0 + by, (1) J1icrg 5 (3.16)

LpSin BT (DY (1)

frd,rfp (t)

-1

G.L, 6E,I L.ncos($ - B)si 1, k= al 1
e LiLencos(@ = Pising X{EHfDkal%’fr*{ +C(t,1')}dt}

sin’¢ P 3 ; A a7 | E,(T)
doa=s 14 +1,254% || sing
E, d,

Durability limits of transverse and longitudinal reinforcement, and the
durability limit of its anchoring are determined by (3.9), (3.10) i (3.11).
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3.3 Conclusions on chapter 3:

1. The analysis of present methods of calculation of reinforced concrete
structures at joint action of transverse forces and bending moments, shows
that, in most cases, they are performing in assumption of elastic concrete work
without considering its physic nonlinearity and change of deformation modes
of materials in structures at cycle loading;

2. Considered physical models and calculation schemes of near support
areas resistance of not over reinforced span, reinforced concrete structures, to
repeated load of high level, different types of fatigue destruction of materials
are envisaged considering vibrocreep deformations, accumulation of the dam-
ages in form of fatigue micro- and macro cracks.
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CHAPTER4 ENGINEERING METHOD OF INCLINED SECTIONS OF BEAM
STRUCTURES CALCULATION ON THE FATIGUE FRACTURE
MODEL

Practical application of calculation methods of used materials and rein-
forced concrete elements on durability by models reviewed in p. 3, is bound
with some computational difficulties. Besides, special knowledge connected
with the crack theory and destruction mechanics, that caused additional diffi-
culties for the designers, are needed. At that, main difficulties occur evaluating
the objective (residual) strength of concrete and reinforcement at repeated
loads. They are related to accumulation of damages and reduction of plastic
resource of material through integral parameters: fatigue crack length /(t) and
critical values of stress intensity factor at fatigue destruction K¢(t). In addition,
the development of fatigue cracks in concrete, leads to increase of vibrocreep
deformations, because concrete deformations at cycle load consist of linear
and nonlinear parts. Nonlinear part of vibrocreep deformations appears as a
result of creation and development of fatigue micro cracks in concrete, and is
a function of fatigue macro crack length /(t). In this connection, the determina-
tion of the nonlinear part of the deformation of creep vibration (vibrocreep)
also encounters the corresponding difficulties. Determining these three param-
eters complicates the calculated dependencies. Linear part of vibrocreep de-
formation also meets appropriate difficulties. Thus, for practical calculations,
we consider engineering method which is based on theoretical results of p. 3
and some simplifying preconditions. Change of the stress state in the process,
as well as change of strength properties of the reinforcement, concrete and
their adhesion, should be taken into account. Wherein, vibrocreep defor-
mations, concrete and reinforcement fatigue strengths, reinforcement anchor-
age and stresses in them, are calculated by simplified method at the moment
of time t.

The main element of the simplified technique is the application of sim-
plified method for calculating the limits of concrete and reinforcement dura-
bility.

It is known that the change of the materials strength under cyclic load-
ing in half-logarithmic coordinates fo = IgN is described by linear dependence.
The durability line is characterized by inclined and horizontal areas. Therefore,
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the characteristic points of the durability line are the beginning and the point
of its inflection.

For concrete, the beginning of the durability line is a point on the axis of
stress (Fig. 4.1) at N = 1, which corresponds to its dynamic strength at a one-
time load at a speed equal to the speed of cyclic load applied. Herewith, the
larger their frequencies, the greater the strength at a one-time dynamic load.

fedd
f cdi,rep

f cd,rep
f 362‘, rep

|
|
|
7

1 2 3 4 5 6

Fig. 4.1 Calculated durability concrete lines

In practical calculations, we accept:

Jea,a =ka Wea (4.1)
where kyr fog = coefficient of dynamic strengthening of concrete and its
strength at static loading.

According to the proposition [35], the coefficient of dynamic strength-
ening of the concrete is determined as loaded for the first time by the formula:
27 +0,8[h(0,15Igv) - 0,358]

1-0,3581¢g(lgv) (4.2)
and taking into account the plastic resource at the previous stages of loading:

Coo (1.1) 0™ (1 - pcl)[l —1-a)V }105

k, —1+0,60F

Coo ([, T) - +
Jea
ky =1+0,085lgu( Ig k
S AGc, (171~ p,,l)[l -a- a)N}IOS

yiz2

fcd
(4.3)
where v — loading speed.
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For concrete, the absolute durability limit at pc = 0 at [35] varies within
(0,47...0,55)f4, and coincides with the lower limit of micro cracking. Therefore,
in practical calculations, the absolute limit of durability 74 at pc=0 equals

cd,rep

0,5fcq, and the relative durability limit in this case is:

a — pa -
kc,rep _fcd,rep/fcd =05 (4.4)
The relative value of concrete durability at tensile, shearing and torsion
are taken the same. Since the lower limit of micro cracking fgc depends only

on the level of the action stress and the type of stress state, then for any pc,
the durability limit will be the same, and its value will have an effect on the
structure durability, that is, on the cycles number at which the durability lines
will come to an end. As known, the overlap of these lines begins at N > 10”. For
pc=0, it can be assumed N = 107, which creates some reserve. For larger values
of pc this point moves to the right along the IgN axis, the greater, the larger pc
[35]:

k _ f cd,rep _ kg,rep
c,rep — - a
fcd 1- 1- k(,‘,rep
pC kd
(4.5)
and durability strength at N < 107
— IgN;
fcdi,rep = fcd,d _T(fcd,d - fcd,rep) (46)
or in relative values taking into account (4.1) i (4.6)
oy =13 185 05
’ 7 1-0,616p, (4.7)
Taking ks = 1,3 and considering (4.4) we get:
kci rep =13- lgN[ 1,3- 0.5
' 7 1-0,616p, (4.8)

For reinforcement, A.P. Kirillov [35] recommends to accept the follow-
ing expression as the beginning of the durability line:

fyd,d =n wu (4-9)
and the overlap of the durability line (Fig. 4.2) in the point with coordinates
ko [k, [k
f =0 0 ¢ 2r
yd ,rep u | ( ko &, [k, \J IgN = 6,3
_IOS l_
7 (4.10)
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where e = fyao,rep - relative reinforcement durability limit at ps = 0;
o =2
au

k. -a coefficient that takes into account the presence of a weld joint or
other stress concentrator;
k,-a coefficient that takes into account the reinforcement diameter;
o, - temporary reinforcement resistance to breakage;
n = 1,8 — empirical coefficient.
The element fatigue strength for the number of cycles N < 2-10° is:

IgN; -
Ig (2 Doé)(fyd’d Frier) (4.11)

and taking into account (4.9) and (4.10) in relative values, it has the

Fydirep = Fya,a =

form:
IgN; ky Lk, [k
ko .. =n- Lp- cr
vdi,rep
6,3 l_p{l_koucc Ut,j
n (4.12)
frad
fydi,rep
f |
ud,rep |
fydﬂ,rep | |
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Fig. 4.2 Calculated durability reinforcement lines

In practical calculations the stress change, which occurs as a result of
development of vibrocreep deformation of compressed concrete, in conditions
of complex stress state, takes into account the functions of stress accumula-

tions in concrete zy _, longitudinal gy and transverse g reinforcement.
Jl? JS JW
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These are functions of concrete vibrocreep deformations which are calculated
on the theory of vibrocreep [36].

Actual stresses in concrete, longitudinal and transverse reinforcement,
at the moment of time t, in calculations, are presented in the form:

D=0 ) Hy ' 07 (0)=0]" (1) Hy, ¢
Ty (1) =0 (t0) (Hgy (4.13)

where gmax, y; gmax . y; gmax ) - initial stresses, corresponding, in con-

crete, longitudinal and transverse reinforcement.

In concrete and reinforced concrete elements with zero shear span ao /
ho=0, and in engineering method of durability calculation, the method of stress
calculation is accepted without changes because 544 (1) = 0, g™ (1) =0™ (1)

and Hg =0 and gmax .y is defined at the first loading from equilibrium

c
conditions on the base of fatigue destruction model. Therefore, only the right
part of the condition (3.6) from p. 3, i.e. fatigue strength of concrete elements
with simplifying preconditions [27] taken into account, will take the form:

fL'(lri,rep E€Ct§¢ —COSZ ¢j
A-G, 0, BUI/E, +H,) (4.14)

Rh-"é’ﬁ (t) = f('l],l‘é’p (t) =

and for reinforced concrete structures:

fydi,rep Uin LA Lergg

.fcdi,rep (t) =

Hﬂxbuloc A_k GeleB+ SE,I; Le @ +C 1E€1+H£J

b[éds DJgEEMH’ZSA{/Z:;J]S J ' (4.15)

where A, B, C—see explanations for (3.4) and (3.5) in p. 3;

fcdi,rep; fyﬁﬁ,rep - fatigue strengths of concrete and reinforcement at tension;

Hy = function of deformations accumulations in concrete at repeated loads;
E E., G, - modulus of elasticity of reinforcement and concrete, and con-

crete shear modulus.
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At small shear spans, taking into account (4.1) condition (3.7) will be
represented as:

Ogax(tO) Sfcdc,rep(t)/HUC ! aigax (tO) s fydq,rep (t)/HUS
a;"™* (1p) < fya.an(1)/Ho, (4.16)

o max ' . .
Initial stresses ; max (10) and gt (o) 2t first load are determined from equi

librium conditions on the base of fatigue resistance model.

Fatigue strength of inclined strip in elements with transverse reinforcement
and without it, after accepted simplifying preconditions, are determined by for-
mulas:

f ydi,rep Un (A, [d1gp [dosar

fcdc,rep (t) =

6E, 1 [1, s Bos(¢ - a)si _
Hy, blypsina Am,—{ G, LB, +—Esls Le s(¢-a)sina }EE o, ng (4.17)

E ag ¥ E.
b|dy Y—=M1,4+1,254—= || sing
“VE dg

hldtgp
1 2

sup

2
fcdti,repfcdt EE —ctg@ letga —cos ¢]

sin“a

fcdc,rep (t) =

6E,l, (L, [k Zos(¢ —a)sina (4.18)
Ay =y GeLeByy + S OS(¢ )SH; L+H
E P E.
b| d, A= 014+1,254—= || sing
S VE. d

Longitudinal reinforcement fatigue strength in the place of inclined crack inter-
section in conditions of flat stress state, is determined as:
_ Oy <kds _{kds - knkckr/[l ~Ps (knkckr/kds)]} (g Ni/6'3>
fydq,rep (t) - S \2 (4.19)
1+ 3(r;“a" /ag;“")

Longitudinal reinforcement anchoring fatigue strength has the form:

fyd,an(t’r) :fcdi,repBo (d+2cr)L/fcd s (4.20)

where B, - reference clutch parameter.
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Fatigue strengths of concrete and reinforcement in free conditions at axle load
at compression on equation of A.P. Kyrykov [35]:

Jedirep = fcd<kdc _(kdc ~ke. rep / [1 ~P. [1 ‘(kf,rep / kdc”}j g N; / 7>,

(4.21)
for concrete at tension:

Jedti,rep =fcdt<kdc _(kdc _kca',rep/[l 2 [1 —(kf,rep/kdcﬂ}j DlgNi/7>,

(4.22)
for reinforcement:

Fuatren =l s ~{ ks ok [1- 4 (ko ) | BV, 63
(4.23)

where ke and kg = factors of dynamic strengthening of concrete and rein-

forcement;
o and Py~ factors of stress cycle asymmetry in concrete and reinforcement;

a — pa — 3 .
kc,re‘p —fc,rep ! fod concrete absolute fatigue strength;

k, = fydo,rep /o, - reinforcement relative fatigue strength at Py =0;

k

into account;

or " factor that takes the presence of welding or another stress concentrator

kr - factor that takes the reinforcement diameter into account;

g, - reinforcement temporary resistance at its rupture.

At large shear spans taking (4.1) fatigue condition into account, (3.12) be-

comes:
alrgax (tO) < fcdc,rep (t)/HUC ! hrvrvlv‘i)t;' (IO) s fydsw,rep (t)/HO'SW
U_?elax (tO) < fydq,I’EP (t)/HG'S ! U;nax (IO) < fydan,rep (t)/HUS (4.24)

Fatigue strength of compressed zone over critical inclined crack in rein-
forced concrete elements with transverse reinforcement and without it, after
simplifying preconditions application, is determined respectively:
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0,75h .
Fydi,rep DAy Lerg g &(’Sytﬁﬁ - O,Ssm¢cos¢]

fcdc,rep =
Hg,, G 1- 5% mig’ 6L, I [k bos(¢ — y)sin y }EEI*-HEJ
{d Ea/ EEI4+1254\1/Z]] sin g ¢
(4.25)
(4.26)
. 0,75h .
Sedti,rep EETDCI -0,5sing cos ¢)ctg¢
fcdc,rep =

6E I Bzﬂ:os ¢ y)sm y 1 H
sm2¢ [
d, == EEI4+1254\1/7D sin @

Fatigue strength of longitudinal reinforcement fod (z) in the place
ydsq,rep

of intersection with inclined crack, in conditions of flat stress state, is deter-

mined by (4.7). Fatigue strength of longitudinal reinforcement anchoring
fydan rep (t)' is determined by critical inclined crack — by (4.8), and fatigue

strength if transverse reinforcement rods fyde rep (;) at axial load is defined

by (4.7), taking into account z-;nax =0.

At average shear spans taking (4.1) fatigue conditions (3.16) into ac-

count, transforms as follows:

aﬂm (IO) Sfcdc,rep(t)/HUC ! aswmﬂ(to) Sfydyw,rep (t)/HU ’

W

agax (tO) Sfydsq,rep (t)/HUS ! afm (IO) < fydan,rep (t)/HUS (4.27)

Fatigue strength of compressed zone over critical inclined crack in rein-

forced concrete elements with transverse reinforcement, and without it, after

taking simplifying preconditions into account, is determined respectively:

(4.29)
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h (&
fydiA,rep L4, [Bos B D{lltgfﬁ —cigg Lerg B - cos? ¢]
_ sup Sin
f(:d,rep - (428)
Hy B3 1- G; . 6EAYISG1B:05(¢—,B)sin/33 L+H£
wh sin” @ E 2 E.
b|d; Dl—‘YEEL4+1,254—“} sin @
EL‘ d.&
h (et
kci,repf(,‘dt 7g2¢ —ctgp Letg B - 0052 @
i lsyp sin
f('d,rep (t,T) =
(4.29)
-L G, + 6Esls@&03(¢—ﬁ)s1n,8 L+H£

.2 3
sin” ¢ EEE.
bl d, B Esdnar1254% || sing |~ €
EC dS

At reinforced concrete structures design sometimes, the need for ap-
proximate estimation of reinforced concrete structures durability at transverse
forces and bending moments’ action, without performing any difficult calcula-
tions, appears. Applying proposed approach for determining the durability of
near supports parts of reinforced concrete structures by corresponding
stresses and methods of structural mechanics, we can prepare calculation de-
pendencies for determining the corresponding boundary forces which can be
carried out by given structure, at repeated load, and at the cycles number that
is lower than base.

So, taking fatigue condition a'lncmx(;) Sfcd,rep(t) into account, bound-
ary force that can be carried out by structure element with zero shear span at

local cycle load with cycles number that is lower than the base, is determined:
- for element without reinforcement:

ct,
kci,rep QCcdt ( §¢ - CO‘Y2¢j b lllac
j (4.30)

Him,O s 1

A-G,[L,(B| —+H,
EC

- for reinforced concrete element:
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ksi,rep L, [n LA, Lrgg

Plim,O <

H,b,{ A-{G.L.B+ OF,I,L¢ h 5 +C [+H£j
bl dy4 E| 1,4+1,254%
EL‘ dS
(4.31)

As is known, in reinforced concrete elements with small shear span (co
< 1,2hy), fatigue destruction in the zone of transverse forces action can take
place by inclined compressed strip between support and load area, or by its
stretched zone, as a result of longitudinal reinforcement rupture in the place
of intersection with inclined crack, or reinforcement anchoring violation by in-
clined crack. To provide their bearing capacity it is necessary to adhere to cor-
responding fatigue conditions:

of?ax (IO) Sfcd,rep(t’ o) ag?x(IO) Sfydq,rep (t’ T)/HUS ;
™ (10) < fydan .- (4.32)

Based on these conditions, boundary forces which can be carried out by
structural element with small shear span, can be determined by formulas at
cycle number lower than:

- in reinforced concrete beams without transverse reinforcement:

hs1gp 2 2
Kei rep Wear EEZI]znza —ctgp Ldiga —cos*¢ b, Bin“a

sup

E,

c

App =G Wy BBy +

3
A bl d, @/5 EE1,4+1,254/“XJ sing
P[ZZ}/ZO < Ec ds

6E, U, [L, h [dos(¢ — a)sina EE 1 +H j

abo
Kyi rep [0, ’
oo Kei rep By (d +2¢,) LTA,

b}

d’ tga
(4.33)
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- in reinforced concrete elements with transverse reinforcement:
W, Gn A, rgg Lkosa Bina

ksi, rep sw

6E, U, (L, h [os(p — a)sina EE EL . Hsj
A

3
b d, B Es (1,441,254 % || sing
’ EL‘ dS

Hg, \ Apmg —1Ge We WByyp +

min
P;fm)hu ~ |abo
ksi,rep Dju
Q, Wy, ¢ ’
e LANEE
W, A
kci,rep B() (d + 2Cr)L D4s'

abo

d’ Qiga
(4.34)
Taking into account fatigue conditions of concrete over danger inclined
crack, longitudinal and transverse reinforcement on near support part of the
beam,

aﬂ'ﬁx(tO) sfczk',rep(t)/HCﬁc ! o;gax (t()) < fydq,rep (t)/HUS !
o;nax (IO) Sfya’,rep (t)/HUS ’ o;nax(to) Sfydan,rep (t)/HUS

%(IO)Sfyde,rep (t)/HUW ! (4.35)
we will find boundary forces that can be carried out by structural element with
large shear span:
- reinforced concrete beams without transverse reinforcement:
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0,75h
k('i,rep cht u7(1 +/1) DXI EEA Ok,

1

-0,5sing I]ros¢j [ttgd

ZHJh- Lergy l_Lg OF, U, th Leos(h = y)siny Eﬁl + ng

e

(s

min
Plll113ho abo
ksi,rep |]Tll
Hg, [2*’ jz;vmg]\/@
kci rep Dg0 (d + ZCV)LDL‘S
abo - 5. ’
Ho, W™D
(4.36)
Where
—a —0.5X A [, sin2
.+ (¢y —a = 0,5Xctga + A L sin ¢)(,<1 +x,) +(1+x,)ctga
. al
= ;
(1 A)(c 1)+ (141, ) s
1
(4.37)
-0,5Xctga
+(1+K3)M rga
) Z
Jo = 1 ’

K, + K, +(1 +1<3)ﬂ Lerga
z (4.38)

- reinforced concrete span elements with transverse reinforcement:
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Kyi rep L0, Ty, (1 + /I)Xl Letgd D‘iny(?{gh -0,5sing Dl'm‘qﬁj
1
2GH, H, -1, Ge . 6E, O, th [kos(¢ — y)siny Eﬁi N ng
Wy Ic . 2 3 E.
sin“@ E a c
bld, )= 11,4 +1,254—= || sing
E, d,
abo
Pmin < 1,25 Dcwi,r(’p Dfu D”;w b Lk

lim3hy =

2, 2(co 0.8k 0.5l o=z
G. E, %[(1”1)—0,3351(1”1 +/12)} x
ksi,rep wu ms
Hg L

189

H wa E\'w

k

ci,rep

By (d +2¢,) LK
H, W20 '

(4.39)
Based on conditions of concrete durability over danger incline crack, longitudi-
nal and transverse reinforcement (4.36) we will find boundary forces that can
be carried out by structural element with medium shear span:
- reinforced concrete beams without transverse reinforcement:

h L, ,
ka-’,ep O ar 7g¢; —ctg@ Letg S - cox2¢ b Ump D‘mzﬁ
lsup in ﬁ
- L Ge 6E; O, [h Leos(p — B)sinf 1 vl
¢ sin? ¢ 3 E £
E a ¢
bl d, )= 01,4 +1,254—= || sing
Pmin < Ec ds
lim2hy =
abo
ksi,rep Dj-u
. P
Hg, Ay b 1+ 35 5c
A 3W;
abo kci,rep BO (d + 2Cr)L D4s (4.40)
- ,
Hg W™ L

where j: and jz determine (4.38) and (4.39) respectively;
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- reinforced concrete span elements with transverse reinforcement:

kv rep L0, Ay, [bos B M —ctg@ [btg B - cos ¢ Dinzﬂ
lmp in ,[7’
H,0{ 1-1, G. + 6E; O, [h[tos(¢p — B)sinf EE Hfj
sin ¢ E.
|: I:El 1+1,254 H sing
abo
PIZTZhO - m rep |]IT B’J}w b IJ‘O
2l co — xctga — 0,51 _
H,qy E;w Lrga L + ( 0 ! sup) E('O xtg¢
s 2 .
G. E ulo[(u/])—o,ssgl(u/] A H
abo st rep Dj D4 )
abo
kei. rep By (d +2c, ) L T4
HUS mZ Djl

(4.41)

For determination of boundary forces that can be carried out by struc-

tural element, unlimited number of times with reusable variable load without
breaking down, in expressions (4.31), (4.32), (4.34), (4.35), (4.37), (4.40), (4.41),
(4.42) should be used f . =(0.5;and k. — taking into account (4.10).

ci,rep ’ si,rep
Relative fatigue strength of concrete at limited number of cycles
(N<10") k,; ,,, =0,5 is determined by (4.7), and relative fatigue strength of

i,rep —

reinforcement k —by (4.12).

At Iow-cycle repeated load on testing beams, constituents of formulas
(4.31)...(4.42) were defined by expressions:
- factor of dynamic strengthening of concrete ky by (4.2) with the load-
ing speed UZéﬂ =0,6MIla / cex’
cm Ldex
- relative concrete fatigue strength kd,rep at simple types of defor-

mations (compression, tension, shear and torsion) by (4.7) taking into account
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the factor of stress cycle asymmetry in concrete p.=0 (p.=-1at alter-
nating load);

- relative fatigue strength of reinforcement ky; rep by (4.12) taking into

account values of factors Py =0 (o, =-1), n=18; kg =k, =k, =1;

- functions of stress accumulations are determined in concrete H,
c

reinforcement H, , transverse reinforcement H, by expressions:
s w

Hg, =14 o™ (1)1 o™ (1)

(4.42)
H, =1+ Es UA UL, D;Ie
: bl [ay, L3i
s g Lin'g (4.43)
1 OSTE i, L T,
" b0, o, Gosax sin’@ (4.44)

where w,, W, ~stress distribution completeness coefficients respectively in

longitudinal and transverse reinforcement. In the first approximation
w, =w,, =0,8. Other constituents of formulas (4.43)...(4.45) are given be-

low;
- angle of inclination of compaction wedge faces ¢ at loading areas by
recommendations of T.I. Baranova [32] is determined:
before rupture crack appearance:
é =arctg [0,48(1106 /Y 3} .45
after appearance and development of this crack:
¢=arctg(0,25f.4 / f.q —1,56) (4.46)
- factor L, that characterized the direction of force flow, is determined
by expression:
g, -6, L, =llT[(29H - )18, (26, - )16 ] (4.47)
where
6, = arctgsing [os@ (4.48)
[ ] ata/ho=1.23,
8. =arctg ———— —ga
lsup Qin“a (4.49)



-76-

6, = arctgi ata/ ho=0 (local compression);
lioe (4.50)

- a—angle of inclination of straight line segment that models initial part
of danger inclined crack, is determined by the formula:

h
a =arctg
b
Co _0,5(l§%)) +lsl§)]§) (4.51)

- B(=y) — angle of inclination of straight line segment that models end
part of danger inclined crack:

B= arctgcm; y=arctgV i | NI*
0

(4.52)

- A, B, C—factors connected with sizes of element and load area. On h

<15Land g=lioe cqn A=1,8=1/sin%p;C=0at  co/ho=0
h b

(local compression);
Aun=1,Bun=1/sin*pata/ho=1..3, lsun / h < 0,2; Aun = cos’p, Bun =
ctg’p atlsup / h20,2;

- function of deformation accumulation in concrete in general form is
determined by the formula:

H,=cy(t.7) Eﬁl—e_y(t_toq %, (5 (iJ

Jea (4.53)
where function of concrete deformations nonlinearity:
max max )"
Sk Uc :1+/7n UC
e e (4.54)

, in which
m, =5-0,07f,4, 1, =45/ f.; — parameters of concrete nonlinearity;
- &p(N) — nonlinear constituent of concrete vibrocreep deformations is

determined by:
En(N)= e () [H, Ho=¢€,(N)/ 0 () (4.55)
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Co (t,T7) — boundary measure of concrete creep that is cycle loaded
at the moment of t;
y — researched factor that characterized the velocity of creep and vi-

brocreep deformations passing;

© ke concrete vibrocreep factor that is determined by:
C,

kcp =0, (- Pk (4.56)
where k., ~concrete vibrocreep factor at 0. =0;

- p—cycle asymmetry factor:
Buin - external load cycle asymmetry factor

p=
Brax (4.57)
_oa" - longitudinal reinforcement cycle asym-
px - U;,,ax
metry factor (4.58)
( Pmin +Ha'w _1]
o, = Imax - transverse reinforcement
sw
HO'W
cycle asymmetry factor (4.59)
o™" — concrete cycle asymmetry factor
Pe = ﬁ (4.60)

C
- n—number of transverse rods in shear span;

as — protective layer of working reinforcement of concrete;
- ds—diameter of the working reinforcement;

For given design of testing beams, minimum values of calculated bound-
ary forces (Table 4.1) take place at condition of exhaustion of concrete durabil-
ity over danger inclined crack and transverse reinforcement in shear span ac-

cording to
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Table 4.1 Calculation values of boundary forces of near support areas durability of testing samples-beams, destructive transverse
force and their ratio according to the experiment plan

Natural and coded values of testing factors Boundary forcsistiaotndurablllty con- 9

> —_—
Coded values Natural values . 3£ 3
& 5 g2 £ R 5 <
= =2 o = o a ~
@ e 2 € LTz Pt g 5
= o 3 [T £ oXx = £ =
g S 2 2 e £ o9 ¢ oo a 3
g Sg¢ |88 | SEf|Ee| 3 :
5 ) g2 |9d | £8< |55 | 3 <
° sw o8 2 e ® < O > b= @ I ~
Zl X1 X2 X3 X4 G/ho C,MPa (Bpl) n 8 ; g 3 5 g; 6 CI>J 8 g §

O c & w0 o - £ 2 s & ~
S © 9 £ c °cz 2 8 = n
€ x 2 = = < - 3 2= 3
o O o [ O ¢ v 9
O @« o c £ o @ 2

© = o € o

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 + + + + 3 C40/50 0,0044 0..0,8 29,77 105,6 120,4 66 2,22 2,10
2 + + + - 3 C40/50 0,0044 0..0,5 29,77 105,6 120,4 68 2,28 2,34
3 + + - + 3 C40/50 0,0016 0..0,8 10,72 105,6 120,4 52 4,85 4,96
4 + + - - 3 C40/50 0,0016 0..0,5 10,72 105,6 120,4 54 5,04 5,20
5 + + + 3 C16/20 0,0044 0..0,8 17,52 113,7 129,7 62 3,54 3,66
6 + - + - 3 C16/20 0,0044 0..0,5 17,52 113,7 129,7 64 3,65 3,90
7 + - - + 3 C16/20 0,0016 0..0,8 6,31 113,7 129,7 48 7,61 7,52
8 + - - - 3 C16/20 0,0016 0..0,5 6,31 113,7 129,7 50 7,92 7,76
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
9o [ -+ [+ [+ 1 c40/50 | 0,0044 | 0..0,8 78,54 172,2 395,9 150 1,91 1,90
10 | - + + - 1 C40/50 0,0044 0..0,5 78,54 172,2 395,9 160 2,04 2,14
11 | - + + 1 C40/50 0,0016 0..0,8 28,26 172,2 395,9 136 4,81 4,76
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12 - + - - 1 C40/50 0,0016 0..0,5 28,26 172,2 395,9 146 5,17 5,00
13 - - + + 1 C16/20 0,0044 0..0,8 48,93 433,5 395,9 114 2,33 2,10
14 - - + - 1 C16/20 0,0044 0..0,5 48,93 433,5 395,9 124 2,53 2,34
15 - - - + 1 C16/20 0,0016 0..0,8 17,61 433,5 395,9 100 5,68 5,96
16 - - - 1 C16/20 0,0016 0..0,5 17,61 433,5 395,9 110 6,25 6,20
17 + 0 0 0 3 C30/35 0,0029 0...0,65 15,03 109,1 124,4 72 4,79 4,39
18 - 0 0 0 1 C30/35 0,0029 0...0,65 46,32 253,7 395,9 144 3,11 3,51
19 0 + 0 0 2 C40/50 0,0029 0...0,65 28,66 105,6 121,3 94 3,28 3,21
20 0 - 0 0 2 C16/20 0,0029 0...0,65 16,37 113,7 129,9 74 4,52 4,59
21 0 0 + 0 2 C30/35 0,0044 0...0,65 36,77 109,1 125,1 91 2,47 2,47
22 0 0 - 0 2 C30/35 0,0016 0...0,65 13,24 109,1 125,1 77 5,82 5,83
23 0 0 0 + 2 C30/35 0,0029 0..0,8 23,53 109,1 125,1 85 3,61 3,64
24 1 0 0 0 - 2 C30/35 0,0029 0..0,5 23,53 109,1 125,1 92 3,91 3,88
25 0 0 0 0 2 C30/35 0,0029 0...0,65 23,53 109,1 125,1 88 3,74 3,84

Y e-97 0,930

o= > @ 922 0,1970

U = (a/by) - 100,% 5,1%
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described physic models of fatigue destruction that completely converges with
real character of destruction of their near support areas at repeated transverse
loads, in Chapter 3. These calculations show (Table 4.1) that fatigue destruction
of longitudinal working reinforcement of testing samples, as a result of their
rupture or slipping along danger inclined crack, is impossible, due to their suf-
ficient amount and appropriate anchoring on support and behind them.

Comparison of calculation and actual values of bearing capacity of in-
clined sections of samples-beams showed that, despite the complete coinci-
dence of physic models and actual pictures of destructions of their near sup-
port areas, the destructive uploading transverse force Vusz is 1,91...7,92 times
higher than the predicted transverse force of concrete durability over danger
inclined crack and transverse reinforcement Pjim,csw, determined by formulas
(4.34)...(4.42) and taking recommendations of I.T. Mirsayapov [27] and A.P.
Kyrylov [35] into account. The reason of such misconduct is higher destructive
influence of repeated cycle load, compared to low-cycle repeated transverse
load, undervaluation of actual influence of different design factors in indicated
works, and the fact that, at indicated levels of load, there was no destruction
of beams.

For this problem solution on common stage of research boundary forces

min min - min i i it i
Pli”hhg’ PimZh(,’ S in expressions (4.34)...(4.42), it is recommended to

multiply on the factor kcyd . That is the resistance of near support areas of span

reinforced concrete structures, in particular, calculation values of transverse
force Vrd, which can be carried by inclined section of such structure with trans-
verse reinforcement or without it, with small, middle or large shear span. It is
expedient to determine it by taking into account its durability at low-cycle re-
peated load action by expression:

min

Flim

— min
Vra = keyer \ Pliman,

min
Plim,3l10 (4.61)
where kcycl - ratio of destructive transverse forces to minimum calculation

boundary forces of durability of near support areas of testing samples-beams,
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calculated by formulas (4.34)...(4.42), using characteristic values of concrete
and reinforcement strength i.e. prism concrete strength and yield strength of
the reinforcement.

Mathematical model of factor Ecyc/, that characterizes the ratio of de-
structive (uploading) transverse force Vus to calculation value of boundary
force, at a condition of concrete durability over danger inclined crack and trans-
verse reinforcement in shear span Piim,sw at low-cycle repeated load of testing
samples-beams, has the form:

Y (keyer) =3.84+0,44X, =0,69X, ~1,68X3 —0,12X, +0,11X{ +0,06X5 +

+0,31X7 -0,08X7 —0,34X,X, +0,25X,X;,  U=51%.
(4.62)
The highest influence on the value of factor kcycl (Fig. 4.3) has the

number of transverse reinforcement (factor Xs), then — concrete class (Xz), then
—value of relative shear span (X1) and, finally, - the level of low-cycle repeated
load (X4). So, the value ke will decrease (calculation and actual bearing capac-
ity of near support areas of reinforced concrete beams will converge) relative
to its average value 3,84:

- at increasing the number of transverse reinforcement psw from 0,0016
to 0,0044, concrete class from C16/20 to C40/50, level of low-cycle repeated
load n from 0...0,5 to 0...0,8, respectively, on 88, 36 and 6%;

- at decreasing the relative shear span a/ho from 3 to 1 on 23%.

Presence of quadratic effects at testing factors, proves that following
increasing the number of transverse reinforcement, concrete beyond its
changes, will not lead to significant reduction of factor kcyd, and following

increasing the shear span and reduction of level of repeated load, will lead to
their significant increase.

Relative shear span, concrete class and number of transverse reinforcement
interact substantially. So, kcycl will be decreasing with simultaneous reduc-

tion of shear span and increase of concrete class, increase of number of trans-
verse reinforcement and reduction of concrete class.



af kcycl 6;’ k:a'z.'.!
4l e sl I
L
3+ 34
24 |{C30/35, L 24 | falho=2 H
=0,0029 Bpl, Psw =0,0029 Bpl
1] Lo PR | 1] [fr=0..065 |
ol e e X ol lmr v war Xo
1 2 3a/hs  Cl6/20 C30/35 C40/50 C, MIla
73 A
i kc_wl’ 2) .
& <1 kc,m'
44 \ 4
34 3
2| | _[aThe=2; . 2l alhe=3, |
C30/35 30/,
1 7 =0...0,65 1L [ =h,m29 BpI)_|
‘I_lll nol p+1|| X3 [' l!_lll nun "+1;| X‘

0
0,0016 0,0029 0,0044 Pou(Bpl) 0-.0,5 0..0,65 0..0,8 4 =F/Fy

Psw =0,0016 Bpl

Psw =0,0029 Bpl

i Psw =0,0044 Bpl

Fig 1.5. Fig. 4.3 Factor kcycl dependency on relative shear span (a), concrete class

(b), number of transverse reinforcement (c), level of low-repeated
load of constant sign (d) and joint influence of testing factors on it
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For convenience of practical application of factor kcycl ,itis expediently

to change a form of relation (4.63) by changing coding values of testing factors
with natural ones:

Kooy = 3,84+ 0,44(7" [ho = 2) —0,69(7(: _Ssj—1,68 Lo = 000291
: 1 5 0,0014

2 2 2
_0.12[1=0.65 +0,11(a/h0 2J +0,06(C 35) 40,31 P = 00029
0,15 1 15 0,0014

2
0,08[ 12065 _ 54 @l =2)(C=35) , o 55( € =35)( Pr =0,0029
0,15 1 15 15 0,0014 (4.63)

Relation (4.63) is fair, not only inside the change of testing factors, but
its extrapolation is possible on the value up to 25% from the values of their
intervals.

For convergence of the test and calculation values of uploading trans-
verse force at stabilized low-cycle, repeated load calculation boundary forces
of concrete durability, transverse and longitudinal reinforcement, calculated
with taking into account the repeated cycle transverse load based on theories
of A.P. Kyrylov [35] and I.T. Mirsayapov [27], it is expediently to increase, as a

way of introduction of calculation relation (4.63), factor k which com-

cycl’
prehensively takes into account the influence of the most important construc-
tive factors and level of repeated low-cycle load, both, individually and in in-
teraction with each other.
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4.1 Conclusions on chapter 4:

1. Presented engineering method takes into account change of stress-
strain state of span reinforced concrete structures at their repeated load, as
well as the change of strength properties of concrete, reinforcement and their
clutch, at the moment t, and can be used on all range of strength characteristics
of materials change- from low-cycle repeated, to repeated cycle load;

2. Proposed engineering method of near support areas strength calcu-
lation of beam reinforced concrete structures provides all possible destruction
schemes, and allows to predict fatigue strength of the concrete over danger
inclined crack, and presents transverse reinforcement, longitudinal working re-
inforcement on rupture or slippage on this crack because of its inadequate
amount (break) or its inadequate anchorage.
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GENERAL CONCLUSIONS:

1)

2)

3)

4)

Generalized model of the element deformation should be able to equally
reflect, both, the nature of the growth of relative deformation of materi-
als, and a process of continuous redistribution of stresses in them. So, the
real state of the reinforced concrete structure can only be reflected when
used in conjunction with, both, stress and deformations diagrams.
Accepted in general case, nonlinear deformational model of bar construc-
tion allows to form the union positions of reinforced concrete mechanics,
considers features of mutual work of concrete and reinforcement on all
stages, including destruction, in its calculated cross sections in the general
case of a stressed state, taking into account the joint action of longitudinal
and transverse forces, bending and torque. It can be used for designing or
reinforcing beams, crossbars, columns and trusses of a rectangular cross-
section, as well as checking the bearing capacity of existing core rein-
forced concrete structures operating in conditions of complex stress-
strain state.

Described in Chapter 3, physical models and calculation schemes of near
support areas resistance of not over reinforced span reinforced concrete
structures to repeated load of high level, different types of fatigue de-
struction of materials considering vibro-creep deformations, accumula-
tion of damages in form of fatigue micro- and macro cracks, are envis-
aged.

Presented engineering method takes into account the change of stress-
strain state of span reinforced concrete structures at their repeated load,
as well as, a change of strength properties of the concrete, reinforcement
and their clutch at the moment t, and can be used on all range of strength
characteristics of materials change- from low-cycle repeated, to repeated
cycle load.
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