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ABSTRACT

Peculiarities in the behaviour of reinforced concrete
elements during strong earthquokes are discussed. An analysis of
the parameters influencing - this behaviour is made and
recommendations on the effective seismic safety of reinforced
concrete structures are given. To avoid an eventual collapse of
constructions, which are not capable of ductile behaviour, they
must be designed for a much higher seismic load, and this is not
grounded from an economical point of view.

INTRODUCTION

The major part of the structures which have been designed
and constructed in the seismic regions ‘'of many countries are
reinforced concrete structures. It is a fact that besides the
significont improvement in the technology of construction, as
well as in the design process, severe damages and even failure of
some reinforced concrete structures have occurred due to strong
earthquakes. It is a question what is the reason for such
behaviour of these structures. In addition to a number of factors
influencing the behaviour of structures under seismic effect
(soil conditions, structural concept, quality of the built-in
muten‘icl etc.) the ability of the structures to be in inelastic
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raonge, 1i.e. to sustain nonlinear deformations is of wvital
importance. It is well known that the value of the seismic forces
in a structure with theoretical elastic behaviour during an
earthquake is several times larger (4 to 6 times) than the value
of the seismic forces obtained applying the Codes [1]. Thus
structures survive the earthquake suffering nonlinear
deformations, as a result of the ability of structural members to
behave beyond the yield level, dissipating the seismic energy
without heavier daomages to the structural system.

Such behaviour forces civil engineers constructing
reinforced concrete structures to control structural members in a
way that they are capable to work and to suffer deformations
exceeding the ultimate stress state, which, again, makes design
engineers apply nonlinear calculation by dynamic analysis of the
structural model.

This is possible when the following effects do not appear in
the members of the reinforced concrete structures: local crushing
of concrete, local buckling of reinforcement, cracks due to shear
forces, loosing the bond capability and inadequate onchorcée of
reinforcement. Decrease in strength capacity, oand especially
stiffness deterioration, is also very important.

BASIC PRINCIPLES

The relationship "moment - curvature" for every reinforced
concrete section in case of such nonlinear investigation must be
derived. This relationship is characterized by some basic points,
corresponding to the different levels of the stress-strain
behaviour of steel and for their determination is wused the
methodology, similar to [2,3] with the following assumptions:

1. The plane sections remain plane from the beginning to
cdllopse - Bernoulli hypothesis is accepted. )

2. Idealized stress-strain curve for concrete, due to
Hognested shown in Fig.1

o. = R [2¢. /ey - €2/ €,] (1)

where R. is the maximum compressive stress reached in the
concrete; g, = 0.002 - the strain at the maximum compressive stress;
¢! = 0.004 -ultimote strain of the compressive concrete (assumed
value of ¢! is relative since additional ductility due to
rectangular hoops. .

3. In this investigation the stress - strain curve for steel
is assumed to be identical in the compressive and. tensile range
as a bilinear curve (Fig.2), where gy, RY ore strain and stress
at the yielding of steel, g" and R are the ultimate strain and
stress of steel.
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Figure 2

In this approach the reinforced concrete section with given
geometrical characteristics (b and ), percentage of tension and
compression steel (p and p’') is divided into a number of
horizontal elements, each having the width of the section at that
level (Fig.3). There are n elements numbered from the top, each
has depth h/n, where h is the overall depth of the section. The
top and bottom steel reside in elements na’/i  and na/h
respectively. If the strain in the top fiber is g, and the neutral
oxis depth is ¢h, the average strain in element i is

& = e{n(ah/h)-i + 0.5} {n(ah jh)} )]

The stress in the concrete and the steel in each element is
found from the assumed stress-strain curves ond is taken as the
stress corresponding to the average strain in the element. From
the stresses and the areas of the concrete and steel in each
element the forces on the section may be determined.
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Figure 3.
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An iterative technique is used to calculate points on the

moment - curvature curves. The strain g, in the top concrete
fiber is adjusted by a fixed amount. For each value of g, the
neutral axis depth ai; is estimated,. and stresses in the

elements are computed for this strain profile. The forces acting
on the elements are computed for this strain profile. The forces
acting on the elements are then calculated and the equilibrium of
the forces is checked by using the requirement that

D, +D,-Z,-N=0, (3)

in which D,, D, and Z, are the compressive and tensile forces
acting on the elements, respectively, and N is the compressive
load acting on the section. If the equilibrium (3) is not
satisfied, the estimated neutral axis position is incorrect and
must be adjusted until equilibrium of forces is achieved. Having
obtained equilibrium, the bending moment M and curvature x are
calculated for the particular value of g and N

X =1ir= edoh, OR

The ductility of a member sections is usually express&d as
the ratio of the curvature at the ultimate deformation of the
concrete to the curvature at the first yielding of steel.

D = x,/xy ' (5)

In this paper are considered the basic cases of the
bahaviour of reinforced concrete elements, in addition a number
of factor influencing their ductilities consequently at the
members with flexure and at the eccentrically loaded elements. At
the members with flexure in depending of - section’s
characteristics can be occurs yielding of the tension steel at
the relative strain of compression steel g < g (i.e. the
compression steel remains in the elastic range) or yielding of
the compression steel at the relative strain in the tension steel
g < g

" The possible type of flexural failure (tension,compression
and balanced) are shown in Fig.4.

If the steel content of the section is small, the steel
reaches the yield strength RY and ultimate strain g, before the
concrete reaches its maximum capacity and the 'strain in the
extreme compression fiber of the concrete is g <gM. In 'this case
the tension failure occurs.

A "balanced failure" occurs when the tension steel just
reaches the yield strength and the extreme fiber concrete
compressive strain reaches the ultimate strain ot the same time.
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It should be noted that a balaoanced failure of each
reinforced concrete section is associated with the corresponding
percentage at the "balanced failure" -p,.

EexE
Xp
hc
560
R g
R
VE

Figure &4

1- Tension failure os = Rt w < s
2- Balanced failure uy;
3- Compression failure g, < RY; n> 4

A compression failure occurs in the following cases:

1. The failure of compressive concrete with the strain in
the tension steel g > g > &Y and the strain in the compression
steel g < &

2. The failure of compressive concrete with the relative
strain in the. tension steel g < g} and the relative strain in the
compression steel g = &

3. The failure of compressive concrete with the strain in
tension steel g > g > ¢ and the strain in the compression steel
g5 > & -

At the eccentrically loaded elements with uniaxial bending,
as well as the tension failure or the compression failure can be
occurred depending on whether the tension steel reaches the yield
strength.

The possible cases of yielding are as ot the elements with
flexure, in addition with one other case- the compression steel
is yielding at a considerable value of the axial compression
forces when all the section is compressed.

The type of failure, shown in Fig.5, are five. Four of them
are as at the elements with flexure and the fifth type is
characterized by high level of axial forces. This is ossociated
with the distribution only of compression stresses in the hole
section. The compression failure occurs because of the crushing
of more éompressive extreme concrete fibers.

At these elements there are also the "balanced failure" with
the corresponding percentoge . '

13



Figure 5

1- Compression steel does not yield

9] < RSY/ES
2- Typical tension failure oy = RY: x <x,
3- Balanced failure g, = RJ: x =x,

The requirement for ductile behaviour means the presence of
percentage of tension steel smoller than this at the "balanced
failure" .

The axial load influences the curvature.For section, shown
in Fig.6 with the iterative technique is plotted the interaction
diagram "M - N". Curve 1 of this diagrom indicates the
combinations of N and M that cause the column section to reach
the useful limit of strain (ef = 0.004 for the concrete). Curve 1
in the N - ¥ diagram (FIg.6b) shows the curvature of the section
corresponding'to the combinations of N and M when this ultimate
condition is reached. Curves 2 give the combinations of N M and yx
corresponding to the points at which the tension steel first
reaches the yield strength. Curve 2 do not appear above the
balance point because the tension steel does not reach the yield
strength above that point.

It is evident from Fig.6b, Fig.6c that the ductility of the
section is significantly reduced by the presence of axial load.
At levels of 1load less than the balanced load (point B) the
ductility increaces as the load level is reduced. The failure and
domoges are determined by the plastification of reinforcement.
This is the "ductile behaviour".

At axial load levels greater than the balanced failure load,
the ductility is negligible, being due only to the inelastic
deformation of concrete and the failure of the section is
brittle, the 'its ductility is minimum. The point of balanced
failure B in the same figure illustrates a caose when both
materials, reinforcement and compressed concrete reach the
characteristic ultimate point "e" and "eJ" this is the ultimate
point of ductile behaviour, where the ductility factor is equol
1.
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Parameters influencing strength capacity, deformability and
ductility are topics of permanent investigation. During the past
years, many investigations of the individual parameters
influencing the behaviour of reinforced concrete elements were
performed. A large number of experiments have been also performed
at the Illinois University under the guidonce of Prof. Newmark
[21].

In this paper are presented some results, obtained on the
basis of numerical investigations using the methodology, above
mentioned and elaborated program for PC/AT 286 computer.

The cross section presented in Fig.7 is investigated at the
different longitudinol reinforcement (u and w'), different
strength of concrete and steel. The graphs demonstrate the
influence of the longitudinal reinforcement upon the strength
capacity, plastic deformability and the value of the ductility
factor D. Increase in tension reinforcement results into increase
in strength capacity, but gradual decrease in deformability.
Application of compressed reinforcement increases significantly
deformability (Fig.8). The corresponding ductility factors are
shown in the same figure.

Brittle failure occurs in the case of very high percentage
of tension reinforcement n% but without compressed
reinforcement.It means that strength capacity is proportional to
the tension reinforcement. 1In the case of elements (beams)
without compression steel the ductility factor D is inversely
proportional the percentage of the tension reinforcement.

N°sR.bh
“ NINS B =0.87%

a 220,77
50 100
Figure 6a
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Figure 6¢
Strength and ductility of ¢olumn section
a) Interaction diagroms
c) Curvature ductility
1. - nonductile section; 2. - ductile section;
B point of "balanced failure"

At the presence of compressed reinforcement the ductility
factor is inversely proportional to the subtraction of
percentages of reinforcement p-u’, as shown in Fig.8 or ratio pu/p’

as shown in Fig.10.
From these figures it is evident also that:
1. An increase in the concrete strength increases the

ductility of the section.
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2. An increase in the extreme fiber concrete stroin at

ultimate increases the ductility of the section.
3. An increase in the steel yield strength decreases the

ductility. ‘
NS0/ ‘

Figure 7.
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Figure 8.

The value of the axial loading acting in the column sections
have significont influence upon theirs deformability. Increase in
axial forces results into increase in strength.but'consideroblé
decrease in deformability also, as evident from.Fig,Q.

It should be mentioned that for the above elements at the
high compression forces the effect of - the transverse
reinforcement is very important to avoid the brittle failure and
to increase its ductility. The stress - strain relationships for
concrete confined by transverse reinforcement which are obtained
experimentally [2] can be used in nonlinear seismic
investigations. Such experimental and numerical investigations
must continue in our country also.

CONCLUSIONS
Determination of relationship "moment - curvature" is one

1
first step in the complete process on whole nonlinear aseismic
investigation. This relationship represents back curve of the
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hysteresis models, which are used for determination of the
element’'s stiffness at such investigation.

In this first step considering the characteristics of
sections influencing on the ductility of reinforced concrete
elements as and on the whole structure is of great importance for
its aseismic safety. This is because, as it was already mentioned
in the beginning, the present seismic design philosophy relies on
energy absorption and dissipation by postelastic deformation for
survival in major earthquakes.

These structure, which are not capable to have ductile
behaviour must be designed for much higher design seismic
loading, if its eventual damage during strong earthquokes should
be avoided, which is not grounded from an economical point of

view.

O
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Figure 10.
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Bu g¢aligmada, betonarme yap:r elemanlarinin kuvvetli deprem sirasindaki
davramiglarinin 6nemli 6zellikleri tartigilmaktadir. Bu davranigi etkileyen nedenlerin
bir incelemesi yapilmakta ve betonarme yapilarin etkin deprem giivenlii iizerine
Oneriler getirilmektedir. Ggme ile kargilasmamak igin, ekonomik agidan giig de
olsa, siineklik kazandirilamayan yapilarin daha biiyiik deprem yiiklerine gore
boyutlandiriimalart zorunfudur.
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