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Abstract: This paper describes the approach implemented in SCAD for the analysis of behavior of fragments of
thin-walled reinforced concrete structures taking into account the elastic-plastic behavior of both concrete and

reinforcement.
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The report describes the features of software
implementation and new SCAD [7] modules for
nonlinear analysis of thin-walled reinforced
concrete structures based on a specially
developed method [9].

It should be noted that in this case plastic behavior
implies that loading and unloading are performed
according to different laws and the residual
deformations are taken into account. This is a
fundamental difference from some developments
where the so-called “physical nonlinearity” was
used, which, in fact, reflects not the plastic behavior,
but the nonlinear elasticity. Another important point
is that all calculations are performed for a structure
with specified reinforcement, i.e. we are dealing
with a verification analysis (examination of the
structural design).

The analysis of reinforced concrete structures
taking into account the inelastic behavior of the
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material is implemented in SCAD by using
special finite elements: a bar element, triangular
and quadrangular shell elements (Figure 1).
When creating a design model the mode for
specifying the reinforcement layout is used
(Figure 2). It implies well-defined options for
the placement of rebars, both in bar and in shell
elements. The latter assume an orthogonal mesh
design, the same orientation of the upper and
lower reinforcement and the arrangement of
rebars consistent with the direction of the
alignment of forces Ni1.

This corresponds to common cases of
reinforcement design, although it narrows the
fundamental possibilities of the calculation
method, when the number of reinforcement
layers in shells can be greater than four and the
direction of reinforcement bars in each
reinforcement layer can be arbitrary.
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Figure 2. The “Reinforcement of Plates” dialog box.

This calculation mode is invoked by checking the
Physical nonlinearity checkbox in the
Rigidities dialog box. If this checkbox is
checked, the Materials dialog box appears,
where you can specify the physical and
mechanical properties of the material.
The software provides two options of the plastic
behavior of the material:
e according to the
plasticity;
e according to the theory of plastic flow.

strain theory of
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The strain theory of plasticity has given the best
agreement with experiment in most tested cases.
This option is used by default. In this case only
the “stress-strain” diagram is required to describe
the behavior of the system. The conditions of the
elastic volume change and elastic unloading, as
well as the proportionality of the stress deviator
and the strain deviator, responsible for the shear
and shape changes, respectively, are satisfied.
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Figure 3. The o — € diagram: act- — active
loading in the tension area; pas- —unloading
in the tension area; act+ — active loading in
the compression area; pas+ —unloading in the
compression area; X —start of unloading.

In the second case, the behavior of the system
also defines the yield surface, which in the
program can be represented either by the
Drucker-Prager plasticity condition [1] or by the
Genie's plasticity condition [5].

The stress-strain relationship with a descending
branch in the tension area can be used to describe
the behavior of concrete (Figure 3). The
degradation of concrete caused by crack opening
is modeled in this way. It is known that the
presence of a descending branch of the ¢ - ¢
diagram is a source of instability of
computational  algorithms. The approach
implemented in SCAD is based on the fact that
only reinforced concrete (and not concrete)
structures are considered, and the reinforcement,
the ¢ - € diagram for which does not have any
descending regions, regularizes the numerical
solution.

Since in the numerical implementation of a
nonlinear problem, an arbitrary assignment of the
¢ — ¢ diagram can lead to a lack of convergence
(see for example [4]), they are automatically
reduced to a form that ensures the stability of the
computational process. For this purpose, the
parameter & is used, which specifies the length of
the descending branch (Figure 4).
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The role of the parameter & is illustrated by a
simple example of a tensile reinforced concrete
bar (Figure 5).
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Figure 5. Tension of a reinforced concrete
bar.

When & = 15 (§ > &min) the equilibrium curve
increases monotonically and corresponds to
stable equilibrium states at all points. When & =
Emin = 7.912 the equilibrium curve has a plateau.
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When & =3 (& <&min) a descending region appears
on the equilibrium curve, corresponding to
unstable equilibrium states. Therefore, a jump
occurs from the point A, which corresponds to
the beginning of the descending branch of the ¢ -
¢ diagram for concrete, to a new stable
equilibrium state (point B). Here

éminz 1+ E/(HSES),
where us = AJ/A
is the reinforcement ratio, A is the concrete area,
As s the reinforcement area [9].
In the considered simple problem the jump from
point A to point B occurs simultaneously for all
finite elements when & < Emin. However, in real
problems such jumps in different finite elements
occur at different values of the load parameter.
The equilibrium curve contains many regions
corresponding to unstable equilibrium states, and
obtaining the correct numerical solution for such
a problem becomes too time-consuming.
Therefore, the program always takes & > Emin .
Allowing for the degradation of concrete in the
tension area during cracking when obtaining the
numerical results for the curve a can lead to a
time-consuming  solution.  Obtaining  the
numerical results for the curves b and ¢ without
taking into account the degradation of concrete
and the strength of concrete in the tension area
(Figure 6) is significantly less time-consuming.

Figure 6. Diagrams for concrete in the tension
area.

The performed calculations show that the curve
b gives an upper-bound estimate of the solution,
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and the curve c gives a lower-bound estimate. If
the difference between the curves b and ¢ turns
out to be small, then we can take the curve c as
the final result, when using the curve a leads to
considerable computational difficulties.

The work of the program can be illustrated by the
analysis of a fragment of a multistory building
(Figure 7). The design model was created from
triangular and quadrangular shell elements [3].

T A
R R

The results of the calculation enable to detect
critical states of finite elements, which in turn
indicate that the structure has experienced some
irreversible changes. It means that the finite
element has reached its limit state, but the system
may still be serviceable.
Figure 8 shows critical events in the considered
example. Apparently, such states of the structure
require close attention. It can only be noted here,
that this problem is not solved in the design
codes, which consider the plastic redistribution
of forces only in particular cases.

Calculations performed when testing the

software have indicated some unusual results:

1. When there are developed deformations, some
floor slab elements turn out to be tensile! This
effect is caused by the fact that strong walls
form a closed loop for the floor. The applied
vertical load from the weight of the above floors
compresses the walls in the vertical direction,
simultaneously causing the lateral expansion.
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Figure 8. Results of the calculation: a — the reinforcement of the compression area has reached
the yield point; b — the concrete of the compression area has reached the yield point;
¢ — the reinforcement of the tension area has reached the yield point.

2. Due to the fact that when plastic deformations
develop, the tangential stiffness of concrete is
distributed asymmetrically across the section
height, and also in the case of asymmetrical
reinforcement, nonzero components appear in
the stiffness matrix of a finite element relating
membrane and bending internal forces.

Tension-compression stresses and shear stresses

arise while transverse bending. At the same time

when internal forces act at the middle surface the
transverse bending is manifested. None of this is

true for elastic finite elements from a

homogeneous material.

Finally, let us point out some general problems

that arise in the nonlinear structural analysis. In
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particular, the nonlinear analysis can be
extremely challenging for the majority of SCAD
users since their professional experience is based
on linear problems. It should also be noted that
there is a contradiction between the results of the
refined elastoplastic calculation and the rule for
applying the method of design limit states, where
the safety factors are justified by the linear
probabilistic analysis.

After all, both the distribution of internal forces
and the strength parameters are defined by the
same diagram of the material behavior, so the
question arises about the possibility of their
separate consideration (Figure 9).
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Figure 9. Selection of design factors.

A complete transition to nonlinear analysis is
hardly possible due to the fundamental
difficulties arising here [8]. And the long history
of using the linear calculations, apparently,

speaks in favor of the fact that they should not be
abandoned yet. Nonlinear analysis should serve
as an auxiliary tool to complement and clarify the
results of linear calculations.
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For example,

when designing a high-rise

complex “Federation” in Moscow [6], all linear
calculations were preliminarily performed, and
the peculiarities of the structural behavior were
determined. And only then was the behavior of
the considered fragments refined taking into
account the nonlinear behavior of reinforced
concrete.
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