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Summary

Three dimensional nonlinear finite element analysis of exterior/interior monolith reinforced
concrete joint is presented in this paper. Two types of loading arc considered, namely:
monotonie and cyclic and five different loading cases arc developed. The main sources of
nonlinearity, taken into account, are: cracks propagation in the tensile concrete zone, crushing
of concrete in compression and hardening plasticity of steel members. The numerical results
arc compared with experimental data and some conclusions are drawn.

1. Introduction

The results, presented in this paper should be considered as a part of the research, given in the
Final Report of COST CI PECO contract: ERBC1PECT 926033 - see reference [1 J.

Suppose, we have to perforin a static or dynamic analysis of a reinforced concrete frame. The
objective is to choose a mathematical model which will enable us to simulate the nonlinear
behaviour of the structure, accounting for the real constitutive quantities of the material. In
order to accomplish this task properly, the designer usually goes through three main steps:
experimental work, local numerical simulation and global numerical (frame) simulation [6],
[7]. Since the first step is the most important and expensive, a question is then pu I forward -
what level of the experiment should be carried out? - a point level (simple uniaxial
concrete/steel samples), substructure (such as isolated joint, beam cantilever etc..) or the
whole structure itself. Obviously the third alternative, even very attractive and accurate, is not
always rccommcndablc because it is loo expensive. To get a proper answer of the question
posed, we first analyze the diagram of the bending moments in the case of a symmetric
frame, loaded laterally as shown in Figure 1. We notice the following:

• there are certain points of zero bending moments;
• it is clear from the Figure 1, that in accordance with the moment diagram, few

substructures may be identified, such as : joint, cantilever beam and subframcs.
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Figure 1. The bending moment diagram ofa plane frame, loaded laterally
and the identified substructures

Il is possible instead of doing experiment on the whole structure or simple uniaxial "point
level" experiment (which is cheap, but still unreliable and followed by a tedious FE analysis),
to perform experimental and/or numerical work on those substructures, and using these

results to create a simplified FE model of the whole structure as an assembly, in order to get
the final solution - simple from one hand and reliable from another. As an example, the

deformation stale of a real R/C joint is shown in Figure 2.a. In Figure 2.b the most simplified
possible mechanical model is added. The intention is by using the nonlinear rotational spring
to simulate the nonlinear behaviour of the joint. That could be done by adjusting the

experimental data to the constitutive parameters of the spring in an integral sense - see

references fl], [6] and [7] where an attempt is made for such a numerical simulation.
The experimental work on the substructures can be partly or thoroughly replaced by numerical
simulation, provided the mathematical method used and the relevant software tools arc
reliable enough. Such a refined FE numerical simulation of R/C joints is developed in this

paper. The software package used for this puiposc is ANS YS51 [2J.
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2. The theory

For modelling the concrete behaviour ANSYS51 offers a three - dimensional isoparametric
brick Unite clement with 8 nodes and 24 DOF. The model is capable of cracking in three
directions in tension at an integration point. In compression the point may crush when a
certain condition is fulfilled The criterion for failure of the concrete due to multiaxial stress
state is expressed as follows:

y-S>0, (1)

where F is a function of the principal three dimensional state S is the failure surface,
suggested by William and Warnke (1975) [3J,[5], expressed in terms of principal stresses and

parameters to be taken from an experiment, f is the uniaxial crushing strength.

If equation (1) is not satisfied, there is no cracking or crushing at the concrete point into
consideration - the material is considered to be isotropic and linear. When the material fails in
triaxial compression, the concrete is assumed to crush and according to the theory adopted,
crushing is defined as a complete deterioration of the structural integrity. The material

strength is assumed to be zero and there is no contribution to the stiffness from this point. If
the failure criterion (1) is satisfied and one of the principal stresses in directions 1, 2 or 3 is

positive, cracking occurs in the plane perpendicular to the principal stress. The smeared
crack approach is developed, allowing control of the "open" and "close" state of the cracks, so
the "material" matrix changes accordingly.
Three-dimensional uniaxial tension-compression spar element with three degrees of freedom
is used to represent the steel reinforcement. The spar element assumes a straight bar, axially
loaded at its ends, and of uniform properties from end to end. A rate-independent bilinear
hardening plasticity is implied, characterized by irreversible straining that occurs in the steel

once a certain level of stress is reached. Unloading is assumed to occur clastically.

3. Applications

Based on the above theory and software few numerical examples arc developed. A real
external reinforced concrete joint, tested by Penelis and el. [4] - see Figure 3, is chosen in
order to use the input data and compare the results.

~2oJT

6$H

4Ç14 >4$M

Concrete: E-0.29. ttf kN/nf; ß,=0.5; |l,=fl.5;v =0.2;
I,=2330 kN/nf; I,=37000 kN/nf

Steel: E=0.2Utr kN/nf:v=0.3:
a.=0.48507.1(7 kN/nf; H'-O

Figure 3. The experiment of Penelis et al. [4], geometry and material data
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The loading of the joint is displacement controlled vertical movement of the end of the beam.
Two types of R/C joints are numerically analyzed - external and internal. In the first case three
loading histories are considered- see Figure 4, and the solution is compared with the
experimental results. Two loading histories are developed for the internal R/C joint - sec
Figure 4, where in x direction the number of loading steps is given in order to read the

consequent graphics more easily. The two FE meshes plus some additional data are shown in
Figures 5 and 8.

3.1 Loading case 1

The purpose of this numerical test is to investigate the first and very important source of
nonlinearity - the crack initialization and propagation in the tensile zone. One and a half
hysterctic loops are considered and the maximum displacement is 1.5 mm. The process of
damage due to tensile cracks is then monitored and some results at important load steps arc
given. The propagation and orientation of the cracks at the front of the joint at steps 4 (initial
cracking) and 45 (final) arc shown in Figure 5. Both - "open" and "closed" status of the cracks
at integration points could be accounted, as shown. The essential conclusion is that the model
is very successful and reliable as far as the tensile cracking process is concerned. There is no
comparison with the experimental results, because they are not available for this loading case.

3.2 Loading case 2

This numerical solution is done for monotonie, displacement controlled vertical movement of
the beam end. The displacement is applied incrementally by 1 mm up to 32 mm. At the 7.5

mm, yielding of the steel reinforcement is accounted for. That is clearly seen in Figure 6,
where the reaction-displacement relationship is given. It should be mentioned that at the final
load step two elements have already crushed, so they do not contribute any more to the

stiffness of the joint. Taking into account the good coincidence between experimental and
numerical curves, a conclusion can be made, that the model is able to represent properly the
monotonie, nonlinear behaviour of R/C joint up to failure load. Three sources of nonlinearity
are considered in this numerical test, namely: cracking and crushing of concrete and plasticity
of steel reinforcement.
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l-igure 5. Loading vase I - LE mesh data and tensile crack, development
at load step 4 (0.4 mm) and load step 45 (1.5mm)
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Ligure 7. Loading case 3 - Reaction - displacement curve and collapse mechanism
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3.3 Loading case 3

Loading case 3 is especially designed, using the same mesh, to develop a hysterctic numerical
solution. The posilive/ncgative displacements arc just as in the experiment [4J. The
displacement during the first cycle is ± 16 mm. The numerical and experimental reaction-
displacement curves are plotted in Figure 7. The tensile cracking begins at displacement level
0.4 mm, so it is not indicated clearly on the diagram. At about 7.5 mm the reinforcement
begins to yield and the steel plastification of is "on". At step 16 (+16 mm) unloading,
according to test data begins and the stiffness is linear, which is typical for the implied theory.
There is no good fitting between numerical and experimental curves, particularly when the

plasticity of reinforcement is developed. The explanation is that the concrete - steel interaction
is not properly simulated. In other words the link of the two materials at nodal points docs not
allow slipping - which means that the "pull out" effect is not simulated at all. This can be

easily overcome if new "link" elements (available in ANS YS) arc put into the analysis. After
step 64 the numerical solution requires more and more iterations at every new loading step -
that is an indication of near failure state of the model. After step 82 a collapse mechanism is
formed and failure (nonconvergency) occurs - see the collapse mechanism shown in Figure
7. At the moment of collapse, many elements, situated near the column face are in a "crush"
state and a plastic hinge is formed. The column is already free of stresses and as a result the

joint can not sustain more loading. Unfortunately, that is not the case with the experiment, so
a conclusion should be made that the present modelling can not properly predict the real

hysteretic response of the R/C joint. One of the reasons is the small number of concrete
elements along the height of the beam. As a result of this poor FE discretization the number of
integration points is too small (only 6), therefore the shear capacity of the beam is not
sufficient.

3.4 Loading case 4

The loading cases 4 and 5 deal with the simulation of an internal R/C joint. The FE
discretization is improved especially on the height of the beam, as indicated above - see

Figure 8. The vertical displacement in this ease is imposed antisimetrically on the two beams.
The vertical displacement is applied incrementally by 1 mm up to ± 20 mm in the two
directions. Figure 9 represents the F-5 curve of the joint. As seen from this graphics the most
important stales of the structural response is well represented, namely: the tension stiffening,
the points of yielding of upper and down reinforcement and the consequent "almost perfectly
plastic" behaviour of the joint. The first hysteric cycle is finished and the second one is

developing as expected. No substantial structural damages are observed.

3.5 Loading case 5

This loading history case is performed on the same internal joint using the same FE mesh.
The intention is by increasing the vertical reversal displacements to ± 25 mm to reach the

ultimate state, the failure of the joint. The F-6 curve is plotted in Figure 10. The first hysteric
loop is finished with no sudden softening of the structure. As the second cycle begins a shear
failure of the core is indicated at load step 104 - at plus 4 mm displacement. The joint softens
in almost brittle manner but it is still capable to resist. The deformed shape of the core is

shown in Figure 11. At 18 mm displacement, a shear failure of the columns happens in a

brittle manner and a big drop of the reaction is indicated. The shear collapse mechanism is
shown in Figure 12 and this loading point is accepted as a failure point of the joint.
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4. Conclusions

On the basis of thé above analysis the following conclusions can be summarized:

1. The used William-Warnke criterion and the pressure dependent failure surface itself,
represent well this type of mathematical simulation.

2. The model indicates a good performance in the ease of tensile cracking - the opening and

closing processes are reproduced well.
3. Two types of fracturing can be successfully handled, namely: "cracking" type and

"crushing" type at low pressure zone. When a big uniform pressure is available and the

damage is big, which is very typical for cyclic loading and when the structure is near to
ultimate state, a refined FE mesh is needed in order to prevent the numerical failure due to
low number of integration points along the height of the beam.

4. The present modelling of reinforcement is working satisfactorily.
5. The "unloading" and "reloading" path are identical and no damage effects lake place when

repeated loads occur. The energy dissipation is not simulated properly, which is a

drawback of the theory implemented.

The important conclusion is that the present three dimensional modelling of R/C joints can be

successfully applied in the case of monotonie loading. It allows to reproduce the main features

of the joint behaviour observed experimentally and, with a careful selection some important
constitutive parameters of the model can be obtained for further use in the nonlinear R/C
frame simulation [7]. When a cyclic loading is considered the application of such a theory
requires additional research and improvement.
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