2. Finite Element Analysis of Reinforced Concrete Structures in Japan
2.1 Intreduction

Many analytical studies of reinforced concrete members or structures have been done recently
by the Finite Element Method due to the development of computers and analytical methods based
on fundamental experimental data. When the general view of the studies is observed, many cases
are found in which experimental results were investigated analytically, and the specific problems
for reinforced concrete were made clear by the feedback between the experiments and the
analyses. This approach should clarify the unknown which might be 1mpossible to investigate
only with expenimental studies. Further for the butldings of nuclear power plants or offshore
structures, the analytical studies are somenimes considered to be more favorable because the
structures are so large and complicated, hence, expenmental studies are very difficult in the
adequate scale. Such thoughts are also seen 1n the case where the number of necessary test
specimens 1s excessively large in accordance with the variety of loading and boundary conditions.
Currently this approach is sull supplemental but 1t should become possible to make up for
experimental studies and reduce the number of necessary test specimens when the accuracy of the
analyses becomes higherin future. From the view of structural design the current design formulae
are established empirically from the testresults obtained for each member such ascolumns, beams
or shear walls. This sometimes causes discrepancy when a formula 1s used 1n the inapphcable
range or a formula is applied as a matter of convenience to the structure which does not belong
to any member under classification. For these members FEM in considered to be useful to clanify
their behavior, but this approach is still thought as being supplemental.

From these backgrounds active movements have appeared to rearrange the present status and
to look over the future prospects of the FEM. In Europe [ABSE held a colloguiumon “Advanced
Mechanics of Reinforced Concrete” at Delft in 1981 {2-1] and in the United States the ASCE
published the “State-of-the-Art-Report™ [2-2]. In Japan the Japan Concrete Institute held the
colloquium on “Shear Analysis of RC Structures™ 1n 1982 and 1983 [2-3], where the fundamental
problems of reinforced concrete were discussed especially on analytical procedures In the
colloquium the authors [2-4] presented the review of the analyucal approaches by FEM and
pointed out future problems concerning each basic item as follows- (a) Stress-strain relation of
concrete under multi-axial stresses, (b) behavior of concrete after peak stress (¢) cracking and its
propagaton, (d) internal shear transfer, (e) modelling of reinforcing bars. (f) bond between
reinforcing bars and concrete. (g) dowel action of rernforcing bars

In this chapter the application of FEM 15 reviewed tn accordance with each member such as
columns, beams, beam-column joints, shear walls and structures of nuclear power plants These
members have distinct characteristics from one another1n the size, space and arrangement of bars,
the effect of bond and the dimension 1n which calculatuons are performed. Consequently it seems
wise to assort respective 1tems to which applications are made so that the problems may be
clarified. In the presentation hereinonly short ime loads are considered excluding creep, thermal



loads and impact loads The subjects are selected from among those that are comparatively new
and have distinct characteristics.

2.2 Columns

A column contains comparatively thick reinforcing bars which are arranged rather sparsely.
From this specific feature the characteristics of bars including the effect of correlation with
surrounding concrete, are shown remarkably well, hence the bond behavior and the dowel action
become umportant. From an analytical view each bar can be modelled individually, and the bond
behavior can be represented easily by bond links which have assumed bond-slip relation. The
failure modes of columns are classified into the bending-type, the shear-type, the bond-type etc.
corresponding with the shear span ratio and the quantity of reinforcement. But it is considered
very difficult for only one model to simulate all of the failure mode types. As to the loading
condition a column is subjected to not only lateral forces but also axial ones and besides the
direction of stresses change every moment in accordance with the increase of lateral forces. This
sometimes causes difficulty so that some additional means for modelling of cracking or its
propagation are necessary, or in some cases the questions have to be left undecided. Furthermore
n case of analyzing a column with axial forces, which is deformed in two honzontal directions
like circular displacements, the analytical method is required which can treat cyclic loads in the
three dimension. In this model 1t is worthwhile to note that the concrete confined by hoops is in
3-dimensional stress condition. and for its evaluation the 3-dimensional constitunve law is
applied

~Nomura et al. [2-5] defined the yield and failure of concrete by the Mohr-Coulomb's formula
and represented reinforcement by axial elements. Bond was modelled by bond links in which the
strength of the bond was reduced corresponding wath the distance from a crack surface. Columns
under cyclic loads were analyzed, and the influence of axial forces to the shape of hysteresis was
presented. In the results the area surrounded by the hysteresis loop was small comparauvely (Fig.
= 1) The assumption of the hysteresis characteristics should be reconsidered. Furthermore from
the study [2-6] in which the pullour of main bars at the end was represented by spring elements,
the influence of the pullout was pointed out to be very important because the obtained story
deflection increased 35% to 25% when this effect was considered. In considering that Okamura
etal. [2-7} represented the bond behavior of reinforcement embedded in massive concrete from
tne swratn 1n remnforcement vs. slip relaton, this procedure seems effective for modelling the
anchorage problems.

Noguchi etal. [2-8] represented concrete by an orthogonally anisotropic model and modelled
remnforcement by two-dimensional elements forexpressing the dowel effect (Fig. 2.2). Bond was
represented by bond links in which the detailed charactenstics of bond were incorporated. such
as the difference of their properties after the bar yielding or the arrival of the ulamate bond

strength.
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Further the varied properties were assumed for the upper portion and the lower portion, and the
deterioration of bond near a crack surface was given consideration. From the analyzed resuits the
fact was pointed out that the assumed bond characteristics severely affected the distmbution of the
strain of main bars, the bond stress and the bond slip. In this study the detailed analyses were
executed on the basis of the precise properties of each material although crack locations were
predetermined to represent them by crack lines. This shows that FEM is an useful approach to
clarify the influence of each factor to the behavior of reinforced concrete members.

Watanabe [2-9] investigated the shear failure mechanisms of columns caused by the splitting
bond failure by considering the ultimate bond stress obtained by experiments for splitting bond
failure. In the analytical model the stress-strain relation of concrete was represented by a simple
bi-linear curve, and reinforcement was modelled by axial elements. Bond was represented by
bond links, and cracks were modelled by crack links of which locations were established
beforehand (Fig. 2.3). Furthermore from the obtained stress dismbution of concrete the failure
mechanism was simplified, and the macroscopic model which could represent 1ts failure more
adequately was established. In this study a mucroscopic model like FEM was used to create a
macroscopic model. This approach seems to be the future trend

Inoue et al. {2-10] proposed a nonlinear three-dimensional model in which the core concrete
confined by hoops was represented by three-dimensional elements with the plastc theory, and
reinforcement and bond were modelled by axial elements and bond links, respectively. In this
model the hysteretc characteristics of each element were assumed. This approach was applied
to analyze columns under cyclic lateral forces in one direction and to those which were deformed
1n two horizontal directions (Fig. 2.4). The obtained results showed that their three-dimensional
behavior was simulated well. When analyzing a column under two-direcuonal lateral forces, the
three-dimenstonal FEM like this becomes necessary to investigate the effect of shear forces which
cannot be estimated by a fiber model, although this analysis 1s comparanvely difficuit because the
stresses change every moment 1n accordance with the looped hvsteresis But in the results of the
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shear-deflection relation, the obtained area surrounded by the hysteretic loop was small compara-
tively. This tendency was also seen in the Nomura's analysts [2-5], so the assumption of the
hysteretic characteristics require reconsideration.

A column is a member which cames vertical loads. Its failure leads directly to the collapse of
the building, and so it is very important to investigate the ductility after its yielding. Especally
the influence of cyclic loads should be clarified. Butin many cases the analyses by FEM were
executed under monotonical loading up only to the adequate strength. This tendency of loading
below the strength is seen also in the analyses of cyclic loading. Further the influence by axial
forces to the shear capacity of a column has not been cleared by expeniments, and the ductility after
the peak loads is still beyond comprehension. From now on its 1s hoped that a proposal will be
made for the analytical model in which the ductility of a column after peak loads can be evaluated
with consideradon for the effect of axial forces and in which the influence of cyclic loading can
be discussed.

2.3 Beams

A beam is a fundamental member which has often been analyzed by FEM to clanfy the
mechanisms of shear resistance 1n reinforced concrete. The making of analytcal modelis aimost
the same as for columns, from the structural charactenistics. The authors {2-4] have already made
presentanons on the detailed review about the beams in past colloquium, so in this report the
researches after the review are presented.

Noguchi et al. [2-11] made simple-supported beams without stirrups in which cracks were
wnstalled beforehand with the different crack depth, and measured the shear resistance of the
elements after the occurrence of inclined cracks, as following: concrete, dowel action of
reinforcement and aggregate interlock. In the analytical study by FEM the mechanism of each
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factor was presented, and the obtained shear stress well explained the experimental results in the
resistance ratio (Fig. 2.5). This approach seems effective to clarify the reststance role of each
element in reinforced concrete by both experiments and analyses.

Kokusho and Hayashi et al. [2-12] executed the test of a beam under bending and shearing
forces with prior installed cracks to investigate the bond-slip characteristics of a cracked member.
From the analytical results by FEM in which the bond characteristics obtained by the tests was
assumed as bond links (Fig. 2.6), it was pointed out that the bond-slip relation should be varied
with the correspondence to the distance from a crack surface to simulate the distribution of the
strain of longitudinal bars and bond stresses. Inthis approach one dominant factor for the behavior
of reinforced concrete was picked out and investigated by both experiments and analyses. This
1s a favorable approach expected in the future.

Fukuhara [2-13] made parametric analyses of beams with prior cracks by an elastic model to
grasp their mechanical behavior 1n the vicinity of the inclined cracks which occurred at the
ultimate stage under shear forces and to gain the fundamental data for proposing experimental
formulae of ultimate shear strength (Fig. 2.7). The obtained results were studied quantitatively
in stresses and crack width. This elastic analysis seems to be useful when considering the fact that
many specimens have to be calculated to obtain the formulae of the ulumate strength analyucally.

Niwa {2-14] analyzed deep beams by a nonlinear FEM assuming smeared cracks in order to
clanfy the mechanism of their shear resistance (Fig. 2.8). Some parameters which affected the
shear capacity were picked out, and their influence to the dismbution of compressive stresses in
the diagonal concrete struts was grasped quantitatively. Finally from these results a formuta of
the ultimate shear strength for deep beams was proposed. This approach. in which a design
formula was obtained analytically by the parametnc calcutatons, 1s highly sigmificant to connect
the FEM with the design.

Kokushoetal. [2-15] analyzed beams with an opening to study the eftect of the reinforcement
around it (Fig 2.9). In this study two models, with and without bond, were calculated The
obtained resuits showed that the bond 1nfluenced the behavior of a X-shaped reinforcement
largely, butitdid notinfluence that of a ring-shaped reinforcement. This ts anexample thatcertain
fundamental behaviors can be grasped by a simple approach like the elastc analysis.
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Obata and Katsurmzu [2-16] pointed out that the applied element mesh layout affected the
strength, deformation, crack distribution and stress in longitudinal reinforcement in the analysis
of a simple-supported beam. In this study the variations were considered, such as the fineness or
coarseness of the mesh size and the orthogonal or oblique division (Fig. 2.10).
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The FEM analyses make 1t possible to grasp the internal stress and strain in a beam which
cannot be obtained easily by experiments. Consequently 1t 15 expected that the various taiure
mechanisms of ¢ beam corresponding with the quanuty of lateral reinforcement, and the shear
spanrano s clarified by FEM  Furthermore by invesugating the resistance rano ot each element
quanutanvely and comparing 1t with the results from a macroscopic model, it 1s desired that the
current expernimental formulae are substantated analytically, and a more reasonable design
formula 1s proposed in reference with the results of parametric studies by FEM  Regarding the
method of modelling, the degree of minuteness 1n the adopted method should be considered 1n
accordance with the degree as to how 1t will affect the analyvucal results

2.4 Beam-Column Joints

In the recent design of reinforced concrete trames the stresses in a beam-column joint have
become large comparatively 1in accordance with the increase of the uluimate strength of beams and
columns, because 1t1s emphasized that the strength and ductility must be secure 1n the beams and

columns Consequently the necessity of its study has increased. but there exist notmany analytical
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researches. Thisis because it1s very difficult to model the nonlinear behavior such as the cracking
and crush of concrete under complicated high stress condition, and the bond slip of longitudinal
reinforcement in a beam at the joint in correspondence with the deterioration of bond.

Shimodaira et al. [2-17] analyzed cross-shaped joints under low stresses (Fig. 2.11). In this
model the concrete was assumed to be elastic. Cracking was represented by separating the
adjoining nodal points, and the bond was modelled by bi-linear springs. The obtained results
showed good coincidences with the experimental ones 1n the distribution of stress and strain,
cracking and its propagation at the joint.

Otsuki et al. [2-18] analyzed statically indeterminate frames with joints by a nonlinear model
to comprehend the influence of the difference in assumptions like the mesh layout, the stress-
strain relation and failure criteria of concrete and the bond-slip relation. In this study the inclined
cracks were neglected at the joint because the assumed failure mode was restricted to the yield of
a beam and the bond failure of main bars (Fig. 2.12).

Ohwada [2-19] analyzed joints elastically by 3-dimensional FEM to investigate the influence
of the parameters such as the shape of joints, the existence of orthogonal beams and the width of
beams. Recently in another research [2-20] the behavior after cracking was studied elastically
with a model, incorporating reinforcement and bond, in which cracks were installed beforehand
(Fig. 2.13). In considering that the effect of orthogonal beams may decrease when they are
subjected tocyclic loads up to the vicinity of their bending yield, such study in nonlinear behavior
1s destred.

Kamimura et al. [2-21} investigated by three-dimensional elastic analysis the influence of the
eccentricity of beams jointed eccentric to a column.

Noguchi et al. [2-22] analyzed cross-shaped joints under cychic loads. paying attention to the
constitutive relation of concrete, the opening and closing of a crack and the bond property
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The obtained results indicated the experimental behavior that the deterioration of hysteretic
characteristics was influenced by the shear failure of concrete and the deterioration of bond of the
beam main bar in the joint (Fig. 2.14).

Hayashi and Kokusho et al. [2-23] analyzed a joint by applying assumed bond characteristics
equal to that obtainable from an experiment in which the bond property of beam reinforcement
was measured preponderantly within the joint. The results showed a good coincidence with the
experimental ones. Especially itis an interesting indication that the deterioration of bond near a
crack surface and the axial stress near the surface of a column were influential in expressing the
bond properties of a beam.

Until now the number of the analytical examples on beam-column joints is small. Hereafter
it is expected that the mechanisms of shear resistance are clarified by investigating analytically
the change of internal stress distribution and the deterioration of bond, and that the analysis
becomes useful for establishing the design method of joints. Especially the important problems
are as follows; the correlation between the bond deterioration of beamreinforcement and the shear
failure of a joint, the effect of lateral reinforcement in a joint, the change of the mechanisms of
shear failure under cyclic loads after the bending yield of beams.

e, s, B = ol
T i ne
= column == —d-- >H’ j 1 hoop
‘E‘fx:i 1'—' eam‘;-—»_qﬁ % >
s AT s
— TS
ESLEYORT S | ‘ ;j v ‘
.___‘_,—f—- N
fika: nupt 8 2T E
upieX T \ )
M »
VN
HH A
— beanm l' l| AN
N N RiE ™ N
Mt e RS
T ‘\
stirrup i ~ reinforcement
|

Fig. 2.13 3-Dimensional Mesh Layout of  Fig. 2.14 Deformation of Beam-Column
Beam-Column Joint [2-19] Joint [2-22]

2.5 Shear Walls

Generally in a shear wall many number of reinforcing bars are placed. Due to this feature it
13 rather difficult to model each reinforcement individually and to represent bond by bond links.
Consequently in many cases the average behavior of a shear wall was studied by using a
distributed representation of the reinforcement. In this modelling, there are cases whereas the
bond 1s considered as perfect, but better results were obtained when evaluation was made of
tension stiffening for the bond behavior. But for the investigation of bar arrangement or the bond
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behavior in detail, the modelling methods used in the analysis of a column or a beam, in which
a bar s modelled by an axial element and bond represented by bond links, are sometimes adopted.
As to the purpose of the analysis the adopted modelling method retains certain specific feature
corresponding with the subjects of the investigation, such as, to evaluate experimental results of
the total behavior of a shear wall, or the microscopic behavior of the crack spacing and the bond
characteristics. In the study to design a shear wall there are many problems to be investigated as
follows: the adequate arrangement of reinforcing bars around an opening, the behavior of the
jointsin a precast wall or postcast wall, the stiffness and strength of partial walls (wing, wainscot
and/or hanging portion of a wall). When these subjects were analyzed, the most respective
suitable modelling method was proposed for evaluating the most noted points and the studies
corresponding with its aim was executed.

Mochizuki et al. {2-24] represented the nonlinear behavior of concrete by the Darwin-
Pecknold's method, and assumed the uniform distribution of reinforcement and perfect bond. By
using this method shear walls with surrounding frames, under cyclic pure shear forces, were
analyzed, in which a nondimensional hysteretic loop was assumed from the experimental results
of stress vs. crack width relation (Fig. 2.15). This showed a simple method to simulate the cyclic
behavior but some problems to be cleared remain such as generality of the hysteretic loop obtained
from the specific test specimens, and the application to a shear wall in which the yield of concrete
in compression was dominant.

Shirai et al. [2-25] assumed the plastic theory for concrete and the uniform distribution of
reinforcement. Cracks were represented by the smeared model. but the proposed procedure was
able to evaluate tension suffening, crack spacing and width. aggregate interlock and dowel action
quantitatively by using the bond theory which was based on the results of pullout tests under two
axial stresses considering the perpendicular compression to the direction of reinforcement. The
application to a shear wall of three stories and one span showed good results (Fig. 2 16) This
apoproach is useful to evaluate each factor in detail although cracks are modelled by smearing.
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Noguchi et al. [2-26] executed microscopic analyses of the Collins' panel tests by a discrete
crack model (Fig. 2.17). In this study the dominant factors, such as strength of concrete,
reinforcementratio, yielding strength of reinforcement and loading method, were selected and the
shear stress vs. shear strain relaton of panels were compared in correspondence with each
parameter. Finally by evaluating the influence of each parameter, the formulae to evaluate the
maximum shear capacity were proposed. Here not only qualitauve but also quantitative analyses
were executed instead of experimental studies in which difficulty was seen to conduct the many
tests corresponding to each parameter. This approach showed the useful applicability of FEM.
However. panels with deformed bars should be investigated in the future because the bond
charactenstics might show special difference in the Collins’ tests in which welded wire meshes
are used. Inoue and Koshika et al. [2-27] analyzed a reinforced concrete panel under pure shear
by a smeared crack model (Fig. 2.18) In this study reinforcement was modetled by axial elements
and the property of bond hinks were assumed with consideration for the difference of bond strength
corresponding with the distance from a crack surface. Furthermore the mesh dimension of the
concrete was kept smaller than the crack space From the results it was concluded that in order
to simulate the crack pattern the bond strength near a crack surface should be decreased. In
considering that these studies of panel tests were conducted mainly to grasp the total behavior
macroscopically and to obtain the constituuve relation of areinforced concrete panel, the meaning
of a microscopic analysis by FEM can be said to exist in the study to pick up the dominant factors,
which cannot be evaluated well only by experiments, and to substanuate the constitutive relation
analytically.

Inoue et al. [2-28] [2-29] presented a method in which the principal stress strain relation
proposed by Collins, from reinforced concrete panel tests, was assumed in compression-tension,
and the orthogonally amsowopic model was assumed in compression-compression. In the
applicatons to shear walls with different shear span ratios and reinforcement ratios, 1t was shown
that this method could grasp the yielding propagation and ulimate strength corresponding with

each parameter (Fig 2.19). This approach had less assumptions comparatively because it was
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more macroscopic on the basis of the test results in which reinforced concrete panels were
considered to be the minimum elements. Consequently in cooperation with the iterative
calculation procedure using secant modulus, the inquiry of obtained results was simple and this
approach is thought to be useful for the design purpose. However, it is very important to know
the applicability of the test results on which this approach is based.
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Fig. 2.19 FEM Analysis of Shear Wall based on Collins' Theory [2-28] [2-29]

As to the study of openings, Seya etal. [2-30] analyzed shear walls with an opening by a model
1in which the plastic theory was assumed for concrete and reinforcement was modelled by an axial
element. From the obtained stress distribution and crack pattern, it was concluded that the
analyses could give the feature of the ulumate failure in the expenimental results. Sotomuraetal.
[2-31] analyzed shear walls with many small openings by the ADINA program and presented that
the obtained results showed good coincidences with the expenments regarding the shear vs.
deformation relation, the loads at initial cracking and the feature of crack propagation (Fig. 2.20).
Noguchi et al. [2-32] analyzed shear walls with different arrangement of reinforcement for an
opening with a model in which reinforcement was modelled by axial elements and bond was
represented by bond links (Fig. 2.21). The obtained results showed that the difference in the
reinforcing method had much influence on the deformation and the failure behavior of shear walls.
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It can be said that in the microscopic study like this a corresponding microscopic modelling is
necessary. In this study cracks were assumed beforehand by crack links at determined portion
denved from the experimental results. But from the view of the structural design it will be an
imnportant point whether the location of cracks can be presumed adequately without preliminary
experiments.

On the study paying attention to concrete joints, Kokusho et al. [2-33] analyzed a postcasted
shear wall which was placed with dowell reinforcement to strengthen an existing building (Fig.
2.22). In this analysis the joints were modelled from the experimental results of joints with the
dowel reinforcement by spring elements which were orthogonal mutually. From the analytcal
results in which the resistance rano of the dowel and concrete was estimated, 1t was concluded that
the behavior of a postcasted shear wall could be grasped if the property of the joint was given.
Suenageetal. [2-34] represented the joint by an anisotropic finite element considering the friction,
bond and dowel action to analyze a precasted shear wall with the horizontal joints. The application
to a walled frame well represented the load vs. deformation relation and the nonlinear behavior.
Higashietal. [2-35] represented the vertical and horizontal joints of a precasted shear wall by bond
link elements, and determined the horizontal stiffness from shear tests and the vertical stiffness
from uni-axial compression tests. Noguchi and Muruta {2-36] estimated the stiffness and the
failure criteria of the spring elements which jointed the frame and the postcasted shear wall on the
basis of the latest test data of dowel and the analytical results presented by Kokusho et al. The
application showed that the failure process of the joints had much influence on the total behavior
of a shear wall from the study in which the dowel effect was investigated on the ulimate strength
and detormability of the postcasted shear wall (Fig 2 23).
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Nomuraet al. {2-37] studied the effect of partial walls which were placed in a frame (Fig. 2.24).
In the analysis the nonlinear behavior of concrete and reinforcement was evaluated by assuming
the equivalent elastic suffness. Here the iniual stiffness, the yielding strength and the ultimate
strength were compared with the current design formulae to investigate their applicability.
Arzawaetal [2-38]analyzed walled frames with an opening of different shapes and s1zes toobtain
the equivalent opening ratio and presented the applicable limit of the modelling by frames. These
studies investigated the applicability of the design formulae by parametric analyses and should
increase in accordance with the improvement of the analytical accuracy.

Furthermore Ono and Adachi et al. [2-39] investigated the resistance ratio of the shear wall
panel and its surrounding frame in a multi-storied shear wall by a discrete crack model (Fig. 2.25).
Kano et al. [2-40] studied the same problem by the smeared crack model As to the calculation
approach Arai [2-41] proposed an iterative method for monotonically increasing loading, and
Mitsukawa and Baba [2-42] pointed out the usefulness of a generalized code with many options
of modelling.
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Fig. 2.24 Mesh Layout of Fig. 2.25 Principal Stress Distribution of
Shear Wall [2-37] Shear Wall [2-39]

In considering that the greater parts of a shear wall are under tension-compression stresses in
shear failure, it is very important in the analysis how to consider the decline of the compressive
strength and stiffness in cracked concrete, which was shown 1n the reinforced concrete panel tests
by Collins. Uedaetal [2-52], Maekawa [2-43] and Morikawa [2-53] used methods to decrease
them beforehand, and Noguchi [2-26] represented their decline by assuming the charactenistics
under bi-axial tension-compression stresses without deterioratuing the concrete strength itself
Inoue et al. [2-28] [2-29] assumed the swess strain relation proposed by Collins as it was. This
problem should be cleared urgently About the shear siip faiture observed 1n experiments some
studies have been started like the Ueda's proposition [2-52] in which the failure was represented
bv assuming the limit cnteria of shear strain. Burt this 15 a future problem and should be
investigated to clear its mechanism and the means to represent it by analyses. Furthermore there
are problems to be studied such as the change of the ultimate shear strength corresponding with
the confinement of the surrounding frame and the nfluence induced by the difference of the
following loading methods; push, push-pull and distributed loading
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2.6 Structure of Nuclear Power Plant

As to the structure of nuclear power plants there are the box-typed and cylinder-typed shear
walls, and prestressed concrete reactor vessels (PCRV) among others. In the analyses they should
be handled as three dimensional structures because they are subjected to out-of-plane forces
besides in-plane forces. The loading condition is very complicated. A cylinder-typed shear wall
under internal pressures or thermal loads can be analyzed as an axisymmetric problem and can
be handled like a two dimensional problem by using solid plane elements for concrete and axial
elements for reinforcement. But when subjected to non-axisymmetric forces like earthquake
loads the entire structure must be considered and then in many cases it is analyzed by the model
in which the out-of-plane bending is represented by layered elements, reinforcement is replaced
with equivalent plates and smeared cracks are assumed. On the occasion when subjected to
earthquake loads after cracking by internal pressures, the direction of principal stresses changes
greatly, and new cracks occur in the aslant direction to the previous cracks. So it becomes very
difficult to represent the cracks by the generally used method in which the orthogonally
anisotropic model is assumed after cracking. Also, it becomes a basically complicated problem
pecause the shear transfer between cracks is dominant. For these reasons the studies to such
loading conditions are very few.

Isobata [2-44) proposed an orthogonally anisoropic model by introducing parameters concerning
Young's modulus and Poisson’s ratio to analyze three dimensional structures like a prestressed
concrete pressure vessel (PCPV) as a three dimensional axisymmetric problem (Fig. 2.26). The
application to the PCPV under internal pressures showed that not only the deformation but also
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the crack propagation could be grasped in a three dimensional structure with thick cross sections
and that the obtained results simulated the experimental crack pattern.

Miyashita and Morikawaet al. {2-45] analyzed areinforced concrete containment vessel under
internal pressures by the three dimensional axisymmetric model in which the constitutive relation
of concrete was defined by the plastic theory, and reinforcement and bond were represented,
respectively (Fig. 2.27). This is the same approach as the two dimensional problem and makes
it possible to investigate the deformation and the propagation of nonlinearity in a structure of
revolution with thick cross sections like the Isobata’s model.

Imoto [2-46] proposed an analytical method using three dimensional sohd elements for three
dimensional structures with complcated shapes like a PCRV. As to the yield condition of
concrete a cracking criterion reflecting the effect of the intermediate principal stress for tension,
and a generalized Drucker-Prager's criterion for compression were adopted to precisely represent
the three dimensional stress state. The application to a PCRV under internal pressures showed
a good coincidence with the observed deformation and yielding propagation (Fig. 2.28). In future
the clarification of the applicability to the stress strain relation of plain concrete under triaxial
stresses is desired, although this 1s a problem in experiments.

Ohuchi et al. {2-47] analyzed a cooling tower under honzontal forces by a layered model
assuming that the in-plane stiffness of concrete was obtained from the plastic theory and
reinforcement was replaced with the equivalent plates (Fig. 2 29). The obtained results simulated
the experimental ones on the deformation, the crack pattern and the strain 1n reinforcement. But
it was pointed out that the observed shear failure at the throat of the cooling tower could not be
interpreted by the analysis although its possibility was shown. The clarification of this failure is
a very important problem pertaining to shear walls 1n general.

Fujita et al. {2-48] analyzed a cylindrical shear wall under 1nternal pressures and a box-typed
shear wall under lateral forces by the layered model using the orthogonally anisotropic theory
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proposed by Isobata (Fig. 2.30). Obtained results showed good coincidences with the observed
ones on the deformation, the stress distribution and the strain distribution of reinforcement.

Imoto et al. [2-49] analyzed a prestressed concrete containment vessel (PCCV) using the
Ohuchi's method and investigated the method of estimating the bending and shear stiffness for the
lumped mass models, which have been used widely in earthquake response analyses (Fig. 2.31).
This was conducted by separating the rotation, the bending deformation and the shear deformation
from the FEM results to obtain each nonlinear characteristic. This approach seems to be very
useful for obtaining the necessary load-deflection curve in the executing dynamic analyses.

To obtain the load-deflection curve of box-typed shear walls, Inada et al. [2-50] made
parametric studies with the Fujita’s layered model using the orthogonally anisotropic theory and
investgated the influence of each parameter such as the reducing ratio of shearrigidity, the shear
spanratio, the reinforcementratio, the axial stress and the loading method (Fig. 2.32). Furthermore
the shear stress vs. shear strain relation, which was obtained by separating the bending and shear
deformation from the analytical results, was simplified to the trilinear curves and compared with
the current formulae. In considering that there are not many experiments of box-typed shear walls
and thatitisdifficult to generalize the load-deflection curve only with the test data, this is a useful
approach to fill up the insufficient data.

Shiraishi et al. [2-51] analyzed a reinforced concrete cylindrical shell and a prestressed
concrete one under horizontal forces with the layered model using the Darwin-Pecknold's for the
constitutive relation of concrete. From the results it was concluded that the deformation, the strain
in reinforcement and the crack pattern were well grasped and that the induced prestresses caused
the increase of ultimate strength and the decrease of the ductility. But the observed shear failure
could not be simulated although the obtained shear distribution showed possibility.
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Ueda et al. [2-52] defined the constitutive relation of concrete used in the layered model with
reference to the experimental results of the reinforced concrete panel tests by Collins (Fig. 2.33).
Thatis, it was assumed that the stiffness and strength of concrete in the parallel direction to a crack
after cracking were reduced in tension-compression region and that the stiffness of concrete
dropped to zero when the shear deformation reached the assumed limit value. The former
represented the deterioration of concrete after cracking and the latter represented the shear slip
failure by shear strain. These assumptions are very important and should be cleared urgently as
a general problem of shear walls, in considering that the greater parts of the wall are in the tension-
compression stresses when shear failure occurs. The applications to a cylindrical shell and a box-
typed shear wall showed good agreemenis with the experimental results on the load vs.
deformation relation and the failure pattern.

Morikawa [2-53) analyzed reinforced concrete cylindrical shells under lateral forces with
internal pressures or thermal loads with the layered model assuming the plastic theory forconcrete
(Fig. 2.34). To represent this complex loading condition, it was proposed that the aggregate
interlock after cracking in two directions was modelled precisely assuming the equivalent shear
rigidity and that the previous cracks in two directions closed and an inclined crack occurred newly
when the principal stresses in the inclined direction reached the assumed cracking criterion. The
obtained results indicated good comprehension of the experimental behavior although the shear
slip failure could not be simulated. This approach seems to be useful when the loading direction
greatly changes.
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The structures of a nuclear power plantare generally very stiff, butin many cases their dynamic
studies are demanded due to theirimportance. In suchanalyses the adequate load-deflectioncurve
has to be assumed and the certain suitable formulae based on the experimental studies are used.
But until now there are not enough experimental data and so the FEM analyses possess
expectation to fill the insufficient points. Furthermore because the structures have in general very
complicated shapes and are under complicated loading combination due to their functions, the

current design formulae might not be applied adequately in some cases. These reasons make the
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necessity of the FEM analysis very high. Especially in considering that the confirmation has
become necessary lately of their safety on the nonlinear behavior in the worst earthquakes besides
the allowable design, the FEM application to these structures may be the most popular and useful.
From the experimental view, as the actual structure is so huge, the test specimens become very
small comparatively. Namely, in many cases the scale is reduced to approximately 1/30.
Consequently the scale effect should be studied by the analyses on the basis of the material
property besides experimental investigations.

2.7 Conclusions

In this chapter a description was presented for the respective structural specific features. As
to the future direction to proceed it depends on each researcher's opinion whether the development
of computing program codes being applied to each structural feature is a better approach or not.
But the authors think it is preferable to solve structural members, such as columns, beams, beam-
column joints and shear walls, by one program. Because they are made from the composite
material of reinforcement and concrete with not such difference in size, and they could be
calculated by the same model if it was assumed on the basis of the true material property.
Furthermore such possibility of the FEM analyses is its strong point over the macroscopic
analyses. However, as each member has its own structural feature it seems effective to use a
general code in which a suitable option can be selected corresponding with the following points;
the discrete crack or the smeared crack, modelling reinforcement by an individual element or by
a distributed element, representing the dowel action and the aggregate interlock by a discrete
model or by an distributed model. Furthermore when calculating the whole structure it will be
necessary to develop a more macroscopic model on the basis of the test results of fundamental
members like the Collins' panel tests or the analytical results obtained by the microscopic FEM
analyses. In these analyses it is desirable that the better modelling 1s proposed on the basis of the
latest knowledge concerning the dominant factors to the nonlinear behavior of reinforced
concrete, and that the FEM analyses can contribute to the clarification of actual phenomena and
are applied to the actual design by promoung their usefulness.

Finally in considening that similar analytical results are obtained in some cases even though
researchers use rather different models individually, 1t is desired that they should exchange their
knowledge and make a comparison with each other without keeping it on the personal basis. Such
opportunities are desired not only domestically but also on a world-wide basis.
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