3. Finite Element Analysis of Shear Behavior of RC Members with
High Strength Materials
-Panels, Shear Walls, Beams, Columns and Beam-Column Joints-

3.1 Introduction

In this study, reinforced concrete (RC) structural members with high strength concrete and
reinforcement were analyzed using nonlinear finite element (FEM) in “FEM WG”: Working
Group of Constitutive Equations and Finite Element Method (FEM) (Chairman: Prof. H.
Noguchi, Chiba University), in Sub-Committee on High-Strength Reinforcement (Chairman:
Prof. S. Morita, Kyoto University) in New RC Project entitled “Development of Advanced
Reinforced Concrete Buildings Using High-Strength Concrete and Reinforcement (Chairman:
Ementus Prof. H. Aoyama, the University of Tokyo), started in 1988. Most of the object
specimens in the analysis were tested in Sub-committee on Structural Performances (Chairman:
Prof. S. Otani, the University of Tokyo) in New RC project.

The constitutive models for FEM analysis of high strength RC structures were derived from
the systematic basic experiment which was carried out 1n the “FEM WG”. In the analysis, the
emphasis of the investigation was laid on the shear behavior of RC members with high strength
materials in order to make good use of the merit of FEM. The shear performance of RC members
with high strength materials was also compared with that of RC members with ordinary strength
materials. The five kinds of RC members: panels, shear walls, beams, columns, and beam-

column joints, were analyzed in order to venfy the applicability of FEM programs on the structural
members of buildings.

Main items of the investigation 1n this study were as follows:

1. Modeling of nonlinear constitutive rules of high strength materials and its implementation
to several FEM codes, including a platform program. The FEM analytical program,
“FIERCM”, which was developed by Prof. M. P. Collins, Dr. N. J. Stevens and Prof. S. M.
Uzumerl in the Univ. of Toronto [3-1], was modified for high strength materials and used
as a platform program. The original FEM codesdeveloped in several universities, institutes
and construction corporations were used for the comparisons and verifications.

2. RC members with high strength and ordinary strength materials were analyzed using
several FEM codes as shown on Table 3-1 and the reliability of the program codes were
investigated from the comparative analyses

3. The shear strength and deformation of RC members with high strength materials were
invesngated by FEM parametric analyses using several programs including a platform
program.

4. Application of FEM analysis on the structural design of New RC building structures.

(Analysis of a large-scaled box column of a New RC boiler building in a steam power plant
using high strength materials.)
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5. Guideline for the nonlinear FEM analysis of RC members with high strength materials.
This guideline especially gives the know how and instructions for the nonlinear FEM
analysis of RC members with high strength materials for design engineers and experimen-
tal researchers.

In this paper, the outline of the research results performed by the “FEM WG” was introduced
by putting the emphasis on the above mentioned items No. 2 and No. 3.

3.2 Analytical Models for High-Strength Materials
3.2.1 Concrete
3.2.1.1 Stress-Strain Curves of Concrete

As for the main characteristics of the high strength concrete, the compressive siress-strain
curve is nearly straight at the upward portion and the strength decay after the peak is remarkable
as shown in Fig. 3- 1. The equation proposed by Fafitis and Shah [3-2] is commonly used for the
high strength concrete.

The uniaxial compressive strength obtained form the test of cylinders is used for the analysis.
The splitting strength obtained form the test of cylinders is used 1n the analysis of beams, columns
and beam-column joints, but a square root of the compressive strength (unit: kgf/cm?) 15 used in
the analysis of panels and shear walls. Because the splitting strength is too large for panels and
shear walls as compared with the previous test results.

The failure criteria on the bi-axial or tri-axial principal stress planes should be considered
adequately as shown in Fig. 3- 2. The modeling of the confinementeffects by lateral reinforcement
1s important especially for the analysis of beams, columns and beam-column joints.

The models proposed by Kent-Park [3-3](3-4] and Sakino in New RC WG for Confined
Concrete are used in this study. While these models were proposed for the flexure problems, the
models are also used in the analysis of flexural shear problems for convenience’ sake. In high
strength concrete, the confinement effects are not remarkable unless high strength reinforcement
is used for the lateral reinforcement.

3.2.1.2 Tension-Suffening Charactenstics

Tension-stiffening model is commonly used for in the analysis for the representation of bond
in the concrete between neighboring cracks. It was observed that the stress-decay after cracking
was remarkable in high strength concrete and also in the spectmens with large amount of

reinforcement in the previous RC panel test performed by K. Sumi, Hazama-gumi Corp. in New
RC FEM WG.
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3.2.1.3 Compressive Strength Reduction Factor

It was pointed out that the strength and stiffness parallel to cracks of RC panels under tension
and compression are lower than those of uncracked concrete under umaxial compression in the
previous panel test [3-5]. Therefore, in the analysis, the reduction factor was multiplied on the
uniaxial compressive strength. It was pointed out that the reduction factor for the compressive
strength of high strength concrete is smaller than that of ordinary strength concrete from the panel
test. The reduction factors used for this study are shown in Fig. 3- 3. These factors were derived
from the previous basic test performed by K. Sumi, Hazama-gumi Corp. in New RC FEM WG.

3.2.1.4 Shear Stffness Reduction Factor

The shear stiffness reduction factor 1s used for the representation of shear transfer across a
crack. This factor is considered to decrease according to the crack width like Al-Mahadi’s model
(3-6]. The shear stiffness reduction factor of high-strength concrete is also considered to decrease
because of a crack passing though aggregates As there is not much data on the reduction factor
on high strength concrete, the factor in accordance with the ordinary-strength concrete is used.

3.2.2 Reinforcement

The multi-linear or bi-linear model is used for the stress-strain curve of reinforcement. It
should be noted that as for high strength reinforcement, the length of yielding plateau is shorter
and the yielding ratio (yielding strength/tensile strength) 1s larger than those in ordinary strength
reinforcement.

3.2.3 Bond

‘The bond stress-slip relationships are necessary for bond-link elements, but it is not easy to
decide the relationships because of the effects of cover thickness, concrete strength, a position
from a crack and so on. The relationships are decided in reference to the previous proposals [3-
7] and the experiences of the analysis.

There isatendency that the bond strength and stiffness of high strength concrete 1s proportional
to &, or 6,** (0, compressive strength) as compared to those of ordinary strength concrete.

The research results obtained in the Working Group “Bond and Anchorage™ (Chairman: Prof

R. Tanaka, Tohoku Umiv of Technology) in Sub-Commuttee on high strength reinforcement :n
the New RC project are useful and discussed in this study.
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3.3 Comparable FEM Analyses of RC Members with High Strength Materials
3.3.1 Beams, Panels and Shear Walls

Comparable FEM analyses of RC beams, panels and shear walls were carried out using several
FEM computer codes including a platform program, “FIERCM” (Stevens) [3-1] in order to verify
the constitutive rules for RC with high strength materials.

The total number of analyzed specimens were 48.
1) Beams: 20 specimens
Ordinary strength: 4 specimens, selected specimens by JCI Committee on Shear Strength
of RC Structures [3-8]
High Strength: 16 specimens
New RC (PB, B series) tested by Prof. F. Watanabe, Kyoto Univ.
ASB Series tested by Prof. H. Noguchi, Chiba Univ.
2) Panels: 12 specimens
High strength: New RC (Panel series) tested by Mr. K. Sumi, Hazama-gumi Corpo-
rauon
3) Shear Walls® 16 specimens
Ordinary sirength: 2 speciumens, JCI selected specimens
High strength: New RC (NW series) tested by Prof T. Kabeyasawa, Yokohama
National Univ.
New RC (No 1 - No. 8) tested by Prof. Y. Kanoh, Meijt Un1v. and
Japan National Land Development Corporation

The FEM analyses were carmed out by the following seven universities, institute and
corporations.
a) Chiba University, Prof. H. Noguchi
b} Nihon University, Prof N, Shirai
¢} Bulding Research Institute, Dr H. Shiohara
d) Ohbayashi-Gurmu Lid., Mr K Naganuma
e} Hazama-gum Corporation, Mr. K Sumu
Fujita Corporation, Mr. K Uchida
2) Meijn University, Mr H. Takag

As each example of the comparable FEM analyses, finite elementidealizauon, analyucal and
¢xperimental results and crack patterns are shown in Figs. 4 to 6 for a beam, a panel and a shear
wall, respectively. The detailed investigation of the comparable analytical results are omitted in
this paper.

The main problems which were pointed out for the constitutive laws from the comparable
analyses are as follows,
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1. The confinement effects by high strength lateral and longitudinal reinforcement on the
ultimate shear strength of beams with high strength concrete were more remarkable than
those 1n beamns with ordinary strength materials.

b

Shear ransfer effects by dowel action of reinforcement across a crack were considered to
be relatively large when longitudinal and lateral reinforcement ratio were high in beams.

LI

The analytical results of panels and shear walls gave a good agreement with the testresults.
When the failure mode 1s reinforcement yielding type, the modeling of the swess-sirain
curves of reinforcement is important, and it 1s desirable that the analyucal curve isresemble
1o that obtained from the matenal test. When the failure mode is concrete compressive
failure type, the modeling of the compressive strength reduction factor is important. As for
the reduction factor, the analyucal results where the effects of concrete strength and tensile
principal strain were considered, gave a better agreement than those where only the effect
of tensile principal strain was considered. Asthe analytuical compressive strength reduction
factor was based on the panel test, it1s considered that the reduction factor is larger in beams
and columns, the thickness of which 1s relatively larger than that of panels.

3.3.2 Columns
332.1 Analysis of Columns -1

The s1x short columns (b x D = 20cm x 20cm, &/D =1 0) of NSK series with high strength
concrete, 0, = 58MPa and high strength reinforcement, 6, = 735MPa, tested by H Noguchi in
Chiba Univ. were analyzed by H. Noguchi and A. Nimura in Chiba Univ. using theiroriginal FEM
code. The parameters in the test were loading method (reversed cyclic and monotonic), lateral
reinforcement (p =0.3, 0.6, 1 8%), axial stress ratio (n = o,/ 0,=0,0.3, 0 6). The failure mode
in the test was shear compression faillure Finite element idealization of the specimen 1s shown
in Fig. 3-7.

In order to investigate the confinement effect, spectmen NSK-7 with high rauo of reinforce-
ment, p_=1.8% was analyzed using a plain concrete model, Kent-Park model {3-3] and modified
Kent-Park model [3-4], as shown in Fig 3-8. The improvement of the strength decay after a peak
1s considered 1in Kent-Park model, and the increase of the strength and the improvement of the
ductility are considered in the modified Kent-Park model From Fig. 3- 8, 1t1s indicated that the
analyucal results by the Kent-Park and medified Kent-Park models gave a better agreement with
the test results as compared with that by plain concrete model It 1s considered that the
confinement etfects of lateral reinforcement on core concrete gave an increase of the shear
strength of the column.

As shown in Fig. 3-9, the analytical results under monotonic loading gave a good agreement
for the shear strength with the test results of specimen NSK-2 under monotonic loading in the test

of specimen NSK-1. The shear strength under reversed cyclic loading was lower than that of
NSK-2 under menotonic loading.



The analytical results for parameters of lateral reinforcement and axial stress ratio are shown
in Figs. 10 and 11, respectively, as compared with the test results. The analytcal results gave a
similar tendency with the test results.

3.3.2.2 Analysis of Columns -2

JCI four selected specimens with ordinary strength materials and eight specimens tested by
Prof. K. Minami in Fukuyama University in New RC project with high strength maternals were
analvzed by Dr. K. Naganuma, Ohbayashi-gumi Corp., using their original FEM code, “FINAL”.

The analytical results of columns with ordinary strength materials gave a good agreement
except bond splitting failure type specimen No. 3 and specimen No 4 with high ratio of lateral
reinforcement. AsshowninFig. 3-12, the plane stress analytical results of specimen No 4 where
the confinement effect is not considered gave a lower maximum strength than the test result. The
previous three-dimensional analytical results by K. Naganuma et al. [3-9] gave a good agreement
with the testresult. This indicated that the confinement effect 1s necessary to be considered tn the
analysis of the columns with high-ratio of lateral reinforcement

The analyucal results of New RC columns, with high-ratio of lateral reinforcement with ties
and sub-ties, p =1.19%, gave lower strength and smaller deformation as compared with the test.
as shownun Fig 3-13. This tendency 1» remarkable in the case of high-axial stress ratio, n = g,
/OB =0 3. If the lateral reinforcement ratio is high, it 1s considered that the confinement effects
increase. Inthiscondition, three-dimensional FEM analysis or plane stress FEM analysts in which
the confinement effects are considered 15 necessary.

3.3.3 Analysis of Interior Column-Beam Joints

Three joint shear tailure tvpe specimens. OKJ-1,3 6 and two bond deterioration type specimens.
MKJ-1.3 were tested and analyzed by H Noguchiand T. Kashiwazaki in Chiba Lniversity, using
therr original FEM code. This test was supported in New RC Working Group, "Beam-Column
Joints and Frames™ (Chairman: Prof S. Nomura, Tokyo University of Science)

The main parameter was concrete compressive strength 6B 55MPa. 71MPa. 109MPa for
OKI=1. 3, 6 and 36MPa. 100MPa for MKJ-1, 3, respecuvely  The shear reinforcement ratie in
the joint. pw, was 0 34%  The dimension and finite element idealization are shown in Figs 14
and 13, respectivels

The analyucal results on the joints shear stress-concrete strength are shown n Fig 3- 16, as
compared with the test results and previous other test data for from ordinary to high strength

JOoncrete.

The analyucal manimum joint shedr stresses of the joint shear failure type specimen. OKJ-1.
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3, 6 located on the area of from 5 x \/?Bto 6 x \/—OTB (Unit: kgffem?) [1.57 x \/?Bto 1.88 x \/(_j;
(Unit: MPa)], and they gave a good agreement with the test results.

The analytical story shear force-story displacement relationships of specimens OKJ-1, 3,6 and
MKIJ-1, 3, showninFig. 3-17 gave good agreements with the test results for both joint failure type,
OKIJ senes and bond deterioration type, MKJ series.

The analytical deformation and crack pattern of specimens, OKJ-1, MKJ-1 at the maximum
strength is shownin Fig. 3-18, as compared with the crack pattern of the test results. Inthe analysis
of spectmen, OKJ-1, the joint shear compression failure occurred after the compression failure
of a beam. This was corresponding to the test results. In the analysis of specimen, MKIJ-1, beam
flexural yielding occurred, and an opening of the crack of a beam at the face of a column became
wide because of the increase of slip out of beam longitudinal reinforcement. In the test, the joint
shear compression failure was observed under the large deformation, story rotation angle R =1/
33rad., after beam flexural yielding But in the analysis this was not observed.

The analytical principal stress distributions of specimens, OKJ-1, MKJ-1atR = 1/200rad and
R =1/33rad. at the maximum strength are shown in Fig 3-19 Though the compressive principal
stress flew widely 1n the joint like a fan for both specimens at R = 1/200rad., the width of the
compressive strut in the joint decreased and the compressive stress concentrated along the
diagonal line inthe jointatR = 1/33rad. This phenomenon was remarkable in the specimen, MKIJ-
1. 1n which the bond deterioration after the beam flexural yielding was dominant.

3.4 FEM Parametric Analyses of RC Members with High-Strength Materials

3.4.1 Beams
3411 Analysis of Test Specimens

The five RC beams, ASB-1 - 4, 6 (B x D = 20cm x 30cm. a/D = 2.33) with high-strength
materials tested by H. Noguchi and A. Amemiya in Chitba University were analyzed by H.
~Noguchi and N. Kobayashi, including parametnc analyses using their original FEM code

The shear reinforcement ranos of the parameter were designed according to AlJ Guideline [3-
10] using a concrete strength reduction factor in the draft of CEB Model code 1990, as shown in
Fig. 3-20. The finite element 1dealization 1s shown in Fig 3-21. The svmmetrical condinon
around a center point was used. The analytical shear force-story displacement relationships gave
a good agreement with the test results except the specimen ASB-3, as shown in Fig 3- 22,

The analytical ultimate shear strength and the amount of shear reinforcement relationships are

shown in Fig. 3-23. where the companisons with the test results and the calculated results by the
A method” of AL} Guideline using AIJ equation for the compressive strength reduction factor:
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vx 0, =0, %(0.7-0,/2000)), 0,: concrete strength (kgf/m?).

Theanalyucal and calculated results gave a slightly conservative results. Butitshould be noted
that the yelding of shear reinforcement and the compressive failure of the strut concrete were
assumed 1n the A method”, but the yielding of the shear reinforcement was slightly observed 1n
the FEM analysis.

3.4.1.2 FEM Parametnic Analyses of Beams for the Amount of Shear Reinforcement
1) The Effects of Shear Reinforcement Ratios

The analytical shear strength and shear reinforcement rauo relationships are shown in Fig. 3-
24, compared with the calculated results by the A method” of AIT Guideline. Here, the amount
of beam longitudinal reinforcement was assumed to be large in order to avoid the flexural yielding.
When p_ = 0.6%, the yielding of the shear reinforcement was remarkable, and the concrete
crushing was not observed. When p_ = 08%, 1.2%, the yielding of shear reinforcement was
seldom observed and the concrete compressive failure at the edge was observed atp = 12%.
When p = 18%, 2.4%, 3 0%, the yielding of shear reinforcement was not observed, and the
compressive failure of concrete strut occurred.

2) The Effects of Concrete Confinement Models with a Constant Value of p_ % G

The FEM parametric analysis were carried out setting the value of p_ % 0, asaconstant value
for the specimen ASB-2. The Sakino model proposed in New RC WG on Confined Concrete and
the modified Kent-Park model [3-4] were used for the confinement effects on the stress-strain
cunes by shear reinforcement. The compansons of the stress-strain curves by the two
corrtnement models are shown in Fig. 3- 23,

The stress-strain curves by the New RC Sakino model and the modified Kent-Park model are
shown in Fig. 3-26 The analvtical shear force-deformation curves are shown for both models in
Fig. 3-27. The analyucal results by the modified Kent-Park model gave a difference for the
ulumate shear strength according to the shear remnforcement, but there are almost no differences
for the ultimate shear strength by Sakino mode!

3.4.2 Columns

The column specimens which were tested by H. Noguchi and aiready mentioned in 3 3.2 1
wer2 analyzed by H Noguchiand A. Nimura in Chiba University, using thetr original FEM code
The parameters were shear reinforcement rano £_ =0 3%, 0.6%, 1 2%, 1 8%, and axial stress
rato. n=~N/ :Nu =0.0.1,02,03,04,03,06,0.8, 1.0, where C‘Aﬂ 1s axial strength considenng
longitudinal reinforcement.



The analytical shear strength-axial stress rauo relationships as a parameter of shear reinforce-
ment ratio are shown in Fig. 3- 28, compared with the test results. From the analysis of RC
columns with ordinary strength materials performed by A Zhang and H.Nogucht [3-11], it was
reported that the increase of shear strength 1s dominant in the case of low shearreinforcement ratio
according to the increase 1f the axial sress rauo as compared with high shear reinforcementratio.

As for the high strength materials, there was so much tendency that the shear strength increased
1n the case of low shear reinforcement ratio, according to the increase of the axial stress ratio. In
this case, the increase of the shear strength according to the increase of the shear reinforcement
ratio was remarkable even for the high axial stress rauo. The analytical resulis gave reasonable
agreements with the test results for this tendency. Itis considered that this tendency 1s depend on
the confinement effect of shear reinforcement on core concrete.

The analytical shear strength-shear reinforcement ratio relationships as a parameter of axial
stress ratio are shown in Fig. 3-29. Though the increase of the shear strength according to shear
reinforcement rat1io becomes a little blunt in the case of high axial stress ratio, this tendency 1s not
remarkable than reported in ordinary strength concrete

FEM parametric analysis of columns with high strength matenals was also carried out by K.

parameters were shear reinforcement ratio and axial stress ratio, N/BD ¢,  The analytical shear
strength-shear rernforcement ratio relationships are shown in Fig 3-30. From this figure, the
increase of the shear strength 1s large as the axial stress ratio is small. When the axial stress ratio
1s larger than 0.45, the effect of the difference of shear reinforcement ratios on the shear strength
1s small. The analytical shear strength and axial ratio relationships are shown in Fig. 3- 31. Itis
shown in this figure that the increase of the shear strength 1s remarkable as the shear reinforcement
ratio i1s small

In this analyucal model, the confinement effects by shear reinforcement on core concrete are
not considered. As mentioned 1n 3 3 2 2, thus analysis gave a lower strength than that in the test

results 1n the case of higher rato of shear reinforcement. P_ = 1.19%, under high axial stress,
n=0.30.

The analyucal shear strength-shear reinforcement ratio relationships and the analytical shear
strength-axial stress ratio relationships are shownin Figs 32 and 33, respectively The calculated
strength by A method” and "B method™ in AIJ Guideline and the modified Arakawa's equation
(3-12] The modified Arakawa’s equation gave a similar tendency for the increase of the shear

strength depending on the axial stress rano but the analytical strength was hugher than that 1in the
modified Arakawa’s equanon.

The analyucal shear strength located between A method” and B method”™ in ALl Guideline
[3-10] based on the equation in the draft of CEB model code [3-13] for the axial stress rato less
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than n=0.3. The analytical strength was nearly corresponding to *“A method” for no axial stress,
and 1t was also corresponding to “B method” for the axial stress ratio, n = 0.3. The analytical
strength gave a higher results than “B method” for the axial stress ratio higher than n =0.3

3.4.3 Beam-Column Joints
3.4.3.1 Effects of Joint Shear Reinforcement Ratios and Concrete Strength

The beam-column joints were parametrically analyzed for the shear reinforcement ratio,
P,=0,0.09,0.18,036,0.54,0.9, 1.2, 2.4%, and concrete strength, o, = 21, 36, 51, 65, 80, 100,
120MPa, by H. Noguchiand S Takezaki in Chiba University, using their original FEM code. The
basic specimen, AT-4, was tested also by them, with concrete strength, 6, = 80MPa, and the
vielding strength of beam longitudinal reinforcement, 0,= 556MPa and the yielding strength of
shear reinforcement 1n the joint, o, =804MPa.

The analytical story shear force-story displacement relationships for 4 specimens of AT series
with two failure modes of joint failure and beam flexural yielding gave reasonable agreements
with the test results.

1) Effects of Joint Shear Reinforcement Ratios

In the parametric analyses, the amount of longitudinal reinforcement was increased 1n order
to obtain the jointshear strength prevenung the beam flexural yielding. The analytical story shear
force-story displacement relationships are shown 1n Fig. 3-34. As for the specimens with small
amount of joint shear reinforcement, P_ =0, 0.09, 0.18%, the maximum strength 1s smaller than
the other specimen with larger than P_=0.18% The analyucal joint shear strength-joint shear
reinforcement ratio relanonships are shown in Fig. 3-35 The joint shear strength increased from
P,=0twP_ =036%,and nearly reached the top of strength at P,=0.54%. Evenif P =2.4%,
the remarkable increase of the strength is not observed.

2) Effects of Concrete Strength

The analytical joint maximum shear stress-concrete strength relationships are shown 1n Fig
3-36. compared with the previous test results. The analytical joint maximum shear stress increase
in proportion of ¢,** (o, concrete swength), and they are located just above the curve of
6 <V o, (Unit: kgffem?), (1 88 x v o, (Unit. MPa),

3432 Effects of Column Shear Force, Bond in Beam Longitudinal Reinforcement and Beam
and Column Longitudinal Reinforcement Ratios

Theanalysis of beam-column joints are possible for the impractical condition using FEM. The
tollowing items were invesugated by Dr H. Shiohara in Building Research Institute, using FEM
code. "FIERCM' developed by Dr. N J Stevens etal in the University of Toronto | 3-8]
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1) In the previous design philosophy of beam-column joints, it has been considered that the
shear force of a beam-column joint at the joint failure, Q/ =T +C - 0, is assumed to be constant.
The joint maximum strengths are compared by the analysis of specimens (Case 1 and Case 3 1n
Fig. 3-37) with only the difference of the distance between contra-flexural points of columns.

As aresult of the analysis, the joint maximum shear strength was not constant but changed by
the changes of column shear force, when the distance between the contra-flexural points of
columns was changed. The summation of input moments from both side bearns was constant.
Therefore, the assumption that the joint shear force = (T + C - Q) at the joint failure 1s constant
15 considered not to be adequate.

2) In order to mvestigate the effects of bond in beam longitudinal reinforcement through a joint
on the joint shear strength, the comparisons are made between a no bond specimen and a sufficient
bond specimen.

As a result shown in Fig. 3-37, in the case of no bond 1n beam longitudinal reinforcement
through a joint, the maximum 1nput moment from beams to the joint was about a half of that in
the case of perfect bond in beam longitudinal reinforcement.

3) The effects of beam and column longiudinal reinforcement ratios, which have not been
considered in the previous design, are investigated. Asaresult shown in Fig. 3-37, the maximum
input moment and the joint shear strength increased a little as beam longitudinal reinforcement
ratio increased. But the effects of column longitudinal reinforcement ratio was not observed.

3.4.4 Shear Walls
3441 Apalyses of New RC Shear Walls

Fourteen shear wall specimens with high strength materials were analyzed including parametric
analyses by Prof N. Shirai, Nihon University using the modified “FIERCM.” The FEM code,
"FIERCM?”, which was originally developed by Dr. Stevens, Prof. Collins and Prof. Uzumeri 1n
the University of Toronto [3-8], was modified by installing the constitutive equauons for high

strength materials developed in “FEM WG~ The object specimens were composed of the
following two series,

1) NW series: 6 specimens tested by Prof T Kabeyasawa, Yokohama National University

2) No series. 8 specimens tested by Prof Y Kanoh, Mey: University and Japan Land Devel-
opment Corporation

The analytical shear soength of these fourteen specimens are compared with the testresults as

shown in Fig. 3-38. The errors in FEM prediction were less than 5% for NW series and less thun
12% for No. senes.
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3.4.4.2 Parametric Analyses of Shear Walls

The parametric analyses of shear walls were carried out in order to complement the parameter
zone where the test data were not available. The four parameters were changed as follows,

1) Concrete Strength: o, = 200 - 1000kgf/cm?

2) Wall reinforcement ratio: p_ =0.2-1.45%

3) Column longitudinal reinforcement ratio: p, = 1.5 - 6.25% (omitted in this paper)

4) Shear spanratio: h_/ L =0.875 - 2.063 where the basic specimen had the same dimension
and properties as the New RC specimen, No. 3.

The calculated results by the previous macroscopic model: Shohara-Katoh model [3-14],
experimental equation: Hirosawa’s equation [3-15] modified from Arakawa’s equation and
design equation in AIJ Guideline are compared with the FEM parametric analytical results for the
four parameters in Figs. 39 - 41,

1) Effects of Concrete Saength

As for the effects of concrete strength on the shear swrength shown in Fig. 3-39, as the
compressive strength reduction factor, v, Nielsen's equation: v =0.7 - 6,/2000 (kgf/cm?) was
adopted in the current AIJ guideline equation-1 [3-10]. CEB draft equation: v =3.68 x ¢,/ 0,
(kgf/cm®) was used for AIJ Guideline equation-2. Modified CEB draft equation by “FEM
WG v =368 x 0, o, (kgf/cm*)> 0.5 was used for AlJ Guideline equation-3. The AlJ
Guideline equation-3 gave the best agreement for the effect of concrete strength. The current AlJ
Guideline equation-1 gave the results apart from the test and FEM analvucal results as the
concrete strength increased. Therefore, it is pointed out that the Nielsen's equation gave an
excessive prediction for the reduction of the compressive strength of cracked high strength

concrese.
2y Effects of Wall Reinforcement Ratios

The effects of the amount of wall reinforcement, P x ¢ (0, : yielding strength of reinforce-
ment) on the shear strength are shown in Fig. 3-40. The AlJ Guideline-3 gave the bestagreement
with the test and FEM analytical results. However, ail of the design equations gave an excessive
predictionof theetfects of wall reinforcementdepend on the increase ot P < & - Though the angle
of the wuss mechanism is assumed as cot @ = 1, there mayv be rooms for further investigation for
high strength concrete.

3 Effects of Shear Span Ratios

The effects of shear span ratio on the shear strength are shown in Fig. 3-41. Al Guidelines
equation-3 and Hirosawa's equation gave relatively good agreements with the test and FEM
analvical results.
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3.4.5 Panels

The estimation of shear behavior of RC panels is very important for the investgation of the
shear strength and deformation of shear walls. The effects of the parameters which were not
investigated in New RC panel test were parametrncally analyzed. The parameters were rewnforcing
details: the combinaton of p, and 0,, uni-axial compressive stress and bi-axial compressive
stress. Concrete swength was 0, = 70MPa, and the failure mode was shear compression failure
of panel concrete.

The analytical shear stress-shear strain relationships are shown in Figs. 42 - 44 From Fig. 3-
42 for the effects of the combination of p and o, from p, x 0, = 20MPa, 1t 15 indicated that the
analvtical stiffness after shear cracking and the maximum strength increased as the wall
reinforcement ratio, pt increased, even if p, x g was constant From Figs 43 and 44, it was
observed that the axial compressive stress gave contributions toward the increase of the shear
cracking strength and the shear strength  This contnibution was more remarkable in the case of
bi-axial compression than that 1n the case of uni-axial compression

3.5. Concluding Remarks

In this paper, the principal research fruits were introduced. As for the high strength matenals
of reinforced concrete, the modeling of the stress-strain relatonships, tensile strength, the
compressive strength reduction factors of cracked high strength concrete, tension suffness. shear
modulus reduction factors of cracked high strength concrete and bond charactenistics were
discussed and established from the basic tests performed 1n New RC project These analytical
models were installed into several FEM codes including a platform program, “FIERCM ”

The principal members of RC buildings. panels, shear walls. beams, columns and beam-
column joints, were analyzed systematically by the Working Group members using the several
FEM codes The analvucal results gave generally reasonable agreements with the testresults, but
the following problems were pointed out

1) Evaluanion of the Compressive Strength Reduction Factors of Cracked High Strength Concrete

The analyucal results of panels and shear walls gave good agreement with the test results. but
the analysis of beams and columns gave conservative results as compared witn the test results
This tendency was more remarkable for the specimens with high ratio of shear reinforcement As
the reduction factor was based on the panel test, 1t ts considered that the reducton factor 1s larger
in beamns and columns, the thickness of which 1s relanvely larger than that of panels  The turther
investigations of the reduction factor are needed.
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2) Confinement Effects of Cracked High Strength Concrete

The analysis gave a conservative results for beams and columns with high ratio of shear
reinforcement. In this case, the confinement effects for the shear strength should be considered.
In this study, the confinement effects were considered as the estimation of the stress-strain curves
for the convenience of the plane stress analysis using the confinement model originally proposed
for flexural confinement problems. The further investigations are needed for this conventional
approach. The three-dimensional approach will be necessary for the essenual solunon of the
problems of confinement effects.

3) As for the tension suffness models and shear stiffness reduction factors, the further
investiganons are needed for several effecting factors.

4) The general esimation of bond in RC members with high strength matenals are needed

considering several effecting factors.

From the systematic FEM parametric analyses, the effects of the following parameters on the
shear strength were invesugated, and the applicability of the design and experimental equation

was verified

1) Beams: p_x o,

2) Columns: axial stress ratio and p

3} Beam-column jounts: p _, g,

4) Shear walls. o,,p_x C,. D, and shear span ratio
5) Panels: p_x g, o, (uni-axial and bi-axial stresses)

As the further research subjects, the investugations of the shear and bond resistance mecha-
msms of RC members are necessary in orger to venty the concepts of the truss and arch
mechanisms proposed 1n the previous macroscopic models and to propose the more ranonal
macroscopic models and design equations for the shear strength and detormation of RC members
with high strength matenals.
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Table 3-1 Systematic Finite Element Analyses of Specimens Selected by JCI and
Tested in New RC Project

Beam Panel Wall Beam-column Joint Column
Noguchi {Thzuka) {Thuzuka, [Ihzuka] [Thuzuka, Zhang] [Zhang]
Zhang, )
JCI Stevens] JCI NRC NRC
ASB IC1 NRC {Joint WG HiRC
NRC NRC HiRC
Shirai [Stevens] [Stevens]
Collins (PV, JCI
PB) NRC
Shiohara [Stevens] [Stevens] [Stevens)
NRC (PB, B) NRC ICI
ICI HiRC
NRC
Naganuma | [FINAL, Stevens] [FINAL] [FINAL]
ICI ICI ICI
NRC (PB, B) NRC NRC
ASB
Sumi [Stevens]
! NRC
Takagi [Meiji Univ.]
Shiraishi NRC
Suzuki
(Wall WG)
Uchida [Fujita]
NRC (PB, B)
ASB

{Researcher’s or program’s name]
{Working Group in New RC Project)

JCI . Specimens selected by Japan Concrete Institute

NRC : Specimens tested in National Research Project (New RC)
ASB : Specimens tested by Chiba University

HIRC : Specimens tested by Chiba University and Kajima Corporation
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Specisens for analysis
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b) Comparisons of Analytical Results with Test Results of Beam PB4

shear sirength Failure mode
Experimental result 74.5 tf Flexural yielding
Shiohara's model 69.8 tf -
Naganuma' s model 66 8 tf Flexural Compression failure
Uchida's model-1 43.6 tf Shear compression failure
Uchida’ s model-2 61.9 tf Shear compression failure(edge)
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d) Crack Pattern (PB-4 at Maximum Strength)

Fig. 3-4 Finite Element Ideaiization and Analytical Resuits for New RC Beam PB4 Tested
by Prof. F. Watanabe, Kyoto University
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A panel is idealized as a single element.

40cm

a) Finite Element tdealization

b) Comparisons of Analytical Results with Test Resuits of Panel 8-8-8

| snear strength Failure mode

Experimental result 98. 1 kgf/em { Cut off of reinforcement
Noguchi's model 95.5 kgf/em' | Cut off of reinforcement
Shirai’s model-| 104 3 kgf/col -

Shirai’s model-2 104.3 kgf/cm’ -

Shiral’s model-3 103 8 kgf/cor -

Shirar s model-4 I1a 0 kgf/cm’ —

Shira1’s model-5 104 3 kgf/coy -

Naganuma's model -] 112 0 kgf/cm’ | Yielding of reinforcesent
Sumi’s model-1 106 5 kgf/em' | Cut off of reinforcement
Sumi’s model-2 105 8 kgf/cm’ | Cut off of reinforcement
Takagi' s model 92 0 kgf/car - |

120.0

100.Q

A0 0

—— Experimental result
—— Noguch1' s model

Shirai's model-1
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.- Sumi's model-!
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¢) Load-Displacement Relationships

]
[ Takagi' s model
|
t
|

+8 -8B-8+

Fig. 3-5 Finite Element Idealization and Analytical Results for New RC Panel Speci-
men, 8-8-8, Tested by K. Sumi of Hazama Corporation.
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a) Shirai's Model d) Crack Pattern (NW-1 at Maximum Strength)

b) Comparisons of Analytical Results with Test Results of Shear Wall NW-1

shear strength Failure mode
Experigenzzl result 108 { tf Flexural failure
soguch: 5 aocel 113 5 tf Flexural y:ielding failure
Shirai' s zodel-3 | 103.3 tf -
Naganuga s model-| 103.6 tf Compressive failure at the bottom of compression
columns after flexural yielding
Takagi' s 7odel 101.9 tf Compressive failure at shear wall
after column flexural yealding
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Fig. 3-6 Finite Element Idealization and Analytical Results for New RC Shear Wall
Specimen NW-1 Tested by 7. Kabeyasawa of Yokohama National University

— 86 —



(1)

Shear force

foree L)

Shean

JHRY
oyt
1. TSP
~— =
50 v
4 Modified Kent-Park model
o] = — : . :
b =
FL#{ T Concrete element
-~ Hoop element §
) o Bond linkage element S
[: e
C 3
s, 2s5pP 1 1o2se c;,«:
[ =
-2 -
‘MN Story drift angle (x10%rad)

Fig. 3-7 Finite Element Idealization of  Fig. 3-8 Shear Force-Story Drift Angle
Columns Relationships (Influence of Con-
tinement Effects(p, =1.8%)}

! T T 50 T T T T 3
f e N . CUSK-T(pws1, %) :
- 50 - TEART I IRRHE .
I GO e i , SRRSTE R
< : Z S S s S _
L7 “ . ol HSK-2 [pw=0. §%):
e e e - S b A e BRSO Rt SO
/ : : o)
; - , 8 e, HIK-5 (pw=0. 3%}
Lo NSK_I CYC}.lC 108dlng :_:: 20 ._’ A et e “\H—
- - NSK-7 Monotonic loading % " .1 ... Experigental
7 — Analytical JJ ' ; : — Analytical
L = = 0 ] i T T !
0.123 0.3 0.5 00 0 0.5 19 1§ 2.0 2.8
Story drift angie (X 10%rad) Story drift angle (x107rzd)

Fig. 3-9 Shear Force-Story Drift Angle Fig. 3-10 Shear Force-Story Drift Angle Rela-
Relationships (Loading Methods) tionships {Lateral Reinforcement Ratio, p )

T i T
HSK-10 {n=0. §) : :

o HSK"B (H'—'O)' -

-

AR F ---- Expericental
:i Analytical
1

i ! !
0.3 1.1 LS 2.0

Story drift angle (X 107rad)

Fig. 3-11 Shear Force-Story Drift Angle
Relationships (Axial Stress Ratio, n)

~87 _



Load (1)
15

B ~ Three-Dimensional Analysis

//’4 -]rExpeI:imental
" AN |

N\ ;
Two-Dimensional Analysis
S
o4
0.0 0.s 1.0 1.5 2.0 2.5

Story drift angle (107'radl
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JCI selected specimen No. 4
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ain bar: 6-D10 p,=0.68% c;y.—.4458kgf/cm2
Lateral reinforcement: 2-6¢ p,=0.79%
c,ryzt‘aeoakgf/cm2
Axial stress ratio: n =0.581 )
Load (x1)
80 I
Analytical
. \
r A Experimental
0
0 1 2 3 d

Story drift angle  {10-"rad)

Fig. 3-13 Load-Story Angle Relationships

New RC selected specimen CA06-3-4

" ,=735kgticm? 0,=49kgt/cm?
¢ Main bar. 12-D19 o,=7565kgf/cm?
. Lateral reinforcement: 4-D10 p =1.19%
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| Axial stress ratio: n=0.30
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