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PREFACE

The Regional Project "Building Construction under Seismic Conditions in the
Balkan Region", UNDP/UNIDO RER/79/015, has been carried out with the parti-
cipation of the Governments of Bulgaria, Greece, Hungary, Rumania, Turkey and
Yugoslavia, and with the United Nations Industrial Development Organization
acting as Executing Agency for the United Nations Development Programme.

Mr. J.G. Bouwkamp served as Chief Technical Advisor.

Within the framework of the Project, a set of seven Manuals has been produ-
ced, reflecting to a considerable extent the experience of the participating
nations in earthquake resistant design and construction., These Manuals were
developed by the National Delegates of the Project Working Groups, the Chief
Technical Advisor and the Consultants.

The following Manuals have been prepared:
Volume t : Design and Construction of Seismic Resistant Reinforced Concrete

Frame and Shear-Wall Buildings

Volume 2 : Design and Construction of Prefabricated Reinforced Concrete
Building Systems

Volume 3 : Design and Construction of Stone and Brick-Masonry Buildings

Volume : Post-Earthquake Damage Evaluation and Strength Assessment of
Buildings under Seismic Conditions
Volume 5 : Repair and Strengthening of Reinforced Concrete, Stone and Brick-

Masonry Buildings

Volume 6 : Repair and Strengthening of Historical Monuments and Buildings
in Urban Nuclei

Volume 7 : Seismic Design Codes of the Balkan Region
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E. Csorba - UNIDO, Vienna, Austria, Senior Industrial Development
Officer, and

J.G. Bouwkamp — UNIDO, Thessaloniki, Greece, Chief Technical Advisor.

DISCLAIMER

The material contained in these Volumes includes detailed findings in earth-
quake engineering - particularly, objective evaluations of causes and effects
in earthquake damage - and in the seismic and geologic characteristics of the
physical environment.

The material reflects the interpretation and opinions of the authors and con-
tributors and does not necessarily represent the viewpoint of the United Na-
tions Industrial Development Organization, the United Nations Development
Programme, the participating Governments and the National Science Foundation
of the USA. The above mentioned Governments and Organizations - while pro-
viding for the presentation of these Volumes in the public interest and for
their obvious informational value - assumes no responsibility for any views
expressed therein.

The Governments and Organizations do not approve, recommend, or endorse any
proprietary product or proprietary material mentioned in this Publication.

No reference shall be made to the Governments or Organizations mentioned a-
bove, that would indicate or imply - directly or indirectly - that the Gover-
nments and Organizations mentioned approve or disapprove of the use of any
proprietary product or proprietary material mentioned herein.

The déscription and classification of countries and territories in these
publications and the arrangement of the material do not imply the expression
of any opinion whatsoever on the part of the secretariat of UNIDO concerning
the legal status of any country, territory, city or area, or its authorities,
or concerning the delimitation of its frontiers or boundaries.

This publication has been reproduced without formal editing by UNIDO.




NOTE

Earthquakes have caused considerable loss of life and property damage in the
Balkan Region and are considered as the most important natural hazard in this
region. Improved building practices leading to better structures to resist
the seismic forces are effective means for reducing these losses.

The main objective of this Manual is to present basic principles and proce-
dures for the design and construction of earthquake-resistant reinforced con-
crete framed and shear-wall structures in the Balkan region. The Manual is
intended to serve as an aid for engineers and to provide guidance in design
and construction of seismic-resistant reinforced concrete buildings.

In developing this document, available analytical and experimental research
data, major seismic design codes and lessons learned from past earthquake da-
mages in Balkan countries have been taken into account. In addition, aspects
associated with the economic, social and technical level of the Balkan coun-
tries have been considered.

The recommendations presented in this Manual are principally intended for new
structures. Although the basic principles of this Manual may also apply to
strengthening of existing buildings and design of "special structures", addi-
tional rules and requirements are needed for such cases. Special structures
and strengthening are outside the scope of this Manual. The Manual is not in-
tended to cover the case of buildings of very small socio-economic importance
(small rural houses, etc.).

The Manual consists of three Parts:

Part | - Summary of Detailing and Proportioning Requirements
Part 2 - Design of Seismic Resistant Reinforced Concrete Structures
Part 3 ~ Design Examples

Part 1 presents a summary of minimum detailing requirements for seismic resis-
tant structures and Part 2 contains the main text. In the latter Part, detai-
led information is given on the seismic behavior of reinforced concrete mem—
bers and structures. Design objectives and criteria, and detailing principles
are discussed. A guideline is also presented on quality control. Part 3 con-
tains three design examples, namely, a shear-wall building, a frame building
and a building with a mixed, frame-shear wall, or dual system. These design
examples have been prepared by the national delegates of Rumania, Bulgaria and
Yugoslavia, respectively, and are based on the pertinent National Building and
Seismic Codes. Simple methods suitable for hand calculations have been used
for lateral load analysis.

In the last section of Part 3, dynamic time-history analyses have been carried
out for all three examples. The design examples have been re-evaluated in the
light of results obtained from these dynamic analyses.
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The Working Group consisted of National delegates of the participant coun-
tries with Dr. Ugur Ersoy, Professor, Middle East Technical University,
Ankara, Turkey, serving as Convenor. Other members of the Working Group
were: Dr. Mincho Dimitrov, Building Research Institute, Sofia, Bulgaria;
Dr. Dan Dumitrescu, Professor, Institute of Construction, Bucarest, Ruma-
nia; Dr. Vladimir Kalevras, Professor, University of Thrace, Xanthi,
Greece; Dr. Boris Simeonov, Professor, IZIIS, Skopje, Yugoslavia. Consul-
tants of the Working Group were Dr. Mete Sozen, Professor, University of
Illinois, Urbana, Ill., USA and Dr. Miodrag Velkov, IZIIS, Skopje, Yugo-
slavia.

Professor Jack G. Bouwkamp, Professor, University of California, Berke-
ley, California, USA, served as Project Chief Technical Advisor and parti-
cipated in all Working Group discussions.




PART 1

SUMMARY OF DETAILING AND PROPORTIONING REQUIREMENTS



1. INTRODUCTION

This summary has been prepared to be used as a design aid for proportio-
ning and detailing reinforced concrete structures to accomodate displacements
and forces associated with strong earthquake motions.

Observed behavior of reinforced concrete structures in earthquakes and
in the laboratory, as well as response analyses indicate that critical con-
siderations in producing earthquake-resistant construction are:

(1) Selection of structural configuration
(2) Choice of details and proportions
(3) Quality control

Selection of overall geometry and types of lateral-force resisting e-
lements (walls, frames and trusses) is a very important decision with respect
to performance and economy of the structure. Unwise decisions made at this
stage may be very expensive and sometimes impossible to be compensated for
by measures prescribed in later stages of design. Examples of structural
configurations to be avoided and those to be preferred are illustrated in
Part 2 of this Manual (Part 2, Chapter 5).

Experience and experiments have shown time and again the vital role of
proper detailing for earthquake resistance of reinforced concrete construc-
tion. The main purpose of this summary is to provide for the structural en-
gineer a set of tables and figures for convenient reference in making deci-
sions about types of details and member proportions.

That the structure must be constructed as required by the engineering
drawings and specifications (quality control) demands no proof. For earth-
quake-resistant construction, quality control is more important because the
structure is not likely to be loaded laterally until the earthquake occurs,
while for gravity loading the dead load and construction loads do serve to-
ward exposing some of the design errors. Matters related to quality control
are discussed in Part 2 of this Manual (Chapter 7).

2. PROPORTIONING AND MINIMUM DETAILING REQUIREMENTS FOR BEAMS, COLUMNS
AND WALLS

2.1 Introductory Remarks

Member proportions and minimum reinforcement details are given for two
levels of seismic performance. Seismic performance refers to the capability
of the entire structural system to accomodate the lateral displacements anti-
cipated in the event of the design earthquake. For seismic performance ca-
tegory B, the structure is expected not to develop a brittle mode of failure
when displaced cyclically into the nonlinear range of response. For seismic
performance category C, the structure is expected to be tough and to possess
the energy-dissipation capacity demanded by severe and long-duration ground
motions. Any structure in category C is expected to satisfy all require-
ments specified for category B as well as those for category C. It can be
noted that category A reflects a design developed without seismic load con-
siderations.



It should be pointed ont that the details stipulated here are the bare
minima considered desirable. Local specifications should govern wherever
these requirements exceed those described here. Obviously, it is the prero-
gative and the responsibility of the structural engineer to make certain
that the structure has the required characteristic strengths to resist the
load combinations specified by the governing building codes.

Most of the requirements for the two seismic performance categories are

summarized in Tables 2.1 through 2.3. Sections below contain the require-
ments which could not be included conveniently in the Tables.

2.2 Requirements for Beams and Slabs

Variation of Moment Capacity Along Span: For both categories B and C,
moment capaclty at any sectlon should not be less than one fourth of the ca-
pacity at support.

Transverse Reinforcement: For both categories B and C, transverse rein-
forcement should be provided to resist the shear corresponding to the deve-
lopment of ultimate moment capacitites M_, and M_, (based on the characteri-

stic strengths) and the permanent verticgl load é as shown in Fig. 1.1.

Lap Splices: For both categories B and C, lap splicing of tensile rein-
forcement 1s permitted only if hoop or spiral reinforcement over length of
lap should not exceed h/4 or 150 mm 10 times the diameter of the lapped bar.
Lap splices should not be used (a) within joints, (b) within a distance twice
the member depth from the joint face, and (c) at locations where flexural
yielding may occur.

Eccentricity of Beam and Column Axes: For category C, eccentricity of
any beam 1n relation to the supporting column, measured by the distance bet-
ween the geometric centers of their sections, should not exceed one fourth
of the dimension of the column side to which the beam is attached.

Amount of Flexural Reinforcement to be Considered Effective: For cate-
gories B and C, the amount of flexural reinforcement in slabs, L-beams and
T-beams to be considered effective in resisting earthquake effects should
be placed within widths described below.

(1) At interior columns, within a distance of 2.5 times the slab thick-
ness from each side of the column.
(2) At exterior columns, within the width of the column.

Slabs Used as Diaphragms: In slabs used as diaphragms to transmit forces
caused by seismic effects, minimum reinforcement ratio each way at any sec—
tion should not be less than 0.0025. Spacing of reinforcement should not ex-
ceed 200 mm in each direction. Slab thickness should not be less than 150 mm.

2.3 Requirements for Columns and Joints

Transverse Reinforcement: For category B, transverse (hoop) reinforce-
ment should be provided to resist the shear corresponding to the development
of ultimate moment capacities M 1 and Mr2 based on the characteristic
strengths as shown in Fig., 1.1,
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Table 2.1 - Requirements for Beam Detailing




For category C, the shear to be resisted should be 1,15 times that
defined for category B.

Lap Splices : For categories B and C, lap splices should be only
within the center half of the member length. Lap length should be determined
on the basis of requirements for a tension splice.

Reinforcement for Confinement : For category B, hoops should be
provided over length %, (as defined is Table 2.2) measured from each end of
column. Over these lengths ,, diameter of the hoop reinforcement should
not be less than 8 mm. Spacing of the hoops should not exceed (a) one half
of the shorter cross-sectional dimension of the colummn, (b) ten times the
diameter of the longitudinal reinforcement, and (c) 200 mm.

For category C, requirements in addition to those for category B are
the following.

Hoop reinforcement over length %, should not exceed 100 mm.

Confinement reinforcement over length £, should not be less than that
indicated by the expressions given below.

For spiral reinforcement,

4A £
=012 &

he yk

ps = Ds

For rectangular hoop reinforcement,

fck C
A =0.3s — (—-1)
so he ¢ fyk Ack
f
A =0.12s h -
so he
yk

where Ag, is the total cross-sectional area of transverse reinforcement
(including supplementary cross—ties) at a section of length s along colum
axis. Other terms are defined in Section 3 of this summary.

Columns Restrained by Walls i For both categories B and C, columns in
contact with nonstructural walls which are stiff enough to shorten the
effective height of the colum, should have hoop reinforcement as defined
above for length £, over the total height of the columm.

Joints : For category B, confinement reinforcement specified for length
Lo should be continued through the joint.

For category C, the joint shear stress should be limited as described
below in addition to the requirement for category B,

Unit shear stress in the joint should not exceed 0.25f.x for joints
laterally confined on all four sides by beams and 0.20f.; for joints not
laterally confined.

The shear force should be the algebraic sum of forces in the beam
longitudinal reinforcement and the column shear. The force in the beam
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max V 0.15 fck Same as B

* Including splices, * o depends on percentage of lapped bars at that section

Table 2.2 - Requirements for Column Detailing




longitudinal reinforcement may be taken as Asi fyk at each face.
To compute the joint shear stress, the effective width of the joint
should be taken as being equal to :

The smaller of (a) column width (cross-sectional dimension perpendicular
to beam axis) or (b) beam width plus half of the columm cross-sectional
dimension parallel to the beam axis, if the columm width exceeds that of
the beam.

The smaller of (a) the beam width or (b) column width plus half of

column cross-sectional dimension parallel to the beam axis, if the colum
width does not exceed that of the beam.

2.4 Structural Walls

Reinforcement : For categories B and C, reinforcement ratios for vertical
and horizontal reinforcement should be equal. Reinforcement required for
shear should be distributed uniformly and should be determined from the
expression given below :

Maximum unit shear stress should not exceed 0.12fck.

At least four-12 mm or six-10 mm reinforcing bars should be placed at
each edge of the wall cross section and these bars should be confined by
08 hoops at a spacing not exceeding 150 mm.

Boundary Members : For categories B and C, boundary members should be
provided at edges of all sections where the design compressive stress
exceeds 0.2f;x for a loading combination including earthquake effects.

Compressive stress should be calculated using a linearly elastic model
of the wall using uncracked plain sections.

Boundary members should be proportioned using design requirements
applicable to short colums. The boundary element on each edge of the section
should have the capacity to resist the axial load defined as the sum of all
gravity loads on the wall plus the vertical force associated with the over-
turning moment caused by earthquake effects.

Transverse hoop reinforcement for boundary elements should be as defined
for confinement of columns over the length 20.

Effective Flange Width : The following definitions apply for categories
B and C. Two different sets of definitions are given : (a) the first to be
used in the case' of more than one wall monolithic with walls acting as
flanges and (b) the second for a single wall with flanges.

For case (3), the effective flange width on each side of the wall
acting as web should be bounded by

(1) half the clear distance to the next wall,

(2) closest boundary of openings in the wall acting as flange,

(3) 107 of the wall height, but the total effective flange width should
not exceed the length of the wall acting as web (Qw).
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*Does not include edge or boundary reinforcement

Table 2.3 - Requirements for Detailing of Structural
Walls



For case (b), the effective flange width on each side of the wall
acting as web should be bounded by

(1) 107 of the wall height,
(2) five times the thickness

of the wall acting as the flange, but total effective flange width should
not exceed the length of the wall acting as web (Qw).

Splices : For categories B and C, splices of vertical reinforcement
in regions of potential yielding should be avoided. In no case should more
than 307 of reinforcement be spliced in those regions. Splices should be
staggered in the vertical direction by at least twice the splice length.

For category C, not more than 307 of the horizontal reinforcement
should be spliced at the same section and splices should be staggered in
the horizontal direction by at least twice the splice length. Splices of
horizontal and vertical reinforcement in the two curtains should not occur
at the same section in both curtains of reinforcement.
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NOTATIONS

A Area, acceleration

Ac Gross of concrete section area

Ack Core area of concrete section

AS or Asi Cross=-sectional area of tensile reinforcement

A.sb Total cross-sectional area of longitudinal reinforcement
at the edges (or boundary members) of structural walls

<h Cross-sectional area of transverse reinforcement
o Total cross-sectional area of transverse reinforcement

(including supplementary cross-ties) at a section of length
S, Or 8 4 along colum axis

b Smaller cross-sectional dimension of structural wall

bc Smaller cross-sectional dimension of columm

bw Web width of flexural member

bf Flange width of structural wall

D Core diameter

d Effective depth

E Earthquake loading

F Action, force

£ d Design bond strength

£ Characteristic concrete strength

£.4 Design concrete strength = fck/Ymc

fyk Characteristic yield strength of reinforcement

fyd Design yield strength of reinforcement = fyk/YnIS

G Permanent load

H Overall height of the building

h Total beam depth

b Larger cross-sectional dimension of column

hy Height of i'th floor from the foundation level

hsx Story height

hw Height of structural wall

I Importance factor

K Behavior factor

2 Span

Zn Clear span

Rb Anchorage length

L Length of confined region in beams and columns
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R

Distance where reinforcement is no longer needed

Splice length

Design moment

Ultimate moment capacity of the section

Design axial force

Axial load capacity of the section

Number of stories

Prestressing force

Variable load

Resistance or design capacity

Site coefficient

Design load effect

Distance between two adjacent longitudinal bars

Maximum distance between two longitudinal bars restrained
by a 90 degree bend or a cross-tie

Spacing of transverse reinforcement

Spacing of transverse reinforcement at confined regions
Spacing of transverse reinforcement over the splice length
Spacing of vertical bars in structural walls

Spacing of horizontal bars in structural walls
Fundamental period

Vertical load on i'th floor

Shear force

Design shear force

Ultimate shear capacity

Deflection or displacement

Elastic interstory drift

Maximum displacement

Yield displacement

Bar diameter or curvature

Bar diameter of longitudinal reinforcement

Bar diameter of transverse reinforcement

Bar diameter of transverse reinforcement in confined regions
Ultimate curvature

Yield curvature

Reinforcement ratio for temsile reinforcement (Asi/bwd)
Reinforcement ratio for compressive reinforcement (A;/bwd)
Volumetric ratio of spiral reinforcement

Ratio of vertical reinforcement in structural walls



Ratio of horizontal reinforcement in structural walls
Concrete stress

Steel stress

Shear stress

Design shear stress

Shear stress carried by concrete

Ductility factor

Material factor for concrete. For cast-in-place concrete,
can be taken as 1.5

Material factor for steel. Can be taken as 1.15



PART 2

DESIGN OF SEISMIC RESISTANT R/C STRUCTURES



1. INTRODUCTION

The main object in structural design is to produce a serviceable struc-—
ture which (a) can be constructed conveniently, (b) has a high probability
of survival under the anticipated loads, and (c) can be constructed at an
acceptable cost. To fullfil these objectives, adequate statistical data
should be available on loading and resistance of the structure and structu-
ral components. Although quite a number of data on seismic action and on
the behavior of members under loads simulating earthquakes are available,
these by no means can be considered as adequate. It is important to note
that the behavior of reinforced concrete members under repeated reversed lo-
ading depends highly on the loading history. Presently, researchers have not
yet agreed on the loading history to be used in testing structural components.
Therefore, different conclusions have been drawn depending on the severity
of the loading history used.

In drafting design rules for the Balkan region, in addition to research
results, the International and National Codes of countries having extensive
experience in earthquake engineering should also be taken into consideration.
However, one should not forget that seismic events observed and building te-
chnology in California, New Zealand and Japan are quite different from those
of the Balkan region. Therefore it will not be proper to adopt directly the
design philosophy and the principles developed for these countries to the
Balkan region.

A survey of past earthquakes in Balkan countries reveals that a great
majority of the damages or failures have occured due to:

- mistakes made in choosing the structural system or configuration
- inadequate detailing
~ inadequate quality control.

In developing the design philosophy and requirements for the design
and construction of seismic resistant buildings for the Balkan region, empha-
sis should be placed on these three points.

A summary of minimum requirements for proportioning and detailing have
been presented in Part 1 of this Manual. In Part 2 information on seismic
behavior of reinforced concrete buildings will be reviewed and design objec-
tives and design criteria will be summarized. Also principles of good de-
tailing will be discussed and general recommendations will be made for a
proper quality control.

2. INFORMATION ON SEISMIC BEHAVIOR OF R/C BUILDINGS
2.1 Introduction

Existing knowledge concerning earthquake behavior of cast-in-place rein-
forced concrete medium-rise buildings (up to 15 stories) is presented here,

so that existing problems are identified and appropriate solutions proposed.

Main sources fromwhich this knowledge has been accumulated are:
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a. Analytical research

b. Experimental research

c. In situ measurements

d. Pre-earthquake surveys of existing buildings
e. Post-earthquake surveys.

None of these sources is sufficient by itself. In most cases, reliable
knowledge is based on information from more than one source. A considerable
amount of data concerning the subject under examination has become available
recently, especially in the Balkan region.

The objective of this chapter is the systematic presentation of the
highlights of international and regional experience for possible improvement
of existing design principles and procedures, detailing techniques and
quality control in the region.

What followsis not a state-of-the-art report on the subject, but
a concise presentation of basic available information directly related to
earthquake behavior of cast-in-place, medium-rise RC buildings in the Balkan
region. It is believed that without basic knowledge on behavior, discussion
of appropriate requirements and procedures of design is meaningless.

2.2 Analytical Research

Based on the widespread use of computers and the availability of
advanced computer program packages, analytical research has advanced
considerably during the last decade and has offered a number of valuable
results.

Analysis possibilities and problems :

Today, complex RC structures can be analyzed both for the elastic and
the inelastic ranges of behavior, for static and/or dynamic excitation. Onme,
two, pseudo-three and three dimensional models can be used.

There are many problems which have not yet been solved for a reliable
analysis of structures, some of which as listed below :

a. Structure to structure interaction
b. Frame-infill interaction
c. Bond-slip in joint areas

Although more sophisticated methods of analysis are available, it seems
that, in general for the near future, equivalent static analysis will be
the predominant practice for the design of cast—in-place R/C buildings.
This type of analysis yields reasonable results for buildings with good
structural configurations, but may fail to identify overstress problems
in case of bad structural configuration.

The engineer should be aware of the main parameters which can lead to
overstress. Such parameters are identified in Table 2.1 and are illustrated
in Figure 2.1. Overstress problems arising from unavoidable bad structural
configuration can be solved either through an appropriate analysis capable
of predicting the effects of these problems or through simplified analysis
and approximate corrective coefficients |21|=

x Numbers in brackets refer to the reference list given at the end of
Part 2 of this manual.




21

Table 2.1 Overstress Parameters

L o cat i on §
Structural | Story Structural System
Elements Plan |Elevation
Small section dimensions (a)
Slenderness b) (e) (k) (n)
Abrupt stiffness changes (c) (f) (1) (o)
Asymme try ) (g) (m) (p)
Interaction between structural h) (@)
members of different stiffness
and between structures
Strong beams-weak columns GQ)
Flat slabs 6)

Note: letters in ( ), see Fig. 2.1

Ductility Demands @

Ductility in reinforced concrete structures in general is defined as
the ratio of a specified distortion at a particular stage of loading to
that at the onset of yielding. Although ductility is not a unique measure
of energy dissipation, it may be considered as a useful index that can
measure the suitability of a structure in seismic areas.

Nonlinear dynamic analyses of code-designed multistor structures
responding to typical severe earthquake ground motions have given an
indication of the order of post-elastic deformations, and hence the ductllxty
factor " required. However, the number of variables involved in such analyses
is so great that no more than qualitative statements concernlng ductility
demand can be made. For example, the type of ground motion has a considerable
influence. Nevertheless some general conclusions can be drawn.

A measure of the ductility of a structure is the displacement ductility
factor y designated as

= AU/Ay (2.1)

A = maximum horizontal deflection of the structure, generally measured
either at the top of the structure or at the point of action of
the resultant horizontal seismic load.

A = horizontal deflection at that point of the structure when yield

is first reached.
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A number of dynamic analyses have indicated that the maximum horizontal
deflections reached by a structure, which is not strong enough to resist the
full elastic response inertia load and yields with elasto-plastic load-
deflection characteristics, may be approximately the same as that of a
structure which is strong enough to respond in the elastic range. This
Yequal maximum deflection" response is illustrated in Fig. 2.2(a). Dynamic
analyses have also indicated that for structures with a short fundamental
period of vibration, or for degrading stiffness systems, a better approxima-—
tion is given by the "equal maximum potential energy" response illustrated
in Fig. 2.2(b) which requires the area OCD to be equal the area OEFG.

As discussed earlier, the design horizontal seismic load in the
equivalent static analysis procedure is significantly less than the elastic
response inertia load. The ratio of elastic response inertia load to the
design seismic load (0A/OB in Fig. 2.2(a) and (b) is referred to as "the
behavior factor, K".

It is evident that the equal maximum deflection assumption of Fig,
2.2(a) means,

K=uyu (2.2)

The equal maximum potential energy assumption of Fig. 2.2(b) may be
shown |23| to mean that

K =/2u-1 (2.3)
A comparison between the values of y obtained from Eqs. (2.2) and (2.3) for

the various values of K recommended in Section 5.3 (Table 5.3) are shown in
Table 2.2.

Table 2.2 Relationship Between K and U

_ Elastic Response Load
k= Design Load 243 3.5 4|53
p from Eq. (2.2) 213 3.5 441 5
u from Eq. (2.3) 2.5/ 5| 6.6 | 8.5/13

The higher value for u for each K value given by Eq. (2.3) is only
expected to apply to short period or degrading stiffness systems. As would
be expected, the required u value for the structure is greatest for high K
values, but of course the ductility demand can be reduced by using a lower
K value.

The local ductility demand at a plastic hinge in a yielding structure
nay'be expressed by the curvature ductility factor ¢,/¢y, where ¢, is the
maximum curvature (rotation per unit length) at the section and is the
curvature at the section at first yield. It should be emphasized that the
required curvature ductility factor ¢,/¢, at plastic hinge sections will
generally be much greater than the Au/Ay value for the structure, since
once yielding commences further displacement occurs mainly by rotation at
the plastic hinges. This aspect of behavior in the yield range is discussed
further below.
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The exact characteristics of the earthquake ground motions that may
occur at a given site cannot be predicted with certainty and the modelling
of some aspects of the behavior of complete structures is still open to
question. Hence it is impossible to evaluate all aspects of the complete
behavior of a reinforced concrete building when subjected to very large
seismic disturbances. Nevertheless it is possible to impart to the structure
features that will ensure the most desirable behavior. In terms of damage,
strength and ductility (including energy dissipation) this means ensuring
a desirable sequence in reaching the strengths of the various modes of
resistance of the structure. It implies a desired hierarchy in the failure
modes of the structure. The rational procedure for achieving this aim in
earthquake resistant design is first to choose the energy dissipating
mechanism for the structure and to detail the chosen yielding regions for
adequate strength and ductility. Then the remaining possible types of failure
in the yielding regions and other parts of the structure are avoided by
deliberately providing sufficient strength for them to withstand amplified
design actions. The design for amplified actions is to ensure that the
strength for that action is not reached before the chosen energy dissipating
mechanism develops. This procedure will ensure (as far as possible) that
yielding will occur only in the chosen manner during a severe earthquake.

In general, typical reinforced concrete members in which flexure is
dominant (N < 0.1fckA.) exhibit a ductile behavior, because such a behavior
is governed by steel rather than concrete (underreinforced beams). However,
ductility is reduced by the presence of high shear or loss of anchorage.
Therefore to ensure ductile behaviour, shear and anchorage failures should
be prevented by taking the necessary precautions. Premature, brittle type
of shear failure can be prevented by properly designed lateral reinforcement.
Anchorage failures can be prevented by proper detailing, which will be
discussed in Chapter 6.

Member behavior becomes less ductile as the level of the axial
compression increases. Therefore structural members, such as columns, which
are subjected to significant axial compression (N > 0.10f.xA.) exhibit less
ductile behavior as compared to beams. In many cases the desired ductility
cannot be obtained unless special precautions are taken. The ductility of
members can be greatly improved if concrete is confined by spirals or
rectangular hoops.

Since in general, members with small or no axial compression, such as
beams, are more ductile as compared to members with significant axial loads,
such as columns, it is desirable to have plastic hinging in the beams rather
than in columns when the structure has to go into the inelastic range
during a severe earthquake. In most of the seismic codes this type of
behaviour is ensured by having "strong colums - weak beams". Therefore at
any beam-column joint the sum of the absolute values of flexural strengths
of columns should not be less than the sum of the absolute values of
flexural strengths of beams framing into that joint. This is illustrated
in Figure 2.1(i). The beam and column moments shown in the figure are not
design moments but are the capacities (ultimate) of members computed
considering the cross-sectional dimensions, longitudinal steel and the axial
load.

Since shear failure is much more brittle as compared to flexural failure
in beams and columns,it is desirable to have the shear capacity to fully
reflect the available flexural capacity. This becomes an essential re-
quirement for structures built in highly seismic regions.
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Inelastic dynamic analyses of single-degree-of-freedom systems have
indicated high ductility demands for certain types of ground motion at low
periods. Fig. 2.3 shows that, for the Bucharest type of ground motion, duc-
tility demands are much higher than those for the well know El Centro type
of excitation. Ductility demands for the Volvi '78 earthquake are rather
small, but for the Montenegro (Ulcinj) '79 earthquake rather high [20].

A close examination of ductility demands for single-degree-of-freedom
systems in relation to the corresponding ground motion records reveals four
basic ground motion input parameters that influemce structural response:

a. Maximum acceleration,

b. Frequency content,

c. Strong ground-shaking duration

d. Number and duration of long-duration acceleration pulses

The destructiveness of the El Centro earthquake is mainly due to the long
duration of strong ground shaking, while the destructiveness of the Bucharest
earthquake is mainly due to a single pulse, which lasted for 1.7 sec.

On the other hand, the basic structural parameters that influence single-
degree-of-freedom response are:

a. Normalized base shear strength (n = ¢ /o =V /(G + ¢Q).qa ,
where G = dead load and Q = live load)y ™ax y max

b. Fundamental period

c. Type of hysteretic behavior.

If the overall displacement ductility demand for the single-degree-of-
freedom system is known, curvature ductility demands can be determined with
the help of the diagrams of Fig. 2.4. It can be seen that the curvature duc-
tility demands (u, or u ) are usually equal to 3 to 7 times the overall dis-
placement ductiliEy demfind (u) for the case of beam sidesway mechanism and
20 to 40 times u for the case of column sidesway mechanism.

Example:

Consider a structure with:

Normalized base shear strength n = Cy/ol.max = 0.5
Fundamental period T = 0.5 sec.
Number of stories n =8
Column/beam stiffness ratio o= ku/kd =1.0
Column/column stiffness ratio o = kui/ku =1.0
Effective/plastic hinge length ratio 2a= zu/zp =10.0

‘Beam mechanism | Column mechanism

ub uC uC

Earthquake | u

El Centro 5 17 12 100
Volvi 4 14 10 95
Bucharest 8 35 24 200
Ulecinj 8 35 24 200
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The possibility of colum mechanism formation should be eliminated
through proper design.

2.3. Experimental Research

Structuresas a whole, structural elements and subassemblages should
exhibit satisfactory performance under anticipated loading. The performance
criteria for reinforced concrete members and subassemblages can be
summarized as,

i - Good serviceability under service loads (minimum crack width,
minimum deformation, fire resistance and protection of rein-
forcement against corrosion).

il - Under seismic excitation, ability to dissipate significant amount
of energy through inelastic behavior under large amplitude cyclic
deformations, without substantial reduction of strength (adequate
ductility).

A great amount of experimental data has been presented during the last
10 years, throwing light into fundamental behavior of RC structural elements
(SE) and subassemblages. Full scale testing to destruction of complete
buildings is of course not feasible. Yet, parametric experimental testing
of structural elements (SE) and subassemblages has furnished valuable
information onj (a) confinement, (b) bond and anchorage, (c) splices,
(d) structural elements, joints and subassemblages (shear and flexural),
(e) construction joints and (f) infills. These will be discussed in the
following paragraphs. It should be noted that only the information
which is thought to be directly related to the objectives of this Manual
Tsl TreTented here. More detailed discussion can be found in references
9], 19].

(a) Confinement

Confinement can be achieved by transverse hoops (closed stirrups or ties)
and spiral reinforcement. Confinement improves the ductility significantly
(Fig. 2.5a). Adequate spirals and closely spaced rectangular hoops can
also increase the strength by a small amount (Fig. 2.5a). Of course
transverse reinforcement is also very effective in providing lateral
support for longitudinal reinforcement in compression (Fig. 2.5b).

Due to geometry and continuity along the length spiral reinforcement

is very effective in providing the desired confinement. Since the
behavior of rectangular hoops in providing the confinement is dominated
mainly by flexure, effective confinement can only be provided at the
corners. Also for rectangular hoops confinement is most effective at the
level of transverse reinforcement, while in between there is reduced
confinement effect (Fig. 2.5a).

Confinement increases the strain capacity significantly. The strain

capacity depends on the configuration of transverse and longitudinal
steel, yield strength and the volumetric percentage of the transverse

steel,

(b) Bond and Anchorage

Bond is an essential requirement for good structural use of reinforced
concrete. Typical bond stress-slip relationship obtained under monotonic
loading is shown in Fig. 2.5(c). The main parameters which influence the
bond are (under monotonic loading)
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- Geometry of bar surface (deformed or tension)
- Position and direction of bars

- Confinement

- Transverse compression of concrete

- Tensile strength of concrete

- Concrete cover and cover cracks

It should be noted that concrete cover also serves for two other

purposes, protection of reinforcement from corrosion and increase of fire
resistance,

Alternating cyclic loading of high intensity creates severe bond
deterioration problems. Slip branch is evident in hysteretic bond-slip
relation for alternating loading. Bond deterioration influences the strength
of members and joints in an unfavourable way, but more important than
this, stiffness decreases significantly due to bond deterioration.

Bond strength can be accomplished by providing adequate anchorage
or development length, Therefore adequate anchorage is indispensable for
good behavior of reinforced concrete structures under seismic action.
The anchorage length is a function of steel stress, bar diameter and

o]
bond strength (Qb = Z%_)' Anchorage can be provided by
b

~ Anchorage by a straight length (for deformed bars only)

- Anchorage by bars with 135° or 180° hooks (for plain bars)

- Anchorage by bars with 90° bents (for deformed bars)

The required straight anchorage length for reinforcing bars ranges
between

. 40 - 509 for S220 smooth, C20 + C12 and monotonic loading
. 40 - 508 for S400 deformed,C20 + Cl2 and monotonic loading
. 70 - 90¢ for S220 smooth, €20 % C12 and alternating loading
. 60 - 90¢ for S400 deformed,C20 + Cl2 and alternating loading

(c) Splices

Splices of reinforcement are inevitable in the construction of
cast-in-place RC buildings. The problem of splices is essentially a
problem of anchorage, so that the main parameters affecting the
behavior of splices are the same as the main parameters affecting
anchorage (that is,the parameters affecting bond).

The most common type of splices is lapped splices, which can be made
with straight, hooked, or 90° bent bars.

Transverse tension is developed along lap spliced bars, which can
result in cover cracking. Transverse temnsion from adjoining splices
chould not be additive, but it should be distributed along the axis
of the element, by proper staggering of splices at suitable distances.
Traosverse tension effects can also be minimized by providing suitable
transverse reinforcement.

The required lap length of bars in tension ranges between 1.0 and
2.0 times the required anchorage length depending .on pchentage of
bars lapped at that section, concrete cover and clear distance between

lapped bars.
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(d) Structural elements, joints and subassemblages

?tructural behavior of a RC section in pure flexure under monotonic
loading is greatly influenced by the relative amount of reinforcement
(Fig. 2:5(d)). Very small and very large reinforcement percentages
result in brittle behavior, while relatively small percentages give
satisfactory combinations of stiffness, strength and ductility.

) Confinement, together with adequate compression reinforcement great ly
Increase the available ductility of the section, Fig. 2.5(e).

Shear can reduce the flexural capacity of a member when the shear
span (a) is small (a/d = M/Vd = 2-4),

Axial load also significantly influences stiffness, strength and
ductility of a member. Stiffness increases for an increase of the
compressive axial load up to a certain value (0.3 to 0.5 N/No) and
decreases for further increase of the axial load.

Flexural strength increases with an increase of the axial compressive
load up to a certain value (0.2-0.4 N/N,) and decreases for further
increase of the axial load, Fig. 2.5(f). There are many design aids for
estimating the strength of a RC section under M+N.

Ductility decreases drastically for an-increase of the axial
compressive load up to a certain value (0.2-0.4N/N,) and remains
practically constant for further increase of the axial load, Fig.
2,5(f).

Alternating loading causes a reduction of stiffness, strength and
ductility of members and subassemblages. The reduction of stiffness and
strength increases with the number of cycles, Fig. 2.5(g).

In members with low shear (v < 0.25 /f:;(MPa), a/h = M/Vh > 7-8) the
reduction of stiffness and strength is rather small, while in members
with high shear (v > 0.50 VEcx (MPa), a/h = M/Vh < 0-5) the reduction
is very significant, Fig. 2.5(h). Special detailing used in some test
specimens have improved the behavior |9| as shown in Fig. 2.5(i).

The reduction of stiffness and strength due to alternating loading is
greater in the .case of biaxial eccentricity of the axial load.

In joints, alternating loading creates a problem of yield penetration
and bond slip, which increases with the number of cycles.

Structural walls with low %,/h, values exhibit a significant reduc-
tion of stiffness and strength under alternating loading, but their
stréngth and ductility can be improved by the provision of adequate edge
confined reinforcement or special boundary members.

Coupling beams usually have short shear spans (a/h = 2-4) and during
an earthquake experience a large number of intense loading cycles. If
adequate shear reinforcement has been provided, good behavior can be )
expected, but if the shear reinforcement is insufficient, their bebav1or
can be very poor. In certain cases use of diagonal reinforcement will
improve the behavior of coupling beams 19].
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(e) Construction joints

Construction joints are inevitable in the construction of cast-in-
place RC buildings and constitute a region of structural weakness,
mainly in the case of structural walls.

Joint strength may be estimated from Eq. (2.5) |23] as:

VuR = l.OpV fyk (2.5)

(f) Infills

Unreinforced brick masonry infill walls without connectors or
seismic joints are used frequently in the Balkan region. Their contribu-
tion to overall structural behavior is usually ignored and the bare RC
structural system is assumed to react to the seismic forces. Yet, the
contribution of infills to overall structural behavior is very significant
and should be taken into account during design.

During alternating loading, two behavior stages can be distinguished,
Fig. 2.6(a):

i. Stage I t Uncracked frame-infill system
ii. Stage II ¢ Cracked frame-infill system (infill separation)

Basic limit states of the system are, Fig. 2.6(b)

i. Serviceability Limit State (SLS) :
Infill separation
RC admissible crack width

ii. Ultimate Limit State (ULS) :
. Infill tension, diagonal cracking
. Infill compression, corner crushing
RC member failure
Combined failure mode

Experimental results show a substantial increase of stiffness and
strength of the structural system, due to the presence of the infill, even
for the case of moderate quality of construction of the brick masonry,

Fig. 2.6(c). Due to the existence of the infill, strength and enmergy
dissipation capacity increase. The increase in stiffness is more significant.
TestslhaTe shown that increase in stiffness due to the infill can be 4007 or
more |21

The approximate equivalent strut method of analysis yields reliable
results in predicting the composite stiffness of frame + infill systems.

2.4, In Situ Measurements

In situ measurements can be made before, during and after an earth-
quake. They aim at quantifying actions affecting tne building and structural
properties of members and of the structure as a whole.

A limited amount of existing data, for apartment houses and office
buildings, for the Balkan region indicate that : (a) live loads are of the
order of 0.5 % 1.0 kN/m? only, (b) environmental thermal effects are more
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severe than it is anticipated in design, causing SLS damage in buildings

and (c) for the great majority of residental cast-in-situ buildings concrete
quality ranges between C8-Cl16 (f. = 8-16 MPa, fok,mean = 16-24 MPa) in some
countries.

Ambient vibration measurements made have provided information on
predominant vibration periods, damping and modes of vibration of buildings
[21] .

Vibration measurements made on reinforced concrete buildings of 4-10
stories have indicated that for such buildings the initial fundamental period
of vibration ranged between (.3 and 1.2 seconds, depending on the slenderness
of building, on the type of structural system (wall, frame, dual) and on the
amount and quality of infill walls ]21|. A limited number of tests made in
Greece on residential buildings (4-8 stories, medium slenderness with H/B<4,
dual system with limited structural walls, with considerable amount of brick
infills) have indicated that the initial period of bare system ranged between
0.6-1.0 seconds, the period of the infilled system ranged between 0.3-0.5
seconds and the final period of the infilled system (after a number of years)
ranged between 0.4-0.8 seconds |[21].

Unfortunately, there are no strong motion response recordings for RC
buildings in the Balkan region. A limited amount of data from the US indi-
cates that the fundamental period of vibration of RC buildings during strong
ground motions ranges between 1 to 3 times the initial ambient vibration pe-
riod.

2.5. Pre-earthquake Surveys

Pre—eartiiquake surveys can yield valuable information concerning :

a. Prevailing building systems

b. Prevailing structural systems

c. Design state of practice

d. Congtruction state of practice

e. Undercapacity and overstress problems of existing buildings so that
existing needs for the improvement of the situation will be identified.

Building and structural systems

The continuous building system (buildings in row, without seismic
joints) used in town centers for cast-in-place RC residential buildings
(Fig. 2.7), creates the problem of structure to structure interaction, with
detrimental effects, especially for corner buildings. The problem becomes
more severe when adjacent buildings have different dynamic characteristics.
The importance of this major problem was dramatically demonstramed during
the earthquakes of Vrancea (1977), Volvi (1978) and Alkyonides (1981).

Structural systems with severe overstress problems are presented in
Fig. 2.8. Interior balconies, closed balconies, successive penthouses,
indirect column and beam supports, infills and extremely bad overall
configuration create severe overstress problems, which require special
analysis and design methods.
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Design practice

Design of private medium rise-medium cost cast-in-place RC residential
buildings is usually based on oversimplified design, without due consideration
of structure to structure interaction, of frame-infill interaction and of
bad configuration problems. ’

Construction practice

Inadequate supervision (due to insufficient quality control specifica-
tions) and low workmanship can lead to severe undercapacity problems such
as those illustrated in Fig. 2.9.

Undercapacity and overstress problems in existing buildings

Prevailing medium-to-severe undercapacity and overstress problems in
medium rise-medium cost cast-in-place RC residential buildings are :

a. Infill masonry understrength

b. Insufficient ties (undercapacity)
c. Inadequate structural continuity (problems)

d. Shear behavior

e. Bad structural configuration (mainly joints)

f. Bad story layout (overstress)
g. Bad layout of building in plan (problems)
h. Bad layout of building in elevation

i. Structure to structure interaction
Moreover, a number of buildings show SLS damage due to environmental
thermal effects, as well as due to differential settlement. In both cases,

cracking has generated a reinforcement corrosion problem.

2.6. Post-earthquake Surveys

Post-earthquake surveys can yield valuable information on types and
frequencies of structural damage. Careful examination of structural
characteristics of damaged buildings can reveal main causes of understrength
and overstress, which led to damage. Great care should be exercised at this
stage, because usually there are more than one reasons that interact to
create the observed damage. Causes of undercapacity (poor concrete quality,
insufficient ties, etc) are usually more easily detected than causes of
overstress.

The most prevailing type of earthquake-induced damages in reinforced
concrete buildings have occured in the following locations and members ¢
(a) Columns (short columns where high shear stress are produced in addition
to flexure), (b) stair dabs, (c) joints of linear elements, (d) slab-column
joints in flat plate structures, (e) infill walls (separation between the
infill and the frame and/or cracking of infill masonry) |22|. The last two
typesof damages, although of Serviceability Limit State level, proved to be
of great economical importance.

In general, the causes of failure or damages have been :

a. Structural configuration
- soft stories
- torsion created by unsymmetrical arrangement of the core or other
vertical lateral-load resisting elements
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- flexible floors
- short columns formed either by connecting structural members
or infill wallsg (for window openings).

b. Inadequate detailing
- Inadequate transverse reinforcement
- Lap splices at critical regions (at the face of joints)
- Lap splices with insufficient lap length and insufficient
transverse reinforcement along the lap length.

c. Inadequate or unqualified quality control
- Steel not placed in accordance with the design drawings
- Poor quality of concrete

Detailed correlation of undercapacity and overstress effects versus
damage is missing. .

In most of the surveyed damage cases, a combination of more than one
causes of undercapacity and of overstress seems responsible for the observed
damage. Causes of understrength and overstress which led, by combination,
to most of the damage cases seem to coincide with the causes of under-
capacity and overstress which were identified by pre-earthquake surveys.

Causes of undercapacity and causes of overstress are estimated to have
been of approximately the same importance in triggering earthquake damage.

A number of typical structural damage cases is presented in Figs. 2.10
through 2.15.

2.7. Site Effects

Seismic wave motions attenuate as they emanate outward from the epicenter
of the earthquake. The high frequency components attenuate more rapidly than
the lower frequencies. Sites near active faults can tius be expected to have
high amplitude motions with considerable high frequency content. Conversely
sites at some distance from an active fault can be expected to have less
intense motion made up primarily of lower frequency components.

Seismic waves are transmitted through the base rock and then up through
the overlying soil. Certain soil characteristics, such as the seismic shear
wave velocity, appear to modify the waves as they pass upward to the surface.
Softer soils tend to amplify the lower frequency components of motion while
firmer soils amplify the higher frequency motions.

Local soil conditions should be considered in the seismic design of
reinforced concrete structures. The effect of soil conditions on the
structural response can be established based on soil profile types. In the
codes, soil profile types and related site coefficients S are specified
which are used to modify the standard elastic response spectrum to acount
for the site conditions.
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Fig. 2.9 Examples of RC buildings with severe undercapacity and
overstress problems
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(a) Insufficient reinforcement. Typical steel tension failure,

(b) Inadequate splicing (c) Insufficient anchorage and lack of
ties in the joint area

Fig. 2.10 Causes of undercapacity |22|
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Fig. 2.10 Causes of undercapacity (continued) |22|
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3 - CLASSIFICATION OF STRUCTURES

3.1, General Classification

The provisions of this manual have been prepared with reference to the
following three types of structural systems

i) Frame System

A system in which both vertical and lateral loads are resisted
by space frames.

ii) Wall System

A system in which both vertical and lateral loads are resisted
by vertical structural walls, either single or coupled.

iii) Dual System

A system in which vertical loads are essentially carried by
space frames. Resistance to lateral forces is contributed partly
by the frame system and partly by structural walls.

As illustrated ideally in Fig. 3.1, frame systems with stiff beams,
under action of forces generated by earthquake motions, tend to deflect as
"shear beams", while wall systems tend to deflect as "flexure beams" or can-
tilevers. The deflected shape of a dual system depends on the relative stif-
fness of its wall and frame components.

3.2 Categories of Seismic Performance

Generally, it is not economical to design and detail all buildings
for the same risk level. Risk level is related to proportioning and detai-
ling requirements of members and joints as well as to other factors. For
example, requirements for proportioning and detailing of buildings with high
occupancy, located in highly seismic zones should be more severe than for
low-rise residential buildings in zones of low seismicity.

Proportioning and detailing requirements affect both ductility and
stiffress of members and structure.

Categories:

In this manual buildings have been classified into three seismic
performance categories A, B and C, according to the minimum requirements
specified for proportioning and detailing. Most severe requirements have
been specified for category C.

The requirements specified for each category can also be related to
the ductility level provided, with category C having the nighest ductility
level.

Minimim proportioning and detailing requirements for each category
(with the exception of category A) are given in Part 1 of this manual.
Requirements for category A are not specified here, because these in general
will be covered in nonseismic codes. Basic requirements for each category
are summarized below.
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Seismic Performance Category A

Structures in this category should be designed mainly in accordance
with the nonseismic codes. Only a few additional detailing requirements
can be specified.

Seismic Performance Category B

For structures in tais category, specific aseismic provisions have
to be adopted, enabling the structure to enter the inelastic range of
response under repeated, reversed loading, while avoiding premature brittle
type of failures.

Seismic Performance Category C

For structures in this category, special requirements for the design,
proportioning and detailing should be adopted to ensure the development of
selected mechanisms associated with large-energy dissipation capacities.

Buildingsshould be classified into these three categories,considering
the following criteria t

a. Socio-economic importance
b. Seismicity of the region
c. Configuration.

a. Socio-economic importance

Buildings are assigned to one of the following importance groups
depending on the type of occupancy and importance of its serviceability
after a major earthquake. Each group is assigned a different Importance
Index (I).

Group III ~ This group includes buildings having essential facilities
necessary for post-earthquake recovery. Examples are fire
stations, medical centers, power stations, etc.

Group II - In this group, buildings having a large number of occupants
or buildings in which occupants' movements are restricted,
are included. Examples are public assembly buildings,
schools, offices, hotels and apartment houses over 6 stories
in height, retail stores with 500 m®* floor area per level
or more than 4 stories in height.

Group I - This group includes all other buildings not included in
groups IIT or II.

b. Seismicity of the region t

The ground motion is usually defined in terms of Effective Peak
Acceleration or Effective Peak Velocity-Related Acceleration (A, and Av)‘
The Seismicity index is related to the effective Peak Velocity-Related
Acceleration coefficient or intensity. Three or four Seismicity Index (SI)
numbers can be assigned for the buildings considering acceleration or
intensity.

c. Configuration 3

Buildings can be classified as "regular” and "irregular buildings"
considering both plan and vertical configuration. Buildings which have an
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approximately symmetrical geometric configuration and which have the
centroids of building mass and lateral-force resisting system nearly
coincident should be classified as regular.

3.3. Assigning Buildings to Seismic Performance Categories

Buildings in each country may be classified considering the three
criteria discussed above. Each of tne three seismic performance categories
correspondsto a certain ductility level since proportioning and detailing
in each category is done accordingly.Therefore A, B and C can also be
called Ductility Level 1, 2 and 3. Seismic performance category C (or
Ductility Level 3) is assigned to provide the highest level of design
performance criteria.

interacting
forces

-

F
| -

(a) Frame, shear (b) Waii, bending  (c) Interconnected Frame
Mode Mode and Wall (equal
Deformation Deformation deflections at each level)

Fig. 3.1 Deflected Shapes and Interaction of Frames and Walls
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4 - DESIGN OBJECTIVES

4.1. General

Buildings designed as earthquake-resistant structures should be able
to resist frequent, minor earthquakes without any significant damage in
the nonstructural components. Such structures should resist the moderate
earthquakes without significant structural damage. In case of severe seismic
action, the structure should be able to resist the earthquake loading
without major failure of the structural system to maintain life and to
minimize major economical and cultural losses. For the satisfactory
behavior of the structure in the inelastic range, the members and connec-
tions should have adequate ductility and energy dissipation capacity.

However, tie designer should not solely base his design on ensuring
ductile behavior. In many cases the nonstructural damage due to deformations
in the inelastic range can be beyond economical limits. Therefore limits
should be placed on tne lateral displacements to prevent great economical
losses and overall structural instability problems.

4.2. Design Requirements

The aim of seismic design is to ensure acceptable small probabilities
of exceeding the following Limit States for tine expected seismic actions :

a. Limit State of Serviceability (LSS)
(Minimum nonstructural damage)

b. Limit State of Structural Damage (LSSD)
(Limited degree and extend of structural damage)

c. Limit State of Collapse (LSC)
(Avoiding collapse and providing adequate residual capacity for
the structure and its components).

Since direct analytical verification of the above requirements is
extremely difficult, the following design requirements are set as substitutes
of the original design targets

Stiffness requirements

It was pointed out that excessive ‘deformation in a structure could
cause considerable damage to both structural and monstructural elements.
Therefore, in seismic codes,drift limits are specified to minimize the damage.
The lateral displacement and the interstory drift depend mainly on the
characteristics of the ground motion and the stiffness of the structure.
Nonstructural elements such as infill walls influence the stiffness and
thus the lateral displacement significantly.

In building codes, drift requirements are specified by limiting the
interstory drift. The admissible values of drift parameters depend on
the type of nonstructural elements and equipment installed, and on the
connections.

Recently some engineers and researcners have considered the drift
requirements as the most important criterion in the seismic design of
reinforced concrete buildings. Observed behavior of relatively slender
multistory R.C. systems suggests that for such systems drift might be
the pivotal criterion for earthquake resistant design |19|
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In some types of structures overall displacement at the top of the
building should also be checked.

Strength requirements :

Reliability for the Limit State of Structural Damage is ensured by
providing critical regions of the structure witin adequate strength for the
expected design seismic action effects.

Ductility requirements i
Reliability for the Limit State of Collapse is ensured if ductility

requirements are satisfied in addition to the strength requirements.

It should be noted that the designer has no reliable means to compute
the system ductility of the structure. What is available is the detailing
rules arrived at through the study of experimental behavior of members and
structures. The designer should be fully aware of such data.

5 - DESIGN CRITERIA

5.1. Introduction

The following items should be considered in producing satisfactory
earthquake-resistant structures

a - Selection of proper site and foundation

In selecting the building site, locations with low seismic activity
should be preferred. It is also essential that the site selected should
not be close to surface faulting, rockfalls and sliding.

Foundation of good configuration, with adequate stiffness, strength
and ductility should be selected.

b - Selection of appropriate structural system with good structural
configuration (building, structural system and structural members). Structure
to structure interaction should be eliminated whenever possible.

¢ - Appropriate estimate of basic seismic input and reliable analysis
(modeling and analysis of the structural system) is important.

d - Capacity design of the structural system.

e — Adequate stiffness of the structural system (limiting interstory
drift).

f - Good detailing of the reinforcement .

g - Good quality control (including control of material quality and
construction quality).

Items (a) and (d) were discussed in Chapter 2. Item (f) will be
discussed in Chapter 6 and (g) in Chapter 7 (item f has also been discussed
in Part 1 of this manual). The rest,i.e. items (b), (c), (e) will be
discussed in this chapter.
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5.2. Structural Configuration

The term "structural configuration" as used in this manual refers to
the geometry of the structure and the type of structural system (such as
wall or frame) and elements used. In relation to earthquake effects, non-
structural items also affect structural response and are therefore considered
to be parts of the structural configuration.

Structural configuration is one of the most decisive parameters of
seismic behavior. Bad configuration is likely to lead to severe overstress
problems. In design practice of some countries, the architect generally
conceives and controls the building configuration. Since configuration is
one of the most important influences on the seismic behavior, the structural
engineer should cooperate with the architect at the very early stage of design
to evaluate alternative configurations.

A number of typical examples of bad and good configurations and possible
solutions are given in Fig. 5.1. Cases presented in the column marked as
"NO " should be avoided, unless covered by special analysis, design and
construction considerations.

Cases shown in Fig. 5.1 are to illustrate mistakes made in choosing
the configuration. In some cases the number of rows of structural columns
are less than what would be recommended (for example two rows). Such cases
were presented due to restrictions in space and are by no means encouraged.

5.3 Design Seismic Actions (Modeling and Analysis)

5.3.1 Seismic Action ¢

Seismic action to be employed in the design 1is related to the
seismic activity of the region which can be conveniently described by means
of seismic risk maps. The seismic risk maps show the distribution of the
magnitude of the parameters defining the intensity of the seismic event
for a given return period or for given annual probabilities.

The intensity of seismic event can be expressed either by means of a
phenomenological scale, such as MSK scale, or by a set of parameters which
describe the ground motion, such as "effective peak acceleration" or
"effective peak velocity-related acceleration'.

Seismic risk maps are prepared considering historical records, if
available and reliable, and geological and seismotectonic data.

Ground motion at a site can be defined by specifying its normalized
frequency content and duration, in addition to scaling the intensity
parameter. For a known or given constant duration, the frequency content
can be expressed either through “power density spectrum” or the 'elastic
response spectrum" relative to any selected value of damping. Both spectrums
can be normalized to give a peak ground acceleration of lg.

5.3.2. Methods of Analysis

Reliable modeling and analysis are helpful towards a good design of
structures and structural members to resist seismic action. The designer
should realize the errors introduced due to approximations and simplifica-
tions made in structural modeling. In modeling and analysis, the effect of
masonry infills should be taken into account. Soil-structure interaction
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should be considered, especially in the case of structural walls with
foundations on flexible soils.

Masses to be considered in the determination of the seismic effects
will be those of all gravity loads existing at the time of the seismic
event. The fundamental combination of load effects to be used is :

G+P+E+IVQ, (5.1)

G - includes all permanent loads (nominal)

P - is the prestressing force multiplied by specific factors given
in codes (usually 1.0)

E - is the design seismic action

Q;, ~ are the fractile values of extreme distributions of all variable
loads
wi - factors required to pass from the fractile values Qi to the

average values Q; of their instantanious distribution.

For the analysis of structures under seismic action, different methods
can be used. The most commonly used metnods are :

a. Equivalent static analysis
b. Modal analysis
c¢. Time history analysis

The "equivalent static analysis" procedure can be used if the building
can be classified as "regular”. In this procedure, the actual dynamic
(inertia) loads induced in the structure when responding to severe ground
shaking are represented by equivalent static loads found from a design
response spectrum wihich is a suitably modified elastic response spectrum.
The distribution of horizontal seismic actions assumed,essentially follows
that of the first mode of vibration.

The "modal analysis'procedure should be used for more irregular
structures or for tall buildings where the equivalent static analysis
procedure does not apply.

The procedure uses dynamic analysis, assuming elastic behavior, to
determine the inertia forces acting at each floor level. The modal responses
are computed using the same design response spectrum as for the equivalent
static analysis procedure. The building is modelled as a system of masses
lumped at each floor level. The inertia forces at each floor level,
separately obtained from each mode of vibration, can be combined by taking
the square root of the sum of the squares of the modal values. The forces
so found are then reduced to take into account the ductility of the structure.
The resulting design forces are then applied to the structure to obtain the
internal forces. The effects of torsion due to irregular structural confi-
guration are also included.

In important cases of some unusual structures, or as a research tool,
"time history linear or nonlinear dynamic analysis" may be justified. In
this type of analysis, the response of the structure to a particular
accelerogram record from a severe earthquake is computed by numerical
integration for each small time step of the earthquake record. Idealizations
for the inelastic internal force -deformation characteristics of the elements
of the structure are utilized. For example, idealized moment-curvature
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hysteretic loops would be necessary for flexural members. Time-history
analyses enable both the overall and the local ductility demands to be
assessed. However, the results of such analyses are very much dependent on
the earthquake record chosen and the structural idealizations assumed.
For time history analysis it is necessary to determine seismic parameters
such as intensity and frequency content for design earthquake and maximum
expected earthquake using results from site investigations.

Only the simplest of the three methods, "equivalent static analysis"
will be discussed in more detail in the following paragraphs.

5.3.3. Equivalent Static Analysis :

This type of analysis should be restricted to regular buildings
provided that their height does not exceed 80 m. and the fundamental period
does not exceed 2 seconds.

In this type of analysis, equivalent lateral forces to be applied
at each floor level, in the direction being analyzed, should be determined.
The formula recommended by CEB will here be considered hal .

Fi = Cd A wi (5.2)
Cd - design seismic coefficient, as defined in Eq. (5.4)
vy, - distribution factor depending on the height of the floor

measured from the base
W, - gravity load on the i'th floor.
The distribution factor Y; can be calculated using the following formula
proposed by CEB |13|
IW,

1
Yi S Mo
11

(5.3)

where hi is the height of i'th floor measured from the foundation level.

The distribution of design horizontal seismic forces are shown in
Fig. 5.2. When the gravity load Wj on each floor is same, Eq.'s (5.2) and
(5.3) indicate that the total design horizontal forces acting is CgIW;. As
shown in Fig. 5.2(b), in this case the distribution of the total horizontal
force along the height of the building follows the shape of an inverted
triangle.

It is important to note that the equivalent static horizontal force
is assumed to act along each principal axis of the building separately
(not concurrently).
The design seismic coefficient depends on many factors. In the CEB-FIP

Seismic Appendix |13] Cd is expressed in the following form @

Cd =——-I-n—z———— (5.10)
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where, I - is the importance factor related to the importance groups
discussed in Section 3.2(a). Values suggested for the
importance factor for each group are given in Table 5.1.

Amax - is the peak ground acceleration to be adopted for the seismic
zone under consideration (can be expressed as a function of
the seismicity index). Usually a country is divided into a
number of zones of different seismic activity. An Ap,, value
for each zone needs to be allocated.

S - is the site coefficient related to the soil type. Suggested
values are given in Table 5.2.

K - is the behavior factor depending on the ductility provided.
Suggested K values for each seismic performance category are
given in Table 5.3.

o - amplification factor

B_ - is the spectral response factor, which depends on the shape

of the design response spectrum and the fundamental period

of the structure, T. The variation in B, is shown diagramati-
cally in Fig. 5.3. The viscous damping assumed in the CEB-FIP
Seismic Appendix [13]|, to obtain the design response spectrum,
is 5% of critical.

TABLE 5.1
Importance Coefficients, I

Importance Group WNo. I
IiX 1.4
1I 1.2

I 1.0

TABLE 5.2

Site Coefficients, S

Soil Profile Type S

:h 1.0
52 1.2
53 1.5
TABLE 5.3
Behaviour Factor, K
Structural System Seismic Performance Category
A B [9
Frame 2 3.5 5

Wall or Dual 2 3 4
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The effects of site conditions on building response are established
based on soil profile types described below

- rock of any characteristic or stiff soil conditions
where the soil depth is less than 60 m and the soil
types overlying rock are stable deposits of sand,
gravel or stiffer clays.

Soil profile S1

Soil profile 52 - deep cohensionless or stiff clay soil conditions,
including sites where the soil depth exceeds 60 m
and soil types overlying rock are stable deposits
of sand, gravel or stiff clays.

Soil profile §5 - soft to medium stiff clays and sand, characterized
by 10 m or more of soft to medium stiff clay with
or without intervening layers of sand or other
cohensionless soils.

The effect of torsion about the vertical axis of the building should be
included in the analysis. When the building is analyzed by means of two
separate planar models, the torsional couples acting at each floor are given
by the inertia force acting at that floor multiplied by an eccentricity
which can be expressed as a function of the nominal eccentricity (distance
between the centre of mass and centre of rigidity at the floor measured per-
pendicular to the direction of seismic action) and the accidental eccentricity
specified in the National Code.

5.4. Principles for Assuring Strength and Ductility

In order to minimize the probabilities of structural collapse and
local premature failure, the structure should be evaluated in accordance
with the principles described below.

a. Locations of Plastic Hinges i Because ductility of the entire
structure is better accomodated by the development of plastic hinges in
beams rather than in columns (except in the base), relative strengths of
beams and columns should be selected accordingly.

b. Shear Strength : Because design lateral forces are conventionally
only a fraction of the actual member forces that may develop during an
earthquake, critical members, including joints, must be checked for a
shear force corresponding to the development of tne characteristic moments
at the sections where hinging is expected.

These moments must be calculated using the characteristic values for
material strength and the expected axial load resulting in the maximum
moment resistance.

c. Anchorage and Splices : Reinforcement at critical sections should
be detailed to avoid bond failure.

d. Relative Importance : Individual elements of a structure should be
proportioned so that the more important members (such as colums in lower
stories) are less vulnerable than members (such as those whose failure
would not start a chain reaction).
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5.5. Stiffness

Adequate stiffness should be provided for control of nonstructural
damage and for avoiding structure to structure interaction. For the
purposes of this document adequate stiffness is ensured by establishing
and checking

admissible interstory drift
. admissible overall max. displacement for some type of structures.

Interstory drift limits depends on the type and quality of the infill-
For brick infills elastic interstory drift should be limited to 0.257 of
the story height (8g9 < 0.0025 hgy). In computing the elastic interstory
drift stiffness of uncracked sections and the design earthquake should be
used.

If inelastic analysis is used to compute the drift, the limit given
above for the elastic analysis should be magnified by multiplying by an
appropriate factor depending on ductility. K factors given in Table 5.3 can
be used for magnifying the drift limits.

5.6. Material Quality Requirements

For buildings in the seismic region, the grades of normal or light-
weight concrete should be at least Cl6 or LC16 for buildings in seismic
performance categories A and B, and C20 or CL2Q for buildings in seismic
performance category C.

Steel grades higher than S400 should not be used in seismic regions
except in slabs. The actual yield stress should not exceed its nominal
value by more than 15Z and the ratio of the mean value of strength to the
yield stress should not be less than 1.25 for the steel grade $220Q and 1.15
for S40Q0,

Cold work steel should not be used in seismic resistant members unless
experimental evidence is available,
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6 - DETAILING

6.1. Introduction

Design is not completed until detailing of reinforcement, infills and
architectural elements has been ensured. No matter how correctly and
accurately the previous steps of design have been carried out (like selecting
of structural configuration, estimation of seismic action, analysis and
dimensioning of critical sections) safety cannot be assured unless proper
detailing is provided. As a matter of fact, good detailing is by itself the
basic criterion for the safety of the structure.

Detailing is the last stage of the design process and a subject for
which limited research results, aids and recommendations are available. It
is also the stage at which a considerable volume of detailed drawings,
lists and specifications must be prepared, so that the contractor and the
detailer will be forced and guided to construct exactly the intended
structure. In many cases detailing is usually the design stage with the

lowest quality.

The quality of detailing depends on :

a. Knowledge of structural behavior.
b. Experience
c. Talent and structural intuition.

Experience and talent are indispensable, but knowledge can be improved.

Reinforced concrete is a complicated construction material and multi-
story buildings a new type of construction, so that the designer cannot
depend on contractor's and technicians' "good construction tradition”. It
is the designer who has to provide adequate and clear documents (drawings,
lists, specifications, etc.) that will help the contractor to understand
without doubt what he is going to build and how he should build it. Then,
it is contractor's duty to further clarify things for the detailer.

The brief preliminary comments of this section aim only at improving
the existing knowledge of the designer and, to a lesser extent, of the
contractor.

Although detailing is one of the most important factors affecting
structural behavior under seismic action, detailing by itself cannot provide
the desired safety unless good building configuration has been chosen and
structural members have been proportioned properly.

It is essential that detailing should be adequate, simple and result
in economy of steel. Whenever possible, detailing should be standardized.

Detailing adequacy means that through proper detailing good behavior
of the final real structure will be ensured. Knowledge of the expected
combinations of physical , chemical and mechanical actions and of real
structural behavior in such an environment is indispensable. Simplicity is
necessary for ease and economy of construction. Standardisation will minimize
the number of possible cases, a fact that will enable deeper study of
detailing cases, better designer-contractor-detailer communication and to
a certain extent, computerization of detailing documents. Economy is of
course a self evident target.
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Although all possible actions and their most probable combinations
should be taken into account during detailing, one should always bear in
mind that seismic actions and fire are the actions that usually impose the
most severe detailing requirements.

A summary of minimum requirements for proportioning and detailing of
members and joints of seismic resistant reinforced concrete structures are
given in Part 1 of this manual. In this chapter general principles for
detailing of reinforcement will be given and some typical examples will be
presented. Comments on infill and architectural detailing will not be
discussed, due to space limitations.

6.2. Reinforcement

6.2.1. Introduction

Typical reinforced concrete design calculations end with some figures
giving the necessary area of reinforcement at certain critical regions of
the model structure, for some action effects, which are based on simplified
analysis of the model structure. Even if a good design code has been followed
with care up to this point, the question is how these figures will be
translated and incorporated into the structure, so that a safe and economic
structure will be the end result of the design and construction process.
Good reinforcement detailing is necessary at tiais point.

Minor quantities of reinforcement (usually less taan 0.5% of the total
cost of the structure) placed in the right position and with the proper
method can increase substantially the overall safety of the structure. In
some cases, a small reduction of the quantity of reinforcement can improve
workability to an extent that both economy and safety will be increased at
the same time. In detailing of reinforcement, quality is at least of tne
same importance as quantity.

A number of tentative recommendations on reinforcement detailing will
be presented here. Much work has still to be done to facilitate the de-
signer's work and it is definitely worthwhile. Valuable information on many
aspects of the problem can be found in references 4, 5, 13, 14, 15, 23, and
27.

6.2.2. Role of reinforcement
Reinforcement is used to

a. Resist tensile stresses, or reduce opening of cracks (tensile
reinforcement)

b. Resist compressive stresses (compression reinforcement)

c. Increase the ductility

d. Provide lateral support to compression reinforcement bars (lateral
support reinforcement)

e. Help assemblying a stable reinforcement cage (assembly reinforcement)

Tensile and compressive reinforcement are usually termed as the main
reinforcement. They influence directly stiffness, strength and ductility of
RC structural elements, as well as continuity of the structural system. Their
influence on stage I (uncracked) stiffness and strength is usually small, but
their influence on stage II (cracked, pre-yield) and on stage III (post-—
yield) stiffness and strength is predominant.
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Confinement, lateral support and assembly reinforcement are usually
termed secondary reinforcement. Yet, confinement and lateral support rein-
forcements (which are usually combined in one) influence materially ductility
of the structural elements, while assembly reinforcement is very important
for good construction.

Two types of reinforcement can be distinguished based on the method
of determination of their quantity, position and direction :

a. Calculated reinforcement
b. Reinforcement by estimate

Calculated reinforcement is the reinforcement whose quantity, position
and direction has been determined through some specific calculations, which
are assumed to guarantee fullfilment of stiffness, strength, ductility
and continuity requirements. It is desirable that, all the required rein-
forcement should be based on such a procedure of determination. Yet, in
medium cost structures not all specific problems are covered by proper
analysis and design calculations. In these cases, a certain amount of
local reinforcement should be provided as reinforcement by estimate, based
on engineering judgement. Assembly reinforcement, in many cases continuity
reinforcement and reinforcement for local stress concentrations, are
typical examples of reinforcement by estimate.

6.2.3. Detailing requirements
Reinforcement should be detailed for

a. Serviceability (elastic stage)

b. Strength under monotonic loadings based on failure mechanism

c. Seismic capacity, based on failure mechanism + ductility demand
d. Structural continuity, based on continuity requirement

e. Structural hierarchy, based on failure hierarchy

Although each reinforcing bar serves only a limited number of uses,
reinforcement should be provided in every structural region for the
similtaneous verification of all the above detailing requirements.

6.2.4. Basic problems
During detailing, the following problems should be taken care of :

a. Environmental protection

b. Bond and anchorage

c. Splices

d. Workability (both of concrete and of .the reinforcement itself).

The severity of the workability problem depends on the intensity of
seismic actions and on the technological level of the construction personnel.
High seismic intensities require large quantity of well-detailed reinforcement,
increasing the workability problem, especially for comstruction personnel
of low technological level. A balance between the required level of detailing
and the skill of the available technicians is necessary, otherwise a danger
exists for very poor final construction.

6.2.5. General recommendations (Fig. 6.1)

A limited number of simple-to-state but sometimes difficult-to-apply
rules should always be followed during reinforcement detailing :
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a. Main reinforcement for space behavior with definite structural
hierarchy, covering all basic detailing requirements

b. Adequate main reinforcement ratios

c. Double (tensile + compression) main reinforcement

d. Good anchorage of main reinforcement

e. Sufficient and well anchored hoops (especially in joints and
critical regions)

f. Sufficient concrete cover

g. No abrupt changes of main reinforcement

h. No splices in critical regions

i. Simple overall solutions

j. Concrete workability

k. Standard details

1. Maximum possible economy.

No matter what simplifying assumptions for modeling and analysis
have been made during the initial design steps, detailing needs should be
identified based on an at least qualitative analysis of a realistic model
of the structure (Fig. 6.la). Three dimensional structural behavior snould
be anticipated, the position of construction joints (j) should be defined
and the whole structure should be divided in regions of certain type and
hierarchy.

Structural system of structural regions should be established (Figs.
6.1a and b), in order that a correct structural system will be designed
through proper detailing.

Three types of structural regions :

a. Type I : Linear (1D) region
b. Type II : Plane (2D) region
c. Type III : 3-D region

should be distinguished and each one of them should be detailed accordingly.

Double (tensile + compression) main reinforcement should be provided,
at least at the critical (high hierarchy rank) structural regions, so that
adequate ductility and safety for the case of unexpected load reversals
will be ensured.

Good anchorage of reinforcement is a basic requirement for overall
structural safety. Normal methods of anchorage are :

- straight anchorage;

-~ curved anchorage ¢ hooks (at 135o to 1800), bents (at 90° to 1350),
loops

- anchorage by mechanical devices.

The basic anchorage length is,
f

%, = ;2 L (6.1)
bd
fyk - characteristic yield strength of reinforcement
fbd ~ design bond strength given in National codes (or CEB-FIP Model

Code)
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The required anchorage lenmgth &  can be expressed as a function of

bn
R,b.

= f . 6.2

Zpn = ¥y £y pin €.2)

o = 1.0 for straight bar anchorage (tension or compression)

a = 0.7 for curved bars in tension

o = 1.0 for curved bar anchorage in compression

2 b.min - 0.39.b but not less than 106 and 100 mm (for bars in tension)
b

L b.min - 0.62b but not less than 100 and 100 mm (for bars in compression
’

Free bending diameter of curved bars should not be less than 5 bar
diameters.

Curved bars should have a straight tail portion equal to :

50 for 135% and 180° bents of plain bars

108 for 90° bents of deformed bars and 135 bents of the hoop rein-
forcement

208 for the development length of beam.

Abrupt changes in the main reinforcement should be avoided because
such changes cause severe stress concentration problems.

Splices are weak points where severe bond and stress concentration
take place. Therefore splices in the critical regions should be avoided
as much as possible. To decrease the stress concentration,lap splices
should be staggered.

The required lap length can be calculated from the following formula,

8, = a8, < 156 < 200 m (6.3)

o] is a coefficient which depends on the percentage of reinforcement lapped
in any one section. Values of aj can be found in CEB-FIP model code or the
National Codes. Permissible percentage of lapped bars in any one section
are given in Table 6.1,

TABLE 6.1

Permissible percentage of Lapped Bars in Any One Section

Load Effects
Statlic | Seismic

Quality Bond

Deformed bars 1007 50%
Plain bars < 16 mm 507 257
Plain bars < 016 mm 257 257

Simple and standard detailing solutions will improve the understanding
of the placer, ensuring better construction and will permit good workability
of concrete and the reinforcement.
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The need for economical solutions is of course self evident.

6.2.6. Responsibilities and documents

In a large scale complex structure the following persons involved in
the detailing process can be distinguished i

a. Designer (the engineer responsible for designing the structure)

b. Supervisor (the engineer responsible for supervising the construc-
tion as the Owner's representative)

c. Contractor (the engineer responsible for the construction of the
work)

d. Detailer (the person (engineer or technician) responsible for
preparation of all fabrication and placing documents)

e, Fabricator (the person responsible for cutting and bending of all
reinforcing bars)

f. Placer (the technician responsible for proper placing of all
reinforcing bars).

In most of the cases, some of these responsibilities are combined (e.g.
designer + supervisor, contractor + detailer or fabricator + placer).

It is imperative that each person involved clearly understands his res-
ponsibilities and produces the detailing documents that are needed by the
person involved in the following step. The designer and detailer produce
the most basic detailing documents and for this reason, they need some stan-
dard detailing aids. Aids for typical details, for detailing structural e-
lements and for preparation of detailing documents are needed.

Contract specifications should specify the types of detailing documents
that are to be produced and the persons responsible for their preparation.

6.2.7. Aids for detailing structural elements

All detailing requirements conforming to the applied code for each
type of structural element should be presented in tabulated form in a
single page and illustrated by proper drawings, so that the work of the
designer and the detailer will be facilitated. Such aids are needed for the
case of

Slabs

. Beams

Columns

Structural walls

Stairs

. Foundation elements
Beam-beam joints (indirect supports)
Beam—column joints
Plane element joints
Fiat slab-colum joints
Coupling beams.

= A TR MR RN OB

Examples of application of the above detailing requirements should
also be provided for each one of the types of structural elements.
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6.2.8 Detailing documents

Standards, aids and examples of detailing documents are needed, so
that the work of the designer and detailer will be facilitated and better
communication between the persons involved in the detailing process will be
established,

Simplicity, standardisation, reproducibility and durability are the
desirable characteristics of the detailing documents. Standard dimensions,
symbols and notations, proper scales and legible lettering in the final
size of the documents should always be used.

Engineering drawings should contain adequate notes and other essential
information, in a form that can be quickly and correctly interpreted by an
engineer, illustrating clearly all detailing requirements. They should show
type and grade of steel, service live load, concrete strength, concrete
dimensions, lap lengths, concrete cover for reinforcement, required joints,
and any other information necessary for the preparation of placing drawings.

Placing drawings should contain all information necessary for complete
fabrication and placing of reinforcing steel and bar supports, a form
clearly understandable by a technician and siould have the designer's
approval.

Combination engineer-placing drawings should cover simultaneously
the requirements of engineering and placing drawings. .

Bar lists (schedules) are prepared and distributed either separately
or on the drawings. They constitute a compact summary of all bars, with
the number of pieces, shape, size, lengths, marks and bending details, from
which shop orders can be easily and readily written.

Detailing specifications should contain all information not included
in drawings and bar lists (schedules) necessary for complete good fabrication
and placing of reinforcing bars and bar supports.

6.2.9. Typical details

Typical details for beams, columns and structural walls are presented
in Part 1 of this manual with minimum proportioning and detailing requirements.
In this Chapter some typical details are given for beamcolumn joints in
Figs. 6.2-6.5 and for joints of plane elements (walls) in Fig. 6.6.
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Criterion Case Daetailing tool
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Fig., 6.la General recommendations for detailing
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Fig. 6.1.b General recommendations for detailing (continued)
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7 - QUALITY CONTROL

7.1 Introduction

With the exception of precast construction, reinforced concrete is
made on the work site. Quality of steel and concrete, sizes of members,
placement of the bars, quality of formwork and curing can vary considerably.
Therefore continuous inspection and supervision on the job are extremely
important in order to produce a reinforced concrete building which will
have the material quality, member sizes and steel detailing as specified
by the designer. A perfect design can not produce a serviceable and safe
structure unless the design requirements are satisfied in the construction
stage.

Design should also be checked by qualified engineers, at least to
eliminate the possibility of gross errors.

For buildings to be built in seismic regions, nature and location of
the nonstructural components are also very important, since they influence
the dynamic characteristics of the structure significantly. Therefore, the
design engineer should work with the architect to make the final decisions
on the nature and location of non-structural elements. The location of such
elements should be checked by the inspecting engineer. Building regulations
should clearly state that the location of non-structural elements cannot
be changed without the permission of building authorities.

It can be said that the dynamic response characteristics of an earth-
quake resistant building are established at the design and construction
stages. For satisfactory behavior, a good design (including building configura-
tion) is essential, however not adequate. The structure whichh is expected
to resist the seismic action is not the structure on the design drawings
but is tue physical structure which is constructed.

There are mainly three engineering groups responsible for the
structure built; (a) design engineers, (b) inspecting engineers (both for
the design and the construction), and (c) contractor. Although the respon-
sibility during construction must be coordinated, the role each party is
expected to play and the responsibility of each party should be well de-
fined.

It should be noted that the recommendations made in this chapter are
intended to be just guidelines. Requirements given in National Codes on

quality control will govern.

7.2. Quality Control in the Design Stage

The structural design of a seismic resistant building should be
checked either by the building authorities or by qualified proof engineers.
A great many of the gross errors which can cause substantial decrease of
the overall structural safety can be detected and corrected through quality
control of the design.

For structures to be built in seismic areas, the overall configuration
and configuration of elements, basic assumptions, and detailing of critical
sections should be checked. Checking the design should not only be a
formality but the proof engineer should legally share the responsibility
with the designer.
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7.3. Quality Control at the Construction Stage

Quality control at the construction stage is extremely important,
because as was mentioned earlier the behavior of the structure depends on
the physical properties which are produced during the construction and not
on the properties which are seen on the design drawings. It should also be
recalled that a great percentage of the failures observed have been caused
by mistakes made during the construction stage including poor material
quality.

For buildings to be built as seismic resistant structures, a qualified
experienced engineer should be responsible for inspecting the construction.
The inspecting engineer should share the legal responsibility with the
contractor.,

Materials should be inspected and tested at delivery and before use.
Samples should be taken from concrete regularly and tested to determine the
strength. Formwork, placement of reinforcement and details should be checked
by the inspecting engineer. Concrete casting should start only after the
forms and reinforcement is inspected and approved by the inspecting engineer.

The quality, location and anchorage of non-structural elements should
also be checked in accordance with structural, mechanical and electrical
drawings and specifications.

The designer should specify the quality requirements, the contractor
should exercise the control to achieve the desired quality and the owner
should monitor the construction process through inspection to protect the
public interest in safety of buildings. It is essential that each party
recognize its responsibilities, understand the procedures, and be capable
of carrying them out. Because the contractor and the specialty subcontractor
are doing the work and exercising control on quality, it is essential that
the inspection be performed by someone not in their direct employ and also
be approved by the building authorities. When the owner is also the builder,
he should engage independent agencies to conduct these inspection rather
than trying to qualify his own employees.

For important buildings a "quality assurance plan" should be drafted.
The quality assurance plan should be prepared by the persons responsible for
the design of each seismic system subject to quality assurance whether it is
architectural, electrical, mechanical or structural in nature. The quality
assurance plan may be a very simple listing of those elements of each system
which have been designated as being important enough to receive special
inspection and/or testing. The extent and duration of inspection must be
set forth as well as the specific tests and the frequency of testing,

The building authorities must approve the quality assurance plan and
must obtain from each responsible contractor a written statement that he
understands the requirements of the quality assurance plan and that he
will exercise control to obtain conformance.

The success of a quality assurance plan depends upon the intelligence
and knowledge of the inspector and the accuracy and thoroughness of his
reports. It should be emphasized that both the inspector and the contractor
are required to submit to the building authorities a final certification
as to the adequacy of the completed work. In the final certificate the
contractor must take full responsibility for every detail of the construc-
tion and should state that the work has been completed in accordance with
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approved plans and specifications. The inspector can only attest to the
work he has personally inspected and shares the responsibility with the
contractor.

The inspector should inspect the items listed in the quality assurance
plan in accordance with the specification related to that item . He should
check the concrete materials and reinforcing steels regularly by testing.
He should also inspect the mixing, placing and curing of concrete. Strength
of concrete should be checked regularly. The details of material quality
control and related testing follows the procedures long established by
standards. The guidelines and details can be found in the publications of
international organizations such as CEB, ACI, ASTM and RILEM. Related
provisions can also be taken from the National Codes.

At any stage of the construction if there is a disagreement between
the contractor and the inspector, the design engineer is called to make
the final decision by taking the responsibility.

If the concrete quality is found out to be lower than the specified
strength, the inspector can order the contractor to stop the construction.
In such cases the design engineer is informed and the design engineer
decides whether the contractor can go on with or without any precautions.
Even if the engineer decides that the structure is safe with lower concrete
strength, the contractor should pay a penalty for producing poor quality
concrete.

In the specifications, the responsibilities and authorities of each
party should be clearly defined. The specification should also include
penalty clauses for the poor quality.

The importance of quality control in the construction of seismic
resistant structures cannot be overemphasized. During past earthquakes,
building failures which are directly traceable to poor quality control
are numerous. In many cases reports on such failures point out that the
failure would not have taken place if proper inspection had been exer-
cised.
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1. INTRODUCTION

1.1 General

This section presents a complete design example for a reinforced concrete
shear-wall structure of a multistory building. The general organization of
the design process, i.e. the load calculations, the method of analysis and
the design of R.C. elements are those used in the Rumanian design practice.
The notations used herein are those of the CEB Model Code 6 . The design
equations were transformed for allowing the use of the CEB Model Code design
values for steel and concrete strengths.

In this example the design is made for a "special" load combination which
takes into account the seismic action, in the form of a code loading without
an explicit analysis of the structural response in the post-elastic range of
behavior. It is assumed that by proper detailing the structure is provided
with sufficient deformation capacity for the post-elastic range.

The most important requirements to be observed in design in order to ensure
such a behavior are:

a) the design shear forces in structural elements are directly as-
sociated with the ultimate bending moment capacities;
b) the shear force intensity is limited in cantilever walls and
coupling beams;
c) the axial compressive stress in vertical elements is limited;
d) the splicing and anchorage length of bars is increased.
Requirements "a" and "b" aim at avoiding premature brittle failure of R.C.
elements under shear-force action, before developing important flexural de-
formations.
Requirement '"c" is aimed at providing vertical elements with sufficient cur-
vature (flexural) ductility.

Requirement "d" aims at preserving bond between steel and concrete under
high-intensity cyclic loading.

The design process of R.C. structures generally consists of four principal
steps:

- the choice of the structural layout, the schematic structural
model and loading for analysis and the preliminary proportioning
of the structural elements;

- computation of internal forces;

- dimensioning of the cross sections;

- detailing of reinforcement.

An elastic analysis can usually be based on the concrete cross sections as

resulting from the preliminary proportioning. The post—elastic analysis,

either explicitly or by means of simple relations as those assumed by the
" n

fulfillment of requirements "b" and "c'", previously mentioned, also implies
the need of a preliminary dimensioning of the reinforcement (mainly, the
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longitudinal reinforcement). Such preliminary dimensioning is currently done
by means of elastic analysis. 1In case of shear-wall structures these steps
are affecting one another in greater measure than for other types of struc-
tures. This is mainly due to greater difficulties in finding preliminary
proportions that would not require subsequent alterations.

The detailing rules are aimed at limiting the development of inelastic de-
formations in the coupling beams and in the lowest part of the shear-wall.
Thus the demand of rotation in plastic hinges is reduced and the supplemen-
tary transverse reinforcement for confinement of concrete is concentrated in
very limited zones. For this purpose, the ratio between the ordinates of

the design-resisting moments diagram and the ordinates of the induced-moments
diagram must be minimum in the lower part of the shear wall.

In the potential plastic-hinge zones the concrete capacity to transfer shear
is drastically reduced due to high-intensity cyclic loading. In the design
of coupling beams, according to the Rumanian Regulations, the capacity of
concrete to carry shear force is neglected. In the potential plastic hinge
zone of vertical elements, this capacity is considered to be about 70% of
the capacity of the concrete in the rest of the shear-wall.

For a better understanding of the successive steps, a flow chart of the main
operations is presented:

The choice of the structural layout, the schematic structural model and
loading for analysis and the preliminary proportioning of the structural

"

elements with observance of requirement 'c

!

Computation of internal forces under code lateral loading in an elastic

analysis.
!

Design of reinforcement in the walls and coupling beams; using the effec-
tive area of steel compute the design resisting moments.

!

Computation of the design shear forces corresponding with the flexural ca-
pacity and checking of concrete sections using the limitations set under "b".

Is it necessary to alter the concrete cross sections or/and the

eneral layout? YES
o)

Design of reinforcement for shearing forces in walls and coupling beams.




97

1.2 Method of Analysis

The analysis of shear-wall structures for multistory buildings under the
action of horizontal forces is generally made using an available computer
program developed for such structures. In many cases one can use, with

good results, manual methods for determining the distribution of bending mo-
ments, shear and axial forces in the elements of shear-wall structures,
without consumming too much time. This is the case for structures which

can be considered as "monotonous" over the building's height, i.e. observing
the following conditions: (Fig. 1)

- the story height is the same for every floor;

- the shear wall thickness is kept constant from bottom to top;

- the openings are superposed and have the same dimensions at
every floor;

- the coupling beams are identical at every floor.

Accepting the horizontal load distribution over the building height as uni-
form (for wind loading) or triangular (for seismic loading) a simplifying
assumption may be made; namely, the deformed shape of a cantilever wall

and a coupled shear wall are affinitive and consequently it is sufficient

to impose the deflections equality condition at a single level, the ''charac-
teristic" level. Furthermore, if the number of stories is greater than six,
one can replace the real coupling beams by an equivalent continuous medium
thus obtaining a fictitious shear wall having the same stiffness as the

real shear wall (Fig. 2). This enables a system of linear equations corres-
ponding to the real structure to be reduced to a single differential equa-
tion with constant coefficients. This equation has been solved for most
practical cases and the results are presented in the form of graphs or
tables which enable finding the values of the internal forces. The method
used in several papers with different patterns [1], [2] , [3] , etc. The
current design in Rumania uses the variant presented in [7].

If the number of stories is less than six, the above method becomes inaccu-—
rate. However, if it is satisfactory to consider only the first mode of
vibration, the method can also be used for structures with more than eleven
stories. However, for high-rise, significantly nonsymmetrical buildings

and for buildings presenting a great variation in the mass or stiffness dis-
tribution over the height, this method can be used only for preliminary de-
sign.

Taking into account the strictly practical character of this design example,
the derivation of pertinent equations is not presented herein. However,
the paper contains:

- symbols and design equations which permit the use of design
charts;

- design charts for the determination of forces and stiffnesses
of coupled shear walls and tables for the computation of forces
and deflections in the cantilever shear walls.

1.3 Steps in the Analysis

Considering the assumptions previously presented, the design of the inter-
nal forces induced by horizontal loading in R.C. shear-wall structures in-
volves the following operations:

a) Computation of equivalent moments of inertia for each shear wall
in the structure; by definition, the equivalent moment of inertia



b)
c)

d)
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of a cantilever wall, which, under the same actions has the lateral
flexural displacement, at a certain level, equal to the displace-
ment (caused by bending moments, axial forces and shearing forces)
of the actual shear wall. The displacement equality is usually im-
posed at the floor level nearest to 0.8 H, called "characteristic"
level [2].

Determining of the location of the centroid of stiffnesses.

The total seismic force determined for the structure is distributed
to each shear wall proportionately to its stiffness, respectively
with its equivalent moment of inertia, taking into account the ef-
fects of both translation and general torsion.

Determination for each shear wall of the bending moments, axial
forces and shear forces considering the lateral force, triangularly
distributed over the height of the building.
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2. DEFINITIONS AND NOTATIONS

A area of shear-wall section

Af area of flanges for T, L, I shaped shear-wall sections

Aw cross-sectional area of web

Aw,v effective cross-section area of shear wall for computation of
shear displacements

Ab,v the same, for coupling beams

As area of longitudinal tension reinforcement

A's area of longitudinal compression reinforcement

As o area of coupling beam reinforcement inclined at an angle a to
horizontal

As,w area of a stirrup leg, of coupling beam

Ash total horizontal steel area over story height

As,v total vertical steel area in shear wall web

ba design web width of shear wall

Bf actual flange width

bf effective flange width

b, web width of both shear wall and coupling beam

c concrete cover

1a length of the deformable zone of shear wall situated at coupling
beam ends

d effective depth, the distance between the extreme compression
fiber to the centroid of reinforcement

di distance between the extreme compression fiber to centroid of cur-
rent web reinforcement bar, i

EC modulus of elasticity of concrete

Ew conventional modulus of elasticity of concrete in shear walls

Eb conventional modulus of elasticity of concrete in coupling beams

GC transverse modulus of elasticity

fcd design compressive strength of concrete

fyd design yield strength of steel

h depth of shear-wall cross section

hy, depth of coupling beam

hf flange thickness

hSx story height

H total height of shear wall

k factor accounting for cross-section shape influence on shear dis-

placements computation
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design span of coupling beam

distance from the centroid of the shear wall cross section to
that of the shear wall located immediately to the left

clear span of coupling beam

the same, for shear wall located immediately to the right

span of coupling beam (distance between the centroids of
coupled walls)

design bending moment resulting from code loads

adjusted design bending moment

ultimate flexural strength of either shear wall or coupling
beam cross section o

number of stirrup legs or number of stories

design axial force

stirrup spacing

design shear force

design shear force associated with Mr

shear force carried by concrete

neutral axis depth

conventional value of neutral axis depth (assuming a rectan-
gular stress block)

neutral axis depth for balanced failure

conventional value of neutral axis depth for balanced failure

inclination angle of diagonal reinforcement in coupling beam

b-b

= dimension by which shear-wall thickness is conven-
tiona?ly reduced for design purposes

left side flange and right side flange, respectively, of the

effective flange width: b

£ - b+ Ab1 * Abr

reinforcement ratio (percentage)

relative depth of compression zone

conventional value of relative depth of compression zone

relative depth of compression zone at balanced failure

conventional value of relative depth of compression zone at
balanced failure

relative distance between the extreme compression fiber to
the centroid of current intermediary reinforcement bar, i

stress
stress
stress
strain

strain

in
in
in
in

in

tension reinforcement As

compression reinforcement A's

current intermediary reinforcement bar at failure
tensile reinforcement AS

compression reinforcement A's
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ultimate compression strain of concrete
nominal ultimate shear stress
magnification factor of design shear force
curvature ductility factor

structure ductility factor
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3. DESIGN EXAMPLE

The present example deals with the design of an R.C shear wall-structure.
The building is a nine-story block of flats sited in Bucharest (seismicity
index equal to 8 on the MSK scale) and considered to correspond to condi-
tions of first level of safety. The horizontal and vertical sections of
the structures are presented in Fig. 3. The entire R.C. structure is cast-
in-situ.

With no other rigorous definitions available, usually structures included
in the first level of safety are considered as corresponding in principle
to those in regions with a seismicity index on the MSK scale greater than
7. For the second level of safety, correspondingly, a seismicity index
less or equal to 6 on the above mentioned scale is being considered.

According to the present codes and based on existing data, the foundation
soils in Bucharest are considered not to influence unfavorably the struc-
tural response to the seismic action. In the rest of the country the code
seismic forces are 30 percent increased for low rigidity soils (soft clays,
sand) and 20 percent reduced for stiff soils (rocks).

3.1 Design of Seismic Forces

According to the Rumanian design provisions, the seismic action is defined
as an "exceptional” action, thereby meaning that it is likely to occur very
rarely, if at all, with significant intensity during the lifetime of a
building. The seismic base shear is computed as follows:

S=k BdeG )

where G is the total gravity load of the building

k represents the ratio between the expected peak value of ho-
rizontal ground acceleration and the acceleration of gra-
vity; as a function of the MSK scale of intensity 6, 7, 8,
or 9, kg is equal to 0.07, 0.12, 0.20 and 0.32 respectively.

B is a dynamic amplification factor dependent on the period
of vibration of the structure (T) and on the type of foun-
dation soil; for normal soil where B = 3/T:

0.75&B <2 (2)

¢ is a reduction factor accounting primarily for the capabi-
lity of the structure to deform inelastically; the Code
(P 100) requires ¢ = 0.3 for shear-wall buildings with no
more than S stories, ¢ = 0.25 for shear-wall buildings
with more than 5 stories and for one-bay multistory frames
and ¢ = 0.20 for multi-bay, multistory frames.

€ 1is a factor which accounts, at each mode of vibration, for
the equivalence between the real structure and the SDOF
system.
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The load combinations considered in design are:

- "fundamental" load combination which is the summation of the design va-
lues of the dead loads (i.e. specified values multiplied by load factor)
and the design values of the live loads;

- 'sgpecial" load combinations (specified values of the dead loads plus re-
duced live loads plus one "exceptional" load).

3.1.1 Floor Weight
To determine the concentrated mass of one floor, the loads are considered
as follows:

- dead loads (g) with their specified values (weight per unit volume for
reinforced concrete is 25000 N/m®; for aerated concrete, the value
6900 N/m® is taken);

- 1live loads,(p) with their specified values factored by a reduction coef-
ficient (n ), to obtain the long term (or frequent) part of the live
loads. In this case, the results are:

P.nd= 1500 x 0.4

P.nd= 3000 x 0.4

in the flat: P
in corridors
and stairs: 1d

600 N/m?
1200 N/m?

1d

The total load per unit area of the floor results:

- in the living areas:

. dead weight of the slab (0.12 m thickness) 3000 N/m?
. flooring ( 5 cm equalizing pad + plastic carpet) 1230 N/m?
live load 600 N/m?

Total 4830 N/m?
- in the corridors and stairs:

. dead weight of the slab (0.12 m thickness) 3000 N/m?
. flooring 1480 N/m?
. live load 1200 N/m?

Total 5680 N/m?
Accordingly, the total story weight is:

- 1living areas 4.83 x (3.45 + 2.70 + 3.15) x 4 x 5.85 1051 KN
- corridors 5.68 x (2.65 x 13.35) 201 KN
~ R.C. shear walls 50.93 m? x 25.00 KN/m3 1273 KN
- aerated concrete partitions 525 KN
(finishes included)
Total 3050 KN
3.1.2 Roof Floor Weight
The loads on the roof are considered as follows:
dead weight of the slab 0.12 x 25000 3000 N/m?
water driving concrete (mean value) 0.09 x 24000 2160 N/m?
heat insulation of aerated concrete 0.10 x 6900 690 N/m?
water insulation (3+4) x 20 + 2 x 20 180 N/m?
snow 100 x 0.4 400 N/m?

Total 6430 N/m?
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. . d d .
The snow loading is computed from q =q .10, where n is the above
mentioned reduction factor and q_ 1s the specified value of the snow load
depending on the geographical site of the building.

Accordingly, the total roof weight is:

- roof 6.43 x 19.55 x 14.85 1866.7 KN
- shear walls 25.48 m®* x 25.00 636.9 KN
- attic 0.2 x 0.8 x 25 x 69.60 278.4 KN

Total 2782 KN

Total weight of the structure (8 floors plus roof): Q = 8 x 3050 + 2782=
= 27,182 KN

3.1.3 The Design Seismic Load of the Structure

The seismic base shear for shear wall structures of more than 5 stories and
for normal foundation soil is:

§=2x0.75x 0.25 kSQ = 0.38 kSQ,

where Q is the total gravity load and k_is a factor accounting for the
seismic intensity of site and seismic hazard exposure (ks = 0.2 for Bucha-
rest).

Consequently, for each separate direction of the building:

S = Sx = Sy = 0.38 x 0.20 x 27,182 = 2065 KN

The vertical distribution of the seismic force is shown in Fig. 4, with:
25 _ 2 x 2065

9y = 9gy W " 24.75 - 66.87 KN/m,
Ei = design seismic force, concentrated at level "i"
Uy ™ distributed loading, equivalent to the system Ei
3.2 Distribution of the Design Seismic Force to Shear Walls
3.2.1 Geometrical'and Stiffness Characteristics of Shear Walls

3.2.1.1 Shear VWall DT1 (Fig. 5)

To the left, the flange is edged by another wall at a distance 1 = 3.45m.
Hence, br = (3.45)/2 = 1.725 m and bf =b_+4b =0.15+ 1.725 £ 1.875 m.
Conditions bf <H/S =(24.75)/5 = 4.95 ™ m and bf<h = 6.30 m are satisfied.

A =0.15 (0.30 + 0.70 + 5.85 + 1.875) = 1.309 m?

The position of the centroid is given by:

_0.15

Y6 =71.309

(0.30 x 0.075 + 0.70 x 0.225 + 5.85 x 3.225 +
+ 1.875 x 6.225) = 3.50 m



106

_0.30 x 0.153 . 0.70 x 0.15° . 0.15 x 5.25? + 1.875 x 0.15°
- 12 12 12 12

Hence, I

+ 0.15 x 0.3 x 3.425% + 0.15 x 0.70 x 3.2752 + 0.15 x 5.85 x

x 3.2752 + 0.15 x 1.875 x 2.7252 = 6.20 m"

For I-shaped cross sections:

. PP 0015 x6.30
W,V 1.0 1.0

For Table A5 (Appendix A2) in the case of 9-story buildings, BS = 12.13

= 0.945 m?

With allowance make for the shear displacements, the equivalent moment of
inertia is:

i - L - 6.200 = 5.487 m"
51 48 I 1+ 12130200
SK_.HZ 0.945 x 24.75
W,V

3.2.1.2 Shear Wall DT2 (Fig. 6)

The transverse shear wall DT2 has a nonsymmetrical cross sectio? 7ith a
single row of openings. The ratio Eb/Ec is taken equal to 0.25 *7,

a) Data for the coupled wall DT2:

For wall DT2.1, bf = 0.95 m; A1 = 0.15 x (0.95 + 3.25) = 0.630 m2
For T-shaped cross sections, the area considered to carry shear is:
b . h
W _ 0.15 x 3.40 _ )
Aw,vl_ 1.1 - 1.1 0.464 m
Position of the centroid:
_0.15 =
YG1 =0.630 (0.80 x 0.075 + 3.40 x 1.70) = 1.39 m
Hence, the moment of inertia is:
I1 = iléli-(1.393 + 2.013) + 0.15 x 0.80 (1.39 - 0.075)2 =
= 0.746 ma

(X)According to the Rumanian design provisions, the modulus of elasticity
of the concrete in the coupling beams is reduced by a factor taking the va-
lues 0.15 and 0.5 to allow for a reduction in the rigidity of these ele-
ments due to cracking. Computations have to be made separately for both
specified values leading to the values of the internal forces, the most un-
favorable of which are to be used in the design of wall sections and of
beam sections respectively. In the present example, a 0.25 ratio between
the modulus of elasticity of concrete in the beams and that in the walls
was considered.




107

For wall DT2.2, b_ = bw + Ab. + Abr' To the right the flange is bordered
by another shear wall at a ~distance 1_ = 3.15 m, whereas to the left it
is bordered by a window opening at a distance 11 = 0.90 m; consequently,

b
r

3.15/2 = 1.575 m; b1 = 0.90 m, hence

be

i}

0.15 + 3.15/2 + 0.90 = 2.625 m
The following conditions are met:

*
bf = H/5 = 24.75/5 = 4.35 m; bf <1w =6.15m

= 0.15 (1.80 + 2.625) = 0.663 m?

QL NEE T -

v, =312 (1.80 x 1.05 + 2.625 x 0.075) = 0.47 m. Hence
6z ©70.663 ,
1, = 0';5 (02‘473 +1.48%) + 0.15 x 2.475 x (0.47 - 0.075)2 =

=0.225m

b) Data for the coupling beam:

L =6.15~ (1.39 + 0.47) = 4.29 m

1on = 0.80 m; a, = 0.35 x 0.60 = 0.21<0.40m
1d =0.80+ 2x0.21=1.22m
Ab, = Ab_ = 0.15 1 = 0.15 x 0.80 = 0.12 m and h, = 0.60m
1 r on b
b, =b + Ab, + Ab_ = 0.15+ 2 x 0.12 = 0.39 m
£ w 1 r
The moment of inertia of the coupling beam:
b h3?
3
R 1,446 2132 0-80_ ¢ 0039 m*, where c = 1.446

indicates the contribution of the slab to the moment of inertia of the beam
section and is based on the conditions:

b h
_f _0.39 _ _f _0.13 _
bw =0.15 ° 2.6 and hr =0.60 - 0.217
A - 0.15 x 0.60 _ ¢ 089 me
,V 1.1

Shear displacements are allowed for by

L 301, ,,30x0.0039 0.51
1+ —2 0.082 x 1.22%

v 1

*
The effective flange width of the wall b
shear wall height h .

£ shall be less than 1/5 of the
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¢) Equivalent moment of inertia (see Appendix A1):

The allowed axial deformability of the walls is based on the coefficient v,
computed from the expression Al1.11 (see Appendix Atl):

I, +1
) 1o 0.746 + 0.225 i 1
veElr—r At AZ) =1 T * (57630 * 0,663
= 1.163
x)

The monolithic coefficient o is computed using (A1.10)

u.I x L2
¢/12 Y-EE X ! X bl x H, or

3
Ew I1 * I2 hsx : 1d

Q
n

1 % 0.51 x 0.0039 x 4.292
0.746 + 0.225 2.75 x 1.223

a = V/12 x 1.163 x 0.25 x
x 24.75 = 4.00
LA = 0.464 + 0.266 = 0.730 m?
W,V

I o=Y— (1 _ +1 ) =

1.163 (
0 v cwl cw2

0.163 *
From chart A2.2.2 for a = 4 (see Appendix A2):

0.746 + 0.225) = 6.921

¢s(0) = 0.440; ws(0.778) = 0.082

From Table A5in Appendix A2, YZ = 0.128 and BS = 12.13

The moment of inertia of an equivalent cantilever wall having the same rigi-
dity as the coupled wall is according to (A1.18):
Il + IZ
. s (a,0) ~ by (a,0.778)

Y M
y.az.YS

es v - 1

0.746 + 0.225
17163 = 1, 0.440 - 0.082
1.163 T.163 x 4.02 x 0.128

= 3.343

and allowing for the influence of the shear deformability (see A1.21):
= Les
Ies = I

1+ 8

es
2
s (Eva) . H

ZE)Fact:or @ 1s named by some authors "monolithic coefficient" as it syntheti-
cally reflects the influence of the openings on the deformability of the
cross section and consequently of the entire wall: when o = 0, the coupling
beams are pin-jointed to the walls; when agl the coupled shear wall is termed
as having '"large openings" and can be included in the foregoing case; when
1<a¢10, the coupled shear wall is termed as having "middle range openings"
and frame-type analysis is required; when o210, the coupled shear wall is
termed as having '"'small openings' and the influence of the openings as to de-
formability may be neglected.
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3.343

- 4
Hence, Ies = 3.43 = 3.065m

1+ 12357550 x 24,75

3.2.1.3 Shear Wall DT3 (Fig. 7)

The flange is edged by shear walls situated at a distance:

1. =1 =3.15m
r

1
Ab. = Ab_ = 3.15/2 = 1.575 m
1 r
b, =b + Ab, + Ab_ = 0.15 + 2 x 1.575 = 3.30
f w 1 r

The following conditions are met:

bf &B/h = 24,75/5 = 4.95 m
bf <¢h = 6.15 m, hence

A =0.15x (6.00 + 3.30) = 1.395 m?

_0.15 ~
YG —‘Tfagg'( 3.30 x 0.075 + 6.00 x 3.15) = 2,06 m
1 =‘9*31§-(4.093 + 2.063) + 0.15 x 3.15 x (2.06 - 0.075)? =
= 5.79 m4
A _0.15 x 6.15 _ 0.84 ma
W,V 1.1
I = 1 - 5.79 - 5.033 ot
es 1+ 8 S S— 1+ 12 13__._._L
s AL, B *'° 0.8k x 24.75°

W,V

3.2.1.4 Longitudinal Shear Wall DL1 (Fig. 8)

The shear wall DL1 has two symmetrical rows of openings.
a) Data for the coupled walls:

Since all transverse shear walls intersecting the longitudinal shear wall
are free at the other end, their design width for integer action with this
wall is: Ab1 =10 b =10 x 0.15 = 1.50 m.

The breadth of the flange for both types of walls is:
b, =b_ + &b, = 0.15 + 1.50 = 1.65m
f w 1
The following conditions are met:

bf <H/5 = 4.95 m and bf <h = 4.65 and 8.55 m (for side wall and
central wall, respectively).

For the coupled wall no. 1 (side wall):

A1 = 0.15 x (4.65 + 2 x 1.50) = 1.148 m?
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2.15 m

. J0.15 x 4,65 _ (o
W,V, 1.1

X, =21 (465 % 2.825 + 1.50 x 0.075 + 1.50 x 3.675) =
G, T 1.148

I - 03‘5 (2.15% + 2.50°) + 0.15 x 1.50 x (2.15 - 0.075)% +

1}

+ 0.15 x 1.50 x (3.675 - 2.15)2 2.77 m4
For the coupled wall no. 2 (central wall):

A, = 0.15 x (8.55 + 3 x 1.50) = 1.957 m?

2
A _0.15 x 8.55 _ 1.069 m?

WV, 1.2

[ =2:15 X 8:35% Ly o 45« 3,302 = 12.71 n°
2 12

b) Data for the coupling beams:

L =24.65+ 0,90 + 8.55/2 - 2.15 = 7.675 m

lon =0.90m; Q = 0.35 x 0.60 = 0.21 m <6.40 m
1d =0.90 + 2 x 0.21 = 1.32 m

Ab. = Ab_ =0.151_ = 0.15x 0.90 = 0.135 m;h, = 0.60 m

1 r o *'b
b, =b + &b, + Ab_ = 0.15+ 2 x 0.135 = 0.42
f w 1 r
0.15 x 0.60° _ 4
Ib = 1.532—-1—2——*—— = 0.00414 m
_0.15 x 0.60 _ ,
Abv =1 - 0.082 m
- ! - ! = 0.535
uE 30 1 T, 30x 0.00412__
1+ b 0.082 x (1.32)2
2
Abv : 1d
¢) Equivalent moment of inertia:

Due to symmetry, the axial force in the central wall is zero.

areas of the lateral walls are taken into account when computing Y.

with A, = A = 1,148 m? and L =

formuld (A1211): 1z
L 2 2 x 2.77 + 12.71 2
velr—hx—m e e S22 X778 T
):Lj 1 (15.35)2 '
Hence, the monolithic coefficient, using (A1.10) is:
2
o =(12 Y-EE- 1 L ulblj L ] H
E h LI, 3
W sX i 1

dj

1
2.75 x (2 x 2.77 + 12.71)

o =/AZ x 1.135 x 0.25 x

Only the
Hence,

19.65 - 2 x 2.15 = 15.35 m, according to

1.135




x 2 x 0.535 x 0.0414 x 7.675%
1.323

x 24.75 = 2,165

A =2 x 0.634 + 1,069 = 2.337 m?
W,V.
3
From chart A2.2.2 ¢ ) = 0.310; ¢

= 0.080 and from Table ASYZ =
= 0.1280; B = 12.15.

s(0.778)

Hence, the value Ie of the equivalent moment of inertia (using in principle
formula A1.19) resGlits in:

I = i1 . 12,71+ 2 (2.77) -
es ¢ - ¢ 1.135 -1 0.3t - 0.080
y -1+ -0 s(0-778) 1.135 " 1.135 x 2.165¢ x 0.128
Y vy a? Y
s
4 .
= 39.88 m  and according to (A1.21),
I, - 39.88 - 29.81 n®
39.88
V2 X T 24,75
3.2.2 Distances from the Centroids of Individual Shear Walls to the

shear wall DT1:

with respect to the web axis of the wall:

1
G 1.1309

x 0.94) = - 0.19 m

X (0.15 x 0.30 x 0.225 - 0.40 x 0.15 x 0.275 x 0.15 x

with respect to Oy:
XDTI = 3.60 + 2.85 + 3.30 - 0.19 = 9.56 m

shear wall DT2:

with respect to the web axis:

_2.625 x 0.15 x 0.34

g 1.293

=+ 0.10m

with respect to Oy:

XDTZ = 2,85+ 3.30 + 0.10 = 6.25 m
shear wall DT2':

XG ==0.10m

XD12' = 3.30 - 0.10 = 3.20 m
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shear wall DL:

with respect to the web axis:
-7 x1.50 x 0.15 x 0.825

e %.753 =0.30m
with respect to Ox:
YDL =1.40 + 0.30 = 1.70 m
3.2.3 Distribution Coefficients of the Horizontal Loading

Only the action of a transverse seismic force was considered.

Shear walls parallel to the direction (Y) of the horizontal loading:

- = *)
Number Ies nl s Iesy X nfes .X? Iesy X
Type of N8 o y II___.X2 + II___.Y4
esy esy esy
elements 4 4 6
(n) m’) | (@) (m) ™)
IDT1 4 5.487 | 21.95 [ 0.097{9.56( 2006.1 0.0188
IDT2 4 3.065 1 12.26 [0.05416.25] 478.9 0.0069
DT2' 4 3.065( 12.26 [0.054{3.20] 125.5 0.0035
T3 2 5.033 | 10.07 (0.089| O 0 0
£=56.54 £=2610.5

Shear walls perpendicular to the direction (Y) of the horizontal loading:

- - - T .Y *)
Number Iesx nlesx Y nIesx.Y2 _ esx’
2 2
Type of 4 4 6 ZIeS.X + EIeSX.Y
elements| (m") (m™) | (m) (m™)
DL 2 29.81] 59.62) 1.70 172.3 0.0182

T v2 + T x2) = 2610.5 + 172.3 = 2782.8 m°.
esx esy

3.2.4 Horizontal Forces Distributed to Shear Walls

es o Iesy , where e, = 0.05B = 1.0m

y3 iT T x +31T Y
esx

(X)The earthquake design provisions in Rumania require the consideration

of an additional eccentricity equal to 0.05 B for the seismic force (B is
the dimension of the building normal to the direction of the seismic force).
For a symmetrical building, the design eccentricity is equal to this addi-
tional eccentricity.
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[239.1 KN
DTI: S, = 2065 (0.097  1.00 x 0.0188) =|,\ s
DT2: S, = 2065 (0.054 * 1.00 x 0.0069) =[125'8 KN
97.2 KN
DT2': S, = 2065 (0.054 * 1.00 x 0.0035) =["8'7 N
104.3 KN
DT3: S, = 2065 x 0.089 = 183.8 KN

For the longitudinal shear walls:

e YT
[o] esx

(T Y2 o+ I x2)
esx esy

S *+ 2065 x 1.00 x 0.0182 = 37.6 KN

X

Fig. 9 presents the distribution of the horizontal loading considered.

3.3 Computation of the Bending Moments in the Structural Elements

The computations of internal forces (bending moments) for shear wall (DT3)
and shear wall (DT2) are presented herein.

3.3.1 Shear Wall DT3

The computation of the bending moments is made using relation (A1.8):

v . H ..2_:_25__1_£i =V .H. KZ )

os 3 os

M_(£)

183.8 x 24.75 x Kﬁ (€)

4549 K (£)
The bending moments diagram is presented in Fig. 10.

3.3.2 Shear Wall DT2
The values of coefficient 0 can be taken from chart A2.2.4 and the values of
of coefficients by from chatt A2.2.2 (case a = 4.00).

In Table A7 the values of Kz for a 9-story building (n=9) are presented.

a) Bending moments in the equivalent semi-structure () (see Al1):
-~ in coupling beams:

V _h
__ 0S8 sX _125.8 x 2.75 _
M3 =7 2y " % T 2x1.163 - %s = 14830

(x)The design method used herein implies the reduction of both nonsymmetri-
cally coupled walls and of coupled walls with several rows of openings to
a symmetrical coupled wall with a single row of openings.
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- in coupled walls:

vV H ¢

os sy _ 125.8 x 24.75 __s _
Mim =72 (KZ v - 2 (Kt T.763) ~

1556.8 K - 1338.6 ¢
s s

Systematic computations are presented in the following Table:

Level 5=EZT§§ o My, Ko 15;6.8 o, [1338.60 2?226.3
(a=4.0) =14830_ x K |(a=4.0) _1338.6¢:
0 0 0 0 0.667 | 1038.4 0.440 589.0 449.4
1 0.111 0.315 46.7 0.556 856.6 0.430 576.6 290.0
2 0.222 | 0.482 | 71.5 0.448 | 697.5 | 0.378 | 506.0 191.5
3 0.333 0.566 83.9 0.346 538.7 0.320 428.4 110.3
4 0.444 0.578 85.7 0.251 390.8 0.255 341.3 49.5
5 0.555 0.545 80.8 0.161 250.6 0.196 262.4 11.8
6 0.666 0.492 73.0 0.099 154.1 0.138 184.7 ~30.6
7 0.777 0.420 62.3 0.046 71.6 0.082 109.8 -38.2
8 0.888 0.370 54.9 0.012 18.7 0.034 45,5 -26.8
9 1.000 0.340 50.4 0 0 0 0 0
b) Bending moments in the real structure:
- in coupled walls:
21 I
11112 - 20?9g§746 = 1.337; 11+§2 -2 g.g%$25 = 0.643
Mg = 1.537 My My = 0.463 M,
Level Mj Mlj sz
(KN m)
0 449.4 690.7 208.1
1 290.0 445.7 134.3
2 191.5 294.3 88.7
3 110.3 169.5 51.1
4 49.5 79.1 22.9
5 -11.8 -18.1 -5.5
6 ~-30.6 -47.0 -14.2
7 38.2 -58.7 -17.7
8 -26.8 ~-41.2 -12.4
9 0 0 0
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Axial force in shear wall DT1
From one story:

Shear wall (0.3 x 0.3 =+ 0.15 x 0.40 + 5.85 x 0.15 +

+ 0.15 x 1,725 x 2.75 x 25000 = 88430 N
autoclaved aerated concrete [6.85 +
(1.32 + 1.32) 0.15 x 2.75 x 6900 = 24160 N
floor (1200 + 1200 + 3000) x (1.725 x 5.85 + 1.325 x 1.875) = 67900 N
180490 N
Total for nine stories:180.5 x 9 = 1610 KN
Axial force in coupled wall Ml
From one story:
Shear wall 0.630 x 2.75 x 25000 = 43310 N
autoclaved aerated concrete 0.3 x 2.75 x 2.15 x 6900 = 12240 N
live load + flooring + slab 0.8 x 1500 +
1200 +
3000
5400 Nuz x 243X 2.70 5 g5 o 60600 N
beam  0.25 x 0.30 x 3.07 x 25000 : o J70N
ea : Y E S 121900 N
Total for nine stories:121.9 x 9 = 1097 KN
Axial force in coupled wall M2
From one story:
shear wall 0.663 x 2.75 x 25000 = 45580 N
floor 5400x[(1.325 x 2.69 + 2.20 x (1.575 + 1.35)] = 53490 N
99070 N

Total for nine stories:99 x 9 = 891 KN

3.4 Design and Reinforcement in Shear Walls DT!1 and DT2

3.4.1 Material Properties

1. Concrete grade C16

£y = 16MP £ 4 ==

The design compressive strength for concrete in cast-in-situ walls is:

=16 _ -
=135 10.67 MPa and Trd = 0.22 MPa

- for web region (with thickness b_ <300 mm):

f . =0.75%0.85f ,=0.75 x 0.85 x 10.67 = 6,8 MP
cd cd a

- for vertical boundary elements:

f =0.75 x 0.85x £ . =0.75 x 0.85 x 10,67 = 6.8 MP_ for b<300 mm
cd cd a

and T , = 0.85 x 0.85 x f = 0.85 x 0.85 x 10.67 = 7.7 MP_ for b2300 mm
cd cd a

Due to the unfavorable effect of vertical casting of concrete over heights
of more than 1.50 m, supplementary reduction factors (0.75 and 0.85 for
thickness <300 mm and 2300 mm, respectively) have been used.



116

2. Steel

S 400 for longitudinal reinforcement in vertical boundary elements:

S 220 for stirrups and web reinforcement:

f
-_yk __220 _
fyd Ys 1.15 191 MPa

3.4.2 Design of Reinforcement in Cantilever Shear Wall DTI!

The internal forces induced by the seismic loading in the lower cross sec-
tion of a boundary shear wall are:

- the design axial force Nd = 1610 KN
- the desing shear force V, = 239.1 KN, and
- the design bending momeng Md = 3945 KN m

a) Design of the equivalent cross section (Fig. 5)

In order to take into account the unfavorable effect of eccentricities in-
herently resulting from the construction technique of the walls as well as
of the nonhomogeneous structure of the concrete, a design thickness may be
used by reducing the actual web thickness 6w.

- design web width:
=b =6
a w

- for boundary shear walls:

6 =-%6-or at least 30 mm. Hence, with 6 =-l%%-= 15 mm or less

than 30 mm, hence, 6 = 30 mm; consequently,

ba =150 - 30 = 120 mm
Af tual = (300 - 150) x 300 + 480 x 150 = 45 x 10° +

T actudl L 60 x 10® = 0.105 x 10° mm?

_ cd(f) _ , 1.7 , 6.8 _
Aey = TA¢ actual "TE 45 x 100 x g + 60x 10° 279
6 cd (w)

0.1109 x 107 mm?

A (1875 - 150) x 150 = 0.2587 x 106 mm?

£2 = A2 actual®

Af1 _0.1109 x 10%_ 0. 145
720 x 6300 :

w
A2 _ 0.2587 x 10°_ ..
A, 120 x 6300 )

b) Preliminary check of concrete cross section

For first-level-of-safety structures the concrete cross section must comply
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with equation:

N A 2Af

d £ ~ 1
T F £2 rel 0.35 = it 0.35, or
w cd w W

1610.000

m = 0,313 §2 x 0.145 + 0.35 = 0.64
This condition is aimed at limiting axial stress value in the wall section,
thus ensuring a satisfactory curvature ductility factor of uw = 6.

The condition is more severe than for columns of moment-resisting frames,
knowing that the seismic energy dissipation in shear walls is achieved main-
ly by local yielding of the base actions. By observing the conditionm, a
mean displacement ductility factor of 3, is ensured or a mean curvature
ductility (structural) factor of 6, corresponding to the shear walls with
total height-to-section length ratios between 3 and 6.

Checking of dimensions for the vertical boundary elements:

bf> 250 mm

bfl = 300 + 400 = 700 > 250 mm

bf2 = 1875 mm > 250 mm

consequently, bf> 2 as bw =2 x 150 = 300 mm

In flexural capacity computation one must take into account the contribution
of longitudinal web reinforcement. For that reason a preliminary design of
vertical reinforcement is necessary.

c) Design of boundary element reinforcement

The minimum reinforcement ratio in vertical boundary elements of the lower
third, steel grade S 400 and the first level of safety is 0.097 (Table 1).

Table 1

Position of floor 1st level of safety 2nd level of safety
with respect to
total shear wall

height S 220 S 400 S 220 S 400
within the lower
third (zone A) 0.12 0.09 0.09 0.07
within the upper
two thirds (zone B) 0.08 0.06 0.07 0.05

Therefore,
p_.
__min _0.09 _
AS min ~700 bw h = 100 X 150 x 6300 = 850 mm?

p . f
__min “yd _ 0.09 348 _
“min T 7100 ¥, T 100 *6.g - 0-9460
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Y 1610 x 100

0= % hT . ~120 x 6300 x 6.8
a cd

= 0.313

If primarily considering o, = 0.2% (S 220 steel), the ultimate flexural
strength can be computed using design charts given in Appendix 2.
A

For Af1 in compression zone, with Y L 0.145,
W
"1 = 0.200
M, =m.b .h2.fT = 0.200 x 120 x 6300 x 6.8 = 6.477 x 10° KNm
1r 1°"a cd A
For AfZ in compression zone with y 2. 0.342,
W
m, = 0.235
M, =m.b .h2. T ., = 0,235 x 120 x 63002 x 6.8 = 7.611 x 10° KNm
2r 2°"a cd

The reinforcement of the boundary element remains unchanged over the height
of the wall. Though the reinforcement is kept constant, flexural strength
varies over height due to the variation of the axial force.
B . _ 0.06 _ 348 _
= 0.06A ®in = TO00*Es8 " 0.030
For P, = 0.2% and-K£-= 0.145, one obtains m = 0.080; hence,
W
Mr = mba x h? x ?Ed = 0.080 x 120 x 6300* x 6.8 = 2591 KNm

n=0; Pmin

d) Shear force design. Calculation of the web reinforcement
1. Horizontal web reinforcement

The design shear force V, 1is associated with the ultimate maximum flexu-

ral strength M . du
r max
Vau = Voo
r max _ 7611
where, v —T—ms— = 1.929; hence,
V, =1.929 x 239.1 = 461.3 KN
du
Assuming the failure crack angle is 45°, the design condition for web is:
h
vdugvcd + 0.8 Ash fydex ; hence,
A = vdu B Vcd hsx
sh 0.8f h °
yd

In the plastic zo?ei, located at the shear wall base, the shear carried by
the concrete is: %

vV .,-= 2ba ht,, =2x 120 x 6300 x 0.22 = 332,64 KN

cd Rd

).

Beyond the plastic zones, as defined by the Rumanian Code, the concrete
is considered 1less affected by load reversals. Therefore, the concrete is
assumed capable of carrying a greater amount of shear, namely, Vcd=2'5 ba h TR
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_ 461.3 x 10® - 332.6 x 10° 2750
sh 0.8 x 191 6300

over the story height 367/2.75 = 133.6 mm? /m

A

= 367.5 mm?, or distributed

For the first level of safety, the minimum reinforcement ratio is given in
Table 2 with reinforcement ratios for horizontal bars 0.25% in zone A and
0.20% in zone B.

Table 2
Level of Minimum reinforcement ratio for
safety Horizontal bars| Vertical bars
1 0.2572 0.20%
2 0.20% 0.15%

Using Table 2, the minimum reinforcement ratio in zone A (lower third of
shear wall height) will be:

Ay min =-9?%%-x 150 x 1000 = 375 mm? /m > 133.6 mm? /m.
Selecting 2 ¢ 8/250 mm,
1000

Al actual = 250 % 2 x 50.2 = 401.6 mm? /m ) 375 mm? /m.

2. Vertical web reinforcement

The area of vertical web reinforcement can be derived from the equilibrium
condition written for a horizontal comstruction joint as,

Vdug 0.8 Asv fyd + 0.2 Nd; hence,

Vau = %My 461300 - 0.2 x 1610000

sv 0.8 £, 0.8 x 191
yd

a reinforceing percentage for the web reinforcement of:

A

= 911.6 mm?, reflecting

911.6 mm? /6.30 = 144.7 mm? /m.

The minimum vertical reinforcement ratio given in Table 2 for the first
level of safety is:

= 0.207%; hence, the minimum required is:

A 0.20
sv min 100

Py min

x 150 x 1000 = 300 mm? /m> 144.7 mm? /m.

However, selecting 2 ¢ 8/250 mm,

1000
= —_—— = 2
v 550 % 2 x 50.2 = 401.6 mm? /m,
Over the heights of the first and last stories, the web reinforcement has
to meet the minimum reinforcement requirements imposed by the existence
of forces due to restrained deflections, i.e. shrinkage for the first sto-
ry and restrained temperature expansion of the roof floor for the last
story.
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3:4.3 Design of Reinforcement in_Shear Wall DT2

The design values of bending moments and forces have been computed in the
first part of the design example.

3.4.3.1 Design of Reinforcement in Coupled Wall DT2.1
In the lowest cross section the internal forces are:

- design axial force N, :

d
Nd =Nl Vcoupled beam
N = 1057 + 344 = 1401 KN
d max
.= 1057 - 344 = 713 KN
d min
- design shear force Vd:
I
_ 1. 0.746 -
Ya " Vaoma [, [T "% Tae 4 0,225 T 0B W
1 2

- design bending moment M, :

d
Md = 690.7 KN m

a) Design cross section of the coupled wall
- design web width ba:

ba =b - &; furthermore, 6§ = b/15 or at least 20 mm; hence,

5§ = 150/15 = 10 mm; therefore, § = 20 mm and
ba = 150 -~ 20 = 130 mm. The length is h = 3400 mm.

Further, Al real = Bgyr C (950 - 150) x 150 = 120 x 10° mm? and Ag, = 0.
A A
f1 _ 120000 _ £2 _
Hence, Aw =730 x 3400 - 0.271 and Aw 0.

b) Preliminary check of the concrete cross section

For the first level of safety the following condition must be fulfilled:

N 2 A 2 A
—dmax o _f, 5.35 -—£fL 4 o.35
A T
w cd w W
1401000

T30 % 3400 x 6.8 = 0.466<2 x 0.271 + 0.35 = 0.892; furthermore,

Nd min < 2Af2
A f A
w cd w

+ 0.35

713000
130 x 3400 x 6.8

=0.237<2 x 0 + 0.35 = 0.35

The relative axial force is related to the ratio Af/Aw corresponding to the
flange in the compressed zone.
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c¢) Design of reinforcement in the boundary element

The longitudinal reinforcement can be computed using the design charts in
Appendix 2, with a preliminary value of p = 0.27 (ratio of total area of
vertical uniformly distributed reinforcement and total cross area of shear-
wall web).

N
__d max _ _ 1401000 -
Bhax b h £ - T30 x 3400 x 6.8 _ 0-467
a cd
Y4 min 713000
Snin =5 h £, - 130 x 3400 x 6.8 0237
a cd
M 6
- 4 690.7 x 10 ~
M= ThT £ . - 130 x 34007 x 6.8  0-0675
a cd
A A
1 . _f2 _
L= 0.2m1; 2 - 0.0
w w

Considering the load combinations and the cross sections, the values of
coefficient o are less than the minimum values given in the design charts,
namely:

-1
n

A
0.467; m = 0.0675;A—f= 0.271 = a<0.01
w

=}
(]

A
0.237; m= 0.0675; > = 0.0 => £0.01
w

The minimum nominal reinforcement is given by Pmin = 0.09.

o .

min _0.09 _
As min =700 h = o0 ¥ 150 x 3400 = 459 mm?

The bars selected are 6 ¢10 (for the free end); hence,

A =6 x 78.5 = 471 mm?
s actual

The actual flexural capacity is computed by aid of charts in Appendix 2,
considering:

£
- d _ 471 348
* = PFT =330 x 3400 X 6.8 - 0r0%4%
cd A
0y = 0.202;-K£-= 0; n = 0.237 gives m = 0.160; hence,
w
=mb h? f , =0.160 x 130 x 3400 x 6.8 = 1635 KN m.
r max a cd

d) Shear force design. Calculation of the web reinforcement

The maximum design shear force Vd is:
with 32y = —"2>1.50. Considering o, = 0.20%;
d

v =y V

du d

= 0.271; n = 0.467 and a = 0.0545 gives m = 0,280.

€>I"‘>
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Hence, M = 0.280 x 130 x 34002 x 6.8 = 2861 KN m and Y 2861
r max ~690.7
With the allowable maximum vy of 3, the design shear force becomes,
V., =3 % 96.65 = 289.95 KN<477 KN=6b_ 1 thus meeting

du
the requirements.

a “w 'Rd’

1. Horizontal web reinforcement:
v -V h
du cd SX

Whereas, AS h 0.8 . & and
yd

Vcd = 2 ba h Tpd = 2 x 130 x 3400 x 0.22 =194480 NASh becomes:
_ 289950 - 194480 2750 _ 2
Ash =~ 0.8 x 191 *3400 ~°0°-4 mo
. . . ., . 505 mmf
Hence, the area of horizontal reinforcement per height unit is 5I5 m

183.8 mm? /m.
The minimum horizontal reinforcement ratio required, as given in Table 2,
is 0.25%Z. Consequently,

0.25
Ash min = 700

x 150 x 100 = 375 mm? /m> 183.8mm? /m. As a re-

sult, 2¢8/250 mm are selected, with:

1000
Ash actual = 250 % 2 x 50.2 = 401.6 mm? /m.

2. Vertical web reinforcement:

For the maximum value of shear force V

A ovau” %2 N4 289950 - 0.2 x 1401000 _ o .
sv 08 f 0.8 x 191 :

For the minimum value of the shear force Vd associated with the minimum
flexural strength M

du’

r min’®
M = 1635 KN, v =1635 2.36. Consequently
r min ’ 690.7 U ’
v = 2.36 x 96.65 = 228.78 KN; hence,
du ’
o o Yaw " %2 Ng min 228780 - 0.2 x 71300 _ .,
sv 0.8 f 0.8 x 191
yd
. , . . . 564 mm?
The required area of vertical reinforcement per length unit is 30w -

166 mm? /m.

For the first level "of safety, the minimum vertical reinforcement ratio,
as given in Table 2, is 0.20%; consequently:

_0.20 . . .
Asv min = 700 X 150 x 100 = 300 mm? /m> 166 mm? /m.
The bars selected are 298/250 mm with
A = 1000 . 5 4 50.2 = 401.6 mm? /m> 300 mm? /m.

sv actual 250

=4.14.
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3.4.3.2 Design of Reinforcement in Coupled Wall DT2.2

The internal forces at the base of the wall are:

Ng =Nz Zvcoupling beams

N = 867 + 344 = 1211 KN

d max

N . = 867 - 344 = 513 KN

d min

I
~ 2 0.225

Ya=Vapr2 T+ T, T ¥ 0746 + 0,225 T 20010 KN and
Md = 208.1 KN m.

a) The design cross section of the wall

The following pertinent data have to be considered:

b =b_ -6
a w
by 150
6=ﬁ220mm,6-T=10mm#6=20mm
ba =150 - 20 = 130 mm
h = 1950 mm
Afl =0

_ _ _ _ 6
Af2 actual = Afl = (1575 + 900 - 150) x 150 = 0.348 x 10 mm?

fl
A
w

=0

Atz _0.308 x 10° |
A, 130 x 1950 "

b) Preliminary check of the concrete cross section

N A

d f
AT L2 A + 0.35
w cd w

For N, ., _1211000
130 x 1950 x 6.8

N 513000
d min’ 130 x 1950 x 6.8

= 0.702<2 x 1.37 + 0.35 = 3.09

For = 0.297<0.35

c¢) Design of reinforcement in the boundary elements

The longitudinal reinforcement is computed by use of the design charts in
Appendix 2 with a preliminary value of CI 0.20%7.
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For position of the flange in the compressed zone:

A
With M, = 208.1 KNm, N, = 1211,—2 = 1.37 and p_ = 0.20%,
4 b &y w
me 2081 %10 4 06619; n=0.702

130 x 1950 x 6.8

According to the design charts, a would be less than 0.01; hence, the de-
sign reinforcement will be increased to the minimum nominal value:

fed 6.8
p=oag—. 100 = 0.01 x 38 100 = 0.0197<0.09% = Pmin
yd
For position of the flange in the tension zone:
A
With M, = 208.1 KN, N, = 513 KN,—A£= 0, o = 0.20%, m = 0.0619 and

n = 0,297, the design charts wgive a as less than 0.01, i.e.

P< Ppin = 0.097

The reinforcement in the wall is computed from
A = Puin
s 100

The actual reinforcement consists of 6210 in the end without flange and
6610 + 648 in the flanged end of the wall. The corresponding reinforce-
ment areas and ratios are:

x 150 x 1950 = 263.25 mm?

) T ~

As1 =6 x 78.5 471.0 mm? ; P = 130 % 1950 x 100 = 0.186%

A, =64 x78.5+6x50.2=6152m?; p, = =209 x 100 =
52 : . : 3 P2 % 730 x 1950

0.242%.
d) Shear force design. Computation of web reinforcement.

The design shear force V is:
du M

. r
Vdu =y Vd with 32v -——Md 21.5
M are M_, and M_, with the values of M_, and M_, computed by means of
r max rl r2 rt r2
the design charts; hence,
A p £
f1 _ _ - o1 yd _ 0.242 348 _
for e 0, n = 0.297, Py 0.2 and a 00 de =00 *Es

w
m, from the charts is m, = 0.216. Similarly,

el
A
w

m, from the charts becomes m, = 0.470,

0.186 _ 348 _
100 *5.1 - 0:095

for =1.37, n = 0.702, Py = 0.20 and o =

0.123,
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Thus, the computation of the design shear force gives Mr:

Mr = 0.470 x 130 x 19502 x 6.8 = 1580 KN m.

With, Y = 28201 = 7.60, or as it is limited to v = 3.0, Viu becomes,
V, = 3.0 x 29.15 = 87.45 KN<273.8 KN = 6 ba h ?cd thus

meeting the condition.

1. Horizontal web reinforcement

Vdu _ vcd hsx
whereas, Ash =70.8 fyd “h and
Vcd =2 ba h Tpd = 2 x 130 x 1950 x 0.22 = 111540 N, Vcd is larger
than Vdu = 87.45 KN, This would give ASh less than 0.

Consequently, the required area of horizontal reinforcement per unit height
has to meet the minimum values given in Table 2 or:

P_.
_ ‘min _0.25 _
Agh min = Tiﬁr_bw h =00 X 150 x 1000 = 375 mm? /m.

The reinforcement selected is 2¢8/250 mm, giving:

1000 .
Ach actual =250 X 2 % 50.2 = 401.6 mm? /m> 375 mm? /m.

2. Vertical web reinforcement
- 0.2 N

_Vau d _ 87450 - 0.2 x 513000

sv 0.8 £ 0.8 x 191
yd

vertical web reinforcement is governed also by the minimum reinforcement
ratio defined in Table 2, or, for the first level of safety, % min = 0.207.
0.20

ev min = 700 X 150 x 1000 = 300 mm? /m

whereas, A

is less than 0, the

mi

Thus, A

The reinforcing bars selected are 298/250 mm, resulting in:

_ 1000 a
Asv actual = 250 * 2 x 50.2 = 401.6 mm? /m>300 mm? /m.

3.4.3.3 Design of a Coupling Beam

Due to the fact that the internal forces induced in the coupling beams by
the horizontal loading do not vary significantly over the building height,
the reinforcement of these elements is kept constant.

The design bending moment is:

Md = 85.7 x %%%3 = 24.37 KN and the design shear force is

Vd = 48.73 KN

a) The design dimensions of the coupling beams are:

1d = 900 mm, hb = 600 mm, and bw = 150 mm.
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b) Design of the longitudinal reinforcement

A= 4 24.37 x 10°

S @) f = (575-25) x 348
yd

The maximum reinforcement ratio allowed is given by the relation:

= 127.3 mm?

T 1
Rd d _ 0.22 _ 900 _ .
Prax = 480-?;; Ti;- 480 x 348 * 600 0.454%; hence,
0
- max 0.454
AS max 100 bw hb 100 X 150 x 600 = 409 mm?

The reinforcement selected is 2912 or AS = 226.2 mm?

c¢) Design of the stirrups

The design shear force associated with Md is:
by X 600
V., =2x0.85A f ,— =2x0.85x 226.2 x 348 x—~~— = 89.2 KN
du s yd ld 900
The value of Vdu must be compliant with condition:
v §15b h =15 x 150 x 600 x 0.22 = 297 KN>89.2 KN

du b "Rd

The transverse steel area will be:

v
du B 89.200 -
Agw = F T T T % 0.8 x 197 % 6007700 - 45-8 mn? <78.5 mm?

no0.8f
¢ *h
The condition is similar to the condition applying to wall web and intends
to reduce the sensibility to brittle failure under shear action.

The design equations for the transverse reinforcement is derived assuming
that the entire shear force is taken by the hoops.

The angle of inclination of the critical shear crack is assumed to be 45°.
Considering the advanced degree of degradation occuring during severe
seismic actions, the contribution of concrete in carrying shear is neglected.
For stirrups $10: ASw = 78.5 mm?> 45.8 mm?

d) Design of intermediate longitudinal bars

The minimum reinforcement of the lateral sides will be in accordance with:

Prin = 0.207 for the first level of safety
0.20 0.20 _ )
ASl =700 bw hb =900 ¥ 150 x 550 = 165 mm
The reinforcing bars are 498, with A =4 x 50.2 = 200.8 mm?*> 165 mm?

sl actual

The detailing of reinforcement is shown in Fig. 13.
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APPENDTIZX Al - EQUIVALENT CONTINUOUS STRUCTURE METHOD

Al.1 Basic Assumptions

At. 1.1 Appendix 1 presents a simplified method for shear wall analysis
under lateral forces, either wind or seismic action.

The method permits calculation of internal forces in shear wall structures
of maximum of ten floors. The structure must be "monotonous'" over its
height, thereby meaning:

- story height is the same for all floors;

- wall thickness is constant over the building height;

~ openings in wall are of the same dimensions and superposed in a vertical
regular pattern;

- coupling beams keep the same cross section at each floor.

The following assumptions are also made:

- lateral forces distribution over the building height is considered to be
uniform for wind loading and triangular for seismic loading (Fig. 1);

- deformed axis shape of all walls in the structure are alike; in this
case, for distributing lateral loads among the shear walls of the struc-
ture, the equality of lateral displacement may be imposed to a single
level.

The basic principle of the method is to replace the actual coupling beams on
the coupled shear wall by an infinite number of infinitesimal coupling beams,
uniformly distributed over the height (Fig. 2). An equivalent stiffness
has to be kept.

This enables to reduce the algebraic system of linear equations to a single
differential equation with constant coefficients. This way, the analysis
can be organized by using graphs of the internal forces functions. The pre-
sent section of the manual reproduces design charts from "Analyse statique
et dynamique des contreventements par consoles elementaires" £2], published
in "Annales de 1'Institut technique du b3timent et des travaux publics”,
Feb. 1972.

Al1.1.2 The method presented herein is recommended for design of buil-
ding with at least 6 floors. For lesser numbers of floors, it leads to cer-
tain differences as compared to more exact methods.

This method can be used in the analysis of buildings with more than seven
floors if taking into account that only the first mode of vibration is con-
sidered satisfactory.

A1.1.3 Due to the limited character of this appendix, its content is li-
mited to:

- definitions, notations and equations which permit the use of design
charts;

- design charts for wall stiffness and internal forces calculation;

- design examples.
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Al1.2 Internal Forces Computation in Shear Wall Structures

Taking into account the assumptions contained in section A1.1, the compu-
tation of the internal forces for shear wall structures subjected to late-
ral actions has to take the following steps:

Al1.2.1 Calculation of equivalent moment of inertia for all shear walls.

By definition, the equivalent moment of inertia of either cantilever or
coupled shear wall is the moment of inertia of a cantilever, which under
the action of the same loading experiences the same flexural horizontal
displacement at a determined level, as the total displacement (i.e. dis-
placement produced by bending moments, shear forces and, for coupled shear
walls, axial forces) of the actual shear wall.

I1f we impose the displacement equality condition at the top level of the
structure, we obtain an error, always in the same direction (Fig. Al.1c).

It would be advisable to impose the displacement equality conditiom at a
level where the error would be at minimum (Fig. A1.1d). Taking into account
that in most cases this level is about 0.8 H, it is recommended to calcu-
late the equivalent moment of inertia at the floor level nearest to 0.8 H.
Equivalent moments of inertia must be calculated both for uniform and for
triangular loading.

A1.2.2 Wind forces have code-specified values. Their resultant must
be distributed to each shear wall proportionately to its stiffness (equi-
valent moment of inertia). Wind loading is considered uniformly distri-
buted over the (vertical) shear wall height.

A1.2.3 Seismic forces are obtained using aseismic code provisions.

In order to determine the dynamic coefficient and the equivalence coeffi-
cient (necessary for the seismic coefficient), we must compute the story
drifts.

Calculation of story drifts is made for equivalent shear wall with a moment
of inertia equal to the sum of the equivalent moment of inertia for all
shear walls of the structure.

Each shear wall will carry a part of the total seismic load proportionately
to its stiffness (equivalent moment of inertia) including the general tor-
sion moment.

Seismic loading is considered triangularly distributed over the shear wall

height.

A1.3 Cantilever Shear Walls. Calculation of Displacements and Inter-

nal Forces
A1.3.1 Horizontal displacements
For cantilever shear walls loaded with lateral forces, the displacement at

a relative height £ (Fig. A1.2) produced by bending moment and shear force
is:
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-  For uniformly distributed loading:

H3 v
ov _ ov ~ &y
O T A S R By WL Ul
[ wv
vV W V H
__ov M ov Y
== @ s © m
[ wv

The values for function YM (£) and YV (¢) for buildings with 7 to 11 sto-
ries are given in Tables = Al and A3, respectively.

-  For triangularly distributed loading:

Vos H? Vos H £2
y, (€) =22t (& - 105 + 20) + 22— £( 1 -2) -
c wv
A H3 \ H
0s M oS v
=5 1 Y ) +——— Y, (&) (2)

G A
c wv

The values for functions YM (£) and YZ (£) for buildings with 7 to 11 sto-
ries are given in Tables A2 and A4, respectively.

The shear modulus of elasticity for concrete is G = 0.4 E.

In a shear wall structure, stiffness of a cantilever shear wall is charac-
terized by the equivalent moment of inertia. By definition the equivalent
moment of inertia is the moment of inertia of a cantilever which for the
same loading gives, at a specific level, the same flexural displacement as
the total displacement (from flexure and shearing) of the actual shear wall.
It may be calculated as follows:

~  For wind loading:

= I
I = (3)
ev v
Y, (8) 1
1+ m .
2
0.4 Y (&) A H
- For seismic loading:
- I
I = %)
es YV ©)
s 1
1 + m
0.4 YS &) va H?

Yg (g) and YX (¢) respectively YE (¢) and YZ (¢) must be computed at the

same level where the displacement equality is imposed. When this level is
the nearest floor to a 0.8 leevel, the values for the displacement func-

tions noted YM s YM , ?V , and ?V and coefficients 8 and B are in Tab.AS5.
v s v s v s
7 v
[ = A [ = —_— (5)
Vo0 T ° 04T
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A1.3.2 Calculation of bending moments and shear forces

For uniformly distributed loading the bending moment and the shear force in
the horizontal section at a relative height, are:

_ (1 - 5)_ M
Mo () =V H———%=V HK (&) (6)
\'
v, €y =v 0 -8) =V Ko (&) ¢

For triangularly distributed loading, the bending moment and the shear force
are:

_ 2 -3 +¢82
Mo (€) =V H 3 v, HK (@) ®)
V. (€) =V (1 -€) =V K. (£) )
s os os s
M M \Y Y cqqs .
The values for , K., K , and KS for 7-to-t1-floor buildings are given

in Tables A6, A7 A8 5nd ' A9.

Al.4 Coupled Shear Walls. Calculation of Displacements. Equivalent

Moments of Inertia and Internal Forces (Fig. A1.3)

Al 41 Monolithic behavior index

The influence of openings on overall behavior of shear walls under hori-
zontal loading actions depends on the value of the monolithic behavior in-
dex defined by equation (10):

N
« =/12 v b 1 4221 bi i

H (10)
3
N & T T

Where vy = factor accounting for axial deformability influence (eq.11):

1.
? 1 1
=1 ] ) +—) 1)
v +(z§1 Lyt (A1 A
i

In the case of shear walls with a single row of openings, equations (10)
and (11) become:

- for nonsymmetrical disposition of openings:

E w Il L2

b I b
a = 12 y— H (om
Ew 11 + 12 hsx 1d3
I, +1
1 2 1 1
where Y=l — Gt arh
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- for symmetrical disposition of openings:

I
= _b b _wlZ ve
a=/6vg- i H (10"
w sx d
4 1
where Yy =1+ A1z [GRRRD]

Note: In eq. (10), (10') and (10''), if one takes into account the shear

deformations in beams, an equivalent moment of inertia Ibe . should be used
(eq. 12): 33
I .
= — bi
Le,j 30 1. (12)
bj
U Y
Ab,v dj
Al.4.2 Calculation of Displacements

Shear wall displacement at a level of relative height (&) produced by ben-
ding moments and axial forces may be calculated as follows:

a) for wind loading

v, B
€) = —m— (2,0) - ¢ (o,E)
T a2 yE § I, [d“’a v ]+
v
s 1oV @) (13)
Y g %1
W h]
1
v, B
or, y. (&) = [tb (¢,0) = ¢ (a,E)] +
M oz (y-1) E 1 M M
V. Om
ov M '
t—ST Y, €) (13"
W o
where I, =—;—%—T- § Ij (14)

and represents the moment of inertia of the shear wall as a whole and is
considered as non-deformable.

(1 -6 1 _sha(l -¢€)_ chag
2 M ¢ ch a a? ch a (15

b, (a,8) =

Graphs of the function ¢(v,£) are plotted in chart A2.2.1.
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b) for seismic loading:

vV B

o__os = _
g (O = [ty @) = o @8] +
w j
vV _ow _
+ ov Y 1 YM () (16)
E §1. Y s
w 1 _]
\' H3
or Y® =R E L [4 @0 -4y @,8)] +
\' H?
y - 1 0Ss M '
S R (16")
W b
where  4(a,8) =9-( 2 - 36 + 1) +op (£-SDEE,

e -2 sha (1 -¢)
a? ch a

7

Graphs of the functions ¢s (0,€) are plotted in chart A2.2.2.

For the calculation of shear displacement, the same equations as for canti-
lever walls can be used. In these equations the effective area in shearing
action should be A .

1 v
Al.4.3 Equivalent moments of inertia

The equivalent moments of inertia of coupled shear walls can be obtained
by equalizing the total displacement of the coupled shear wall (i.e. dis-
placement induced by bending moments and axial force) with the flexural
displacement of a cantilever shear wall, produced by the same loading at
the floor located nearest to the level of 0.8 H (Fig. At1.1).

- for uniform (wind) loading:

z
I I,
1 J
I, = (18)
y-1 ¢ (a,0) = ¢ (a,8)
Y + Vv v
a? ?M
Y v
1
= b '
or Ley T, @e) b, (@0 (18h)

1+ =
(v - a2 ¥
\'2
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- for triangular (seismic) loading:

¥4
I.
I, = o (19)
y-1, by (a,0) = ¢ (a,8)
Y Y a? ?M
S
Ib
= 1
or, Les by (a,0) - by (a,£) (9%
1+

(v - Da? ?{:

YM and Yg are the values of Yg (£) and Yﬁ () computed at the floor level
as mentioned above; their values are given in Table AS.

If the effect of axial deformability of cantilever is neglected (y = 1),
eq. (18) and (19) become:

E

I.
I = LI a2 ¥ and respectively, (18'")
g (x,0) - b (a,E) v
v ° v ’
z
Y »
I = 1 a? Y (19'")
es s

4, (@,0) = b (a,8)

In determining the spatial distribution of lateral loads among structural
elements, equivalent values I__ or I__ should be used for the moments of
inertia. They are obtained b? equa - lizing the displacement of the actual
shear wall from the effect of all internal forces (bending moments, axial
forces and shear forces) and the flexural displacement of an equivalent
cantilever. The values of I and I__ are given in eq. (20) and (21) as
follows: ev es

1
I, - e‘l’ (20)
1 + B ev
VEa ) m
1 ¥l
1
T, - . @
1+ B es
V(¢ a J.) H?

The coefficients Y and B are defined at A1.3.1 and their values can be
found in Table AS.
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Al.4.4 Calculation of internal forces

Shear forces in coupling beams and bending moments in walls are obtained
from the following equations:

a) uniform lateral loading

The shear force in coupling beams of the first row of openings, respec-
tively of the second row etc. at the level with relative height £ are:

V., (§) =F o, (a,8)

v ovi
Voo (B) = F 5 e (a,8) (22)
Vi €) = Fv e, (a,8)
z-1
where F , F ... F are the resultant shear forces transmitted
ovl ov2 v, 4

by the coupling beam of the first floor, considering the overall coupled
shear-wall section as non-deformable.

F - Vov hsx Ib1 L1
ovl Y z-1 I,. L2
1 bj
I A
dj
F _ Vov hsx Ib2 L2 (23)
ov2 Y z-1 1 . L2
3 bj 7J
g, %
3
2 1dj
F _ vov hsx Ib (z=1) L(z—1)
oVi,i1) B Y z-1 I, . L.
z 13 bj j
d @n b ——
dj
_ 4, __och a(l -¢t)~ sh (a,£)
and e, (0,€) =1 o oh & (24)
Graphs of functions o, (a,&) are plotted in chart A2.2.3.
Flexural moments in cantilever are:
1 -
__h Moy L
M1 ) S Vov H _Kv ©) Y ¢v (G,EJ
§ I.
]
) [ 1
My (6) == v M| K] @) -y (a,eﬂ (25)
; I
]
Iz _KM 1
Mz (&) i — vov H R (&) '_Y‘dav (0!,5)]
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In the case of a single row of openings, the equation for shear forces
in coupling beams becomes:

= t

vy, (€) = F . o, (a,8) (22")
where F =V hsx
ov oV —2—
YL

b) In the case of triangular lateral loading, the equations are of the
same type. They can be otajned by replacing in eq. (22), (23), (24) and
(25) Vo 5 F o, 0, (a,E), L, (8) and ¢ (o,€) with V__, Flor 9 (a,£)
K, (6), and &_ (3,8),

o 2 _(a2-2)chfa(1-£)] +2 sh a
where L (a,8) =1 - a2 a? az ch a

(26)
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Supplementary Notations for Appendix A1l

index of current floor; i = 1,n; n = total number of floors
moment of inertia of shear wall cross section

moment of inertia of coupling beam cross section

equivalent moment of inertia of coupling beam cross section

equivalent moment of inertia of either cantilever or coupled
shear wall cross section for wind design .

the same, for seismic design

equivalent moment of inertia of coupled shear wall cross section
taking into account the effect of bending moment , axial forces
and shear forces for wind design

the same, for seismic design

index of coupled walls and coupling beam of coupled shear walls;
j = 1,z for the coupled walls and j = 1,2-1 for coupling beams

bending moment in shear wall cross section induced by wind forces
the same, for seismic forces

wind lateral load

seismic lateral load

q, 1w = resultant of wind lateral loading over shear wall height

1/2 q 1 _ = resultant of seismic lateral loading over shear wall
height

shear force in a shear-wall cross section from wind loading

the same, for seismic loading

bending moment function in cantilever shear wall due to wind for-
ces

the same, for seismic forces
shear force function in cantilever shear walls due to wind forces

the same, due to seismic forces

horizontal displacement of shear wall caused by wind forces

the same, for seismic forces

horizontal displacements function of shear wall due to wind ben-
ding moments

the same, for seismic forces

horizontal displacements function of shear wall due to wind shear
forces

the same, for seismic forces

monolithic behavior index



Y
£
¢v(a,€)

ws(u,s)
ov(a,i)

ws(a,i)
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factor accounting for deformation influence
relative height of current floor

axial forces function in coupled shear walls due to uniform
lateral loading (wind)

the same, due to triangular lateral loading (earthquake)

shear forces function in coupled shear walls due to uniform
lateral loading (wind)

the same, for triangular lateral forces (earthquake)
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APPENDTIZX A2

A2.1 Values for Functions Y, K and B Necessary for Calculations of

Displacements and Internal Forces for 7-11 Story Buildings

Table A1 - Function Yg

Total number of floors

Story
7 8 9 10 11
i1 - - - - 0.1250
10 - - - 0.1250 0.1098
9 - - 0.1250 0.1083 0.0947
8 - 0.1250 0.1065 0.0918 0.0798
7 0.1250 0.1042 0.0880 0.0753 0.0651
6 0.1012 0.0835 0.0700 0.0594 0.0510
5 0.0777 0.0634 0.0526 0.0443 0.0378
4 0.0549 0.0443 0.0364 0.0304 0.0258
3 0.0342 0.0272 0.0221 0.0183 0.0154
2 0.0168 0.0132 0.0106 0.0087 0.0073
1 0.0046 0.0036 0.0029 0.0023 0.0019

Table A2 - Function Yg

Total number of floors

Story
7 8 9 10 1
1 - - - - 0.1833
10 - - - 0.1833 0.1606
9 - - 0.1833 0.1583 0.1380
8 - 0.1833 0.1556 0.1335 0.1156
7 0.1833 0.1521 0.1280 0.1090 0.0938
6 0.1477 0.1211 0.1010 0.0853 0.0729
5 0.1124 0.0921 0.0752 0.0630 0.0535
4 0.0788 0.0630 0.0515 0.0428 0.0362
3 0.0483 0.0382 0.0309 0.0255 0.0214
2 0.0234 0.0182 0.0146 0.0120 0.0100
1 0.0063 0.0049 0.0039 0.0032 0.0026




Table A3 - Function YX
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Total number of floors

Story
7 8 9 10 i1
1 - - - - 0.500
10 - - - 0.500 0.496
9 - - 0.500 0.495 0.483
8 - 0.500 0.494 0.480 0.463
7 0.500 0.492 0.475 0.455 0.434
6 0.490 0.469 0.444 0.420 0.397
5 0.459 0.430 0.401 0.375 0.351
4 0.408 0.375 0.346 0.320 0.298
3 0.337 0.305 0.278 0.255 0.236
2 0.245 0.219 0.198 0.180 0.166
1 0.133 0.117 0.105 0.095 0.087
Table A4 - Function YZ
Story Total number of floors
7 8 9 10 1"
1" - - - - 0.667
10 - - - 0.667 0.659
9 - - 0.667 0.657 0.636
8 - 0.667 0.655 0.629 0.599
7 0.667 0.652 0.629 0.586 0.550
6 0.647 0.609 0.570 0.528 0.491
5 0.593 0.543 0.498 0.458 0.423
4 0.509 0.458 0.415 0.379 0.348
3 0.402 0.357 0.321 0.291 0.266
2 0.278 0.245 0.219 0.197 0.180
1 0.142 0.124 0.111 0.100 0.091
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, M VM oV
Table A5 - Functions Yv R Yv R Ys I Bs’ Bv
Coefficient Total number of floors
7 8 9 10 1
Floor no. 6 6 g _8_ 9
0. floors 7 0.858 —5—0.750 3 0.778 0 0.800 1 0.818
?ﬁ 0.1012 0.0835 0.0880 0.0918 0.0947
?X 0.490 0.469 0.475 0.480 0.483
‘ Bv 11,40 13.22 12.70 12.30 12.00
\ Y’: 0.1477 0.1211 0.1280 0.1336 0.1380
|
‘ Y\s’ 0.648 0.609 0.621 0.629 0.636
‘ Bs 11.65 12.55 12.13 1.77 11.50
|
|
Table A6 - Function Ks
Total number of floors
Story 7 8 9 10 1"
1 - - - - 0.000
10 - - - 0.000 0.004
9 - - 0.000 0.005 0.017
8 - 0.000 0.006 0.020 0.037
7 0.000 0.008 0.025 0.045 0.066
6 0.010 0.031 0.056 0.080 0.103
5 0.041 0.070 0.099 0.125 0.149
4 0.092 0.125 0.154 0.180 0.202
| 3 0.163 0.195 0.222 0.245 0.264
} 2 0.255 0.281 0.302 0.320 0.335
‘ 1 0.367 0.383 0.395 0.405 0.413
1 0 0.500 0.500 0.500 0.500 0.500
|



Table A7 - Function Kz
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Total number of floors
Story
7 8 9 10 1
i1 - - - - 0.000
10 - - - 0.000 0.004
9 - - 0.000 0.010 0.031
8 - 0.000 0.012 0.037 0.068
7 0.000 0.015 0.046 0.081 0.116
6 0.019 0.057 0.099 0.139 0.175
5 0.074 0.123 0.168 0.208 0.243
4 0.157 0.208 0.251 0.288 0.319
3 0.264 0.309 0.346 0.376 0.401
2 0.389 0.422 0.448 0.469 0.487
1 0.525 0.542 0.556 0.567 0.576
0 0.667 0.667 0.667 0.667 0.667
Table A8 - Function KX
Total number of floors
Story 7 8 9 10 1"
1" - - - - 0.000
10 - - - 0.000 0.091
9 - - 0.000 0.100 0.182
8 - 0.000 0.111 0.200 0.273
7 0.000 0.185 0.222 0.300 0.364
6 0.143 0.250 0.333 0.400 0.455
5 0.286 0.375 0.444 0.500 0.545
4 0.428 0.500 0.555 0.600 0.636
3 0.571 0.625 0.666 0.700 0.727
2 0.714 0.750 0.777 0.800 0.818
1 0.857 0.875 0.888 0.900 0.909
0 1.000 1.000 1.000 1.000 1.000
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Table A9 - Function KZ

Total number of floors

Story 7 8 9 10 1
1 - - Z z 0.000
10 - - - 0.000 0.173
9 - - 0.000 0.190 0.331
8 - 0.000 0.210 0.360 0.471

7 0.000 0.234 0.395 0.510 0.595
6 0.265 0.438 0.555 0.640 0.702
5 0.490 0.609 0.691 0.750 0.793
4 0.673 0.750 0.802 0.840 0.868
3 0.816 0.859 0.889 0.910 0.923
2 0.918 0.937 0.951 0.960 0.967
1 0.980 0.984 0.988 0.990 0.992

0 1.000 .000

—_

.000

.000

—_

.000
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Chart A2.2.2
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Chart A2.2.3
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Chart A2.2.4
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A2,3 Design Charts for Proportioning of Wall Sections
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beton armat, Vol. I si II. Editura tehnica, Bucuresti, 1982.
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1. Introduction

An apartment house of 16 stories, one garage story, one
ground floor and one attic is selected as a design example.

The building is situated in an area of seismic intensity VIII
by the MSK scale and is grounded on a large~grain, medium den-
se sand soil,.

The structural scheme is skeleton-beamless.It consists of rein-
forced concrete columns and shear walls.The building is construc-
ted with reinforced concrete M20 and has two stairwells.The par-
tition walls between apartments and the stairwell walls are of
reinforced concrete and bear the seismic forces, as well as the
corresponding part of the vertical load.The vertical loads are
borneby the reinforced concrete columns,

The inner partition walls (within an apartment) are 80 mm thick
gypsum masonry.The exterior nonstructural walls are of 1light -
weight concrete (ceramzitoconcrete M 15) and are hanged off the
reinforced concrete slabs.From a technological viewpoint an

equal thickness of 160 mm is adopted for the reinforced concre-
te shear walls along the whole height of the building.All the

reinforced concrete elements are executed according to the lar-
ge formwork system.

The inner story height 1s 2.64 m.The entrance doors of the apar-
tments are 2.10 m high.A vitrage 1s envisaged over them, rea-
ching up to the lower edge of the floor slabs.

Horizontal section through the stories is shown on Figure 1.Fi-
gure 2 illustrates the scheme of the elements, bearing the ver-
tical and horizontal loads.Figure 3 shows schematically the
cross-section of the building with notation of the individual
story 1levels.The calculations are made under the following as-
sumptions:

.The partition walls do not participate in the resisting of the
horizontal forces, due to the low strength indices of the gyp-
Sum masonry.

.The exterior nonstructural walls do not resist the horizontal
action, due to the mode adopted for their connection to the be-
aring structure.

.The shear walls with door openings are considered as individu-

al, non-connected shear walls since the vitrage over the doors

requires the two shear wall parts between the opening to be con-
nected with the slab only, whose rigidity is not sufficient to

equalize their deformations.

.The strains in the vertical elements bearing the seismic for~
ces are determined considering the translation and rotation.

.The shear walls bearing the horizontal forces are erected
throughout the whole building height and are with constant cross
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.The seismic forces are assumed as equivalent static loads ,
concentrated at the story levels.

.The seismic forces act in a horizontal plane along the longi-
tudinal and transversal axes of the building and the calcula -
tions are made separately for each direction.

.Floor slabs represent rigid horizontal non-deformable dia -
phragms which are able to distribute the horizontal forces over
the vertical bearing elements proportional to their rigidities.

.Due to the low rigidity of the columns as compared to the she-
ar walls rigidity, in their plane, it is assumed that the seis-
mic forces are borneby the shear walls only.

.From a static point of view, a cantilever beam is assumed for
the calculation model, which is fixed to the base, and the sto-
ry masses taken as concentrated forces are accumulated along
its height.

.The building is laid on solid soil foundations and the soil is
assumed to be practically non-deformable.

2. Notations

According to
Part II Part I

A - - coefficient taking in account the type of
structure;

a a ~ shear wall length;

a. - - distance from the centroid of the element j to

Jr the center of rigidity of the examined story
level;

a, ,a. - - distance from the centroid of the element j to

JT Iy axes X and y respectively, through the rigidi-
ty center of the examined story level;

a, - - distance from the respective axis of the accep-

ted coordinate system to the mass center of the
examined story level;

a - - distance from the center of loading to the res-
ms

pective axis of the accepted coordinate system
a, - - distance from the respective axis of the accep-

ted coordinate system to the center of rigi-
dity of the examined story level; for axes x
and y the respective distances are X and y_;

a - ~ distance from the element rigidity center to

rs the respective axis of the accepted coordinate
system;

a_,a’ - - concrete cover of the tensile and compression

e” o reinforcement, resp.;

B,L - - width and length of the story outline of the
building;

b b ~ thickness of the shear walls;

E - - concrete elasticity modulus;

Eé{]} - - seismic force correspondent to element j at le-

J vel k¥ for the first mode of vibration;

AE;i) - - additional seismic force due to rotation in

element j at level k for the first mode of vib-
ration
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seismic force at level k for the first mode of
vibration

eccentricity of the normal force to the cen -
troid of the tensile reinforcement

transversal cross-section;

cross-section area of elementj ;

cross—-section area of the tension steel;
cross-section area of the compression steel;
cross-section of stirrups;

young modulus for concrete;

shear wall height;

buckling design height of shear wall;

height between upper foundation edge to story
level

cross-section height at bending;

useful height of cross-section at bending;
inertia moment of element j in plane perpen-
dicular to the bearing plane of the shear wall
coefficient for the shape of the cross-section
of the element; for rectangular cross-section
k1= 1.20

seismic coefficient;

rigidity of element j , at level k ;

rigidity of element j at level k in plane per-
pendicular to the bearing plane of the shear
wall;

rigidity of element j along directioms x and
y » resp.;

sum of the element rigidities from I to m ;
rigidity of rotation;

total number of the vertical bearing elements
for a given story level;

torsion moment at level k for i~th mode of vib-
ration;

normal force on element;

normal force from permanent acting loads;
normal force from continuously acting variable
loads;

normal force from short term acting variable
loads;

normal force from short term acting peculiar
loads;

critical force;

number of story levels;

number of stirrup branches;

coefficient of conditions of work;

bearing shear force by pure concrete cross -
section}

bearing shear force by concrete and stirrups
vertical load on element j ;

total vertical load on k th floor;

computed loading of 1 sq.m. of the story slabs;
prismic design strength of concrete;

bearing shear force by stirrups;

loading of 1 sq.m. of the story slabs;

design tensile strength of the reinforcement;
design strength of stirrup reinforcement;
design strength of compression reinforcement;
peritod of the Z~th mode of free vibration;
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u - ~ distance between the stirrups;

Bi - ~ dynamic coefficient of 7 -th mode of free vib-
ration;

6jk - - displacement of element j at level k from for-

ce = 1, applied at level k , along searched ho-
rizontal displacement;

n - - coefficient taking in account the eccentricity
by buckling;
N:k - - coefficient for the 7 -th mode of free vibra-

tion at level k ;
- - distribution coefficient for element at 1le-

[V

Jk vel k ;
€, - - characteristics of the zone of compression;
€ - - relative limit characteristics of the zone of

compression;

3. Determination of Actions

The seismic forces at story level are determined with the fol-
1l owing formula:

B = BingpAK Q

The period of free vibrations is determined with the formula
(for building with shear walls):

T = 0.09-H

B

where H - building height in meters from the upper edge of the
foundations to the top of the building;
B - the size in plan of the building in meters perpendi-
cular to the considered direction; for the case
H= 51.50 m; B= 11.90 m

T = 0,090 2130 = 4. 3436<1.5 sec
11.90

According to the Bulgarian code, atT < 1.5 sec , only the
seismic forces for the first mode of vibration are determined.

The dynamic coefficient is determined with the formula:

_ 0.7 .
[31 = "'T; ; (0.805&;3 2,40)

- 0.7 A d -
By = vo3i3g = 0:521<0.80 Accepred B, = 0.80

The coefficients for the modes of free vibration are determined
as the ordinates of a triangle with base at the top of the buil-—
ding.They are shown on Figure 4.

The value of the coefficient A'is accepted to be 1 for buil -
dings with shear walls, in accordance with the requirements of
the Bulgarian code.
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The seismic coefficient ](c 1s determined as a function of two
factors: the category of the building and the type of ground-ba-
se upon which the building 1is founded.

According to the Bulgarian code, the buildings and structures ,
depending on their importance and consequences due to their fai-
lure, are classified into four groups:

For buildings and structures classified in group A, such as mo-
numental buildings and structures of national importance, mo=-
numents and buildings of special historic importance, theatres
with spectator halls with 1200 seats, important government bu-
ildings, radio-broadcast buildings and like, industrial and ener-
gy supply facilities, on whose production the economy of the
country is largely dependent, the design seismic intensity 1is
accepted as increased, as compared to the seismic intensity of
the area.

For buildings and structures classified in group B, such as in-
dustrial buildings for basic production, warehouses for goods
and products of national importance, cinemas, theatres not in-
cluded in group A, museums, libraries, residential buildings ,
hotels, schools, universities, etc., the calculated seismic in-
tensity is accepted to be equal to the seismic intensity of the
area.

For buildings and structures classified in group C,such as ser-
vice buildings for the industry of small importance for the ba=-
sic production, energy supply facilities of local importance,
multilevel garages, etc., the design seismic intensity is accep-
ted lower than the seismic intensity of the area.

For buildings and structures classified in group D, such asagri-
cultural buildings of local importance, temporary buildings and
facilities, garages not included in group C, etc., no seismic
resistance is required.

The present building design example studied above is classified
in group B, i.e., the calculated seismic intensity is accepted
equal to the seismic intensity of the area, this being VIII.

The soils upon which the structures are founded, are classified
in four groups in agreement with the Bulgarian code.

In this particular case, the soil upon which the studied buil -
ding is founded(large-grain, medium density sand) is of the
third group, whose value of the coefficient K, for seismic in-
tensity VIII is 0.05,

The loading of the story levels Qk is determined by the for-
mula:

Q = B La
where qk = n qz

The coefficient of loading n are accepted:
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- for the gravity weight of the structure and permanently ac-
ting loads n=1

- for variable loads n=0.5

- for snow load n=0.8

The values obtained for the loading on the story levels are
given in Table 1.

The adopted calculation scheme with the determined story seis-
mic forces and diagrams of section forces Q and M are given in
Figure 5.

4. Structural Analysis

The distribution for the story level seismic forces from tran-
slation to the elements for level k is obtained with the for-
mula:

E(z)k.
Ejx = T
sglks
b, = kjk
Jk m
sglks
Rigidities k., are determined as a reciprocal value of displa-

cements 8.,."Displacements are determined by taking into account
deformations due to slipping and bending of the structure
with the following formula:

3
s Kt W
ik = F.C *IET;
J j
1
K, = =
gk 6jk

In this particular case it is assumed that the concrete strength
is 20, where:

4

E, = 2.4x10%MPa; G = 0.425E, =1.02x10%MPa

b b
Table 2 gives the geometrical characteristics of the shear

walls, bearing the seismic forces and their coordinates with
respect to the selected coordinate system, shown on Figure 2.

Since the shear walls extend throughout all the stories and
do not change their geometrical dimensions, displacements 6
and, therefore, rigidities k,;z depend on the height Hg of tge
examined story level only.Considering that the change of ri-
gidity kjk and the distribution coefficients Hjk are insignificant,
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and in order to simplify the calculations, we divide conven-
tionally the building along three levels (Fig.3): from the
19-th to the 14-th story level incl., we operate with rigidi-
ties of the elements valid for level 19; from the 13-th to the
7-th story 1level incl., we operate with rigidities valid for
level 13; and from the 6-th to the first story level we opera-
te with rigidities valid for story level 6.The calculated dis-
placements and rigidities are given in Tables 3,4 and 5.For the
determination of distribution coefficients p;; the rigidity of
the elements is considered only in their bearing plane, while
the rigidity of the elements in the direction perpendicular to
their plane is neglected due to its insignificant influence.

For the determination of the rigidity on rotation, the rigidi -
ties in both bearing planes of the shear walls and in the direc-
tion perpendicular to the bearing planes are considered.

The rigidity of the elements in the plane perpendicular to the
bearing plane of the shear walls is determined with the formula

t

3E .

k?:l‘l
Jk 3
k

The values obtained for ktk and those obtained for the conven -
tional division of the building into three levels are given 1in
Tables 6,7 and 8.The values of the seismic forces and the dis -
tribution coefficient for shear walls 1 and 6 are given in Table
9. Seismic forces due to translation and section forces Q and
M generated by them for shear walls t and 6 are shown on Figs.

6 and 7, respectively.

As a result of noncoincidence between the mass center and the
rigidity center, additional forces generatedin the elements ,
are determined by the formulae:

ap(3) ot KikBie (i)
ik X, Mers
m
2 2
k. = k. a2 a2
¢ JEJ( j=tge * Kiylgy
(i) _ (i)
Mtk - Ek ( ap T 3y )3
m
.glkjars
a_ = &= ;
r m
LX;
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Values for the rigidity center for levels 19, 13 and 6 are gi-
ven in Tables 10, 11 and 12, resp.

Values for the center of masses for levels 1t - 17, 18 and 19
are given in Tables 13 and 14, resp.

The rigidity of rotation for levels 19, 13 and 6 is determined
with Tables 15, 16 and 17, resp.

The values for the torsional moments for the different levels
are given in Table 18.

The additional seismic forces from rotation for shear walls 1
and 6 are given in Table 19.and Figs. 8 and 9 respectively.

The summation seismic forces from translation and rotation and
forces Q and M for shear wall 6 are given in Table 20,

5. Calculation of Reinforcement

As an example, the reinforcement for the bottom cross-section
of shear wall 6 ( SW6 ), will be calculated.The maximum for -
ces Q and M from translation and rotation are taken either
from Figure 10 or Table 20,

The normal force N is determined with the formulae (in accor-
dance with the acting Bulgarian code):
N = N1 + N2 + 0.8N3 + N4

The vertical reinforcement in the section is determined taking into consi-
deration the compression normal force and the bending moment in the eccen-
tric loaded section.

Dimensions of cross-section: b=0,16m; h=6.30m.

N = 6497kN; M = 10231.96kNm; Q = 297.83kN; R_ = 360MPa;

=
1

1.2x360 = 432MPa > 400MPa; assumed R; = 400MPa;

Rp = anp = 1.2x9 = 10.80MPa;

H = 51,50m; H = 1,15x51.50 = 59.22m;

a =a’ = 20cm; h. =a - a_= 630 - 20 = 610cm;
[ [~} o

g— = 2%;%%2 = 9.40 < 10; —0.4 < B < 10,
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E,F 4
N = 0.15—2—— = 0,152:4%10 x16x6,30 _ 4406g,356kN;
c . 2
2 9.40
&P
| 1 - .
q—_T—:_W—— 1.1879;
"N, '777068.358%
M 10231.96 _ )
eo *N° €397 °~ 1.57487m;
h -a
e = e n+—22 = 1.57487x1.1879+2:10°0:20 _ 4 gop;
s N _es9rxt0Td
R’bh 10.8){0.16}(6.1 * ’
p [2]
€o
€, = - &= £, = 0.85-0.008R = 0.85-0.008x10.8 =
—r2
o8 (%) = 0.7636;
~ ) ~ 0.7636 - - .
R, = 400MPa; € = 0007836 0.58477; 1 > € ;
7400 1.1
n o _Ne - 6497x4.821 2x10-3 - 0.487;
R_bh 10.8x0.16x6,10
p o
al
_ o _ 20 _ .
6 = (2 = 35 = 0.03278;
o]
m-AC 1-2)  0.487-0.6163(1-2:8163,
= =% = 1-0,03278 = 0.06267;
n(1-¢€
o MO-80+2a8,  §,6163(1-0.58477)+2x0.06267x0,58477 0. 6089
1-€ +2a 1-0.58477+2x0,06267 )
- €
poop o oo M mEUm9) 10.8x0.16x6.10
s s RS 1-6 400
0.487-0.6089 (1-2:2387) . ,
x —5 5T x 10%= 17.295cm? - 6N20stAIII

Calculation for Q forces

Qm2* =197.83kN

Q, = 0.6xbh_R?; R, = n,R, = 1,2x0.75 = 0.90MPa;
= 0.6x0.16x6.,10%0.90x10> = 527.04kN > 297.83kN;
b

Assumed lateral reinforcement ® 6.5 through 150mm
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6. Detailing
Figure 11 shows the calculated reinforcement of shear wall 6.

Figures 12, 13 and 14 show different cases of connecting the
reinforcing mesh of the shear walls.

Figure 15 shows the construction of columns at the intersec-
tion of the shear walls.

Figure 16 shows the anchoring of the end fields in the shear
walls for the uppermost story slab.

Figure 17 shows the mode of reinforcing the lintels in cases
when there is no vitrage over the wall openings.

7. Analysis of the Results Obtained from the Calculations

The calculation results show that the accepted dimensions of
the shear walls are sufficient to carry the strains occuring in
them,The value of the base shear coefficient amounts to 0,02756,
As a result of non-coincidence of the centres of masses with

the centres of rigidity, additional strains from rotation have
occurred in the elements.The size of the rotation strains in per-
centages from the translation strains for the lowest cross-sec-
tion 0 of shear wall 6 amounts to:

For Q - 43,6276 percent
For M - 44,0082 percent

It can be seen that additional rotation strains are significant
and cannot be neglected.

For shear wall 6 the added strains from translation and rota -
tion for the lowest cross-section 0 amount to:

Q = 297.83 kN; M = 10231.96 kNm

For the sake of comparison we shall give the strains for the
cross~-section of shear wall 6, obtained with the help of a com-
puter programme, with which the spatial action of the structure

is recorded. The programme takes into consideration the fact that
at the places of intersecting, shear walls act as independent, un-
connected shear walls, a prerequisite which is accepted with the
manual calculations as well:

Q = 347.78kN; M = 10332.06 kNm

It can be seen that in both cases the difference in strains 1is
not large.



TABLE OF THE STOREY SEISMIC FORCES

Bz = BiNgrhKoQ

Table 1
52
~ O
§‘§ B K A ik Qk(kN) E, 1 (kN)
1 2 3 4 5
i 0.04 0.06291 6700 16.8599
2 0.04 0.12582 6700 33.7198
3 0.04 0.19922 6700 53.4044
4 0.04 0.27262 6700 73.0621
5 0.04 0.34602 6700 92,7334
6 0.04 0.41941 6700 112.4019
7 0.04 0.49281 6700 132.0731
8 0.04 0.56621 6700 151.7443
9 0.04 0.63961 6700 171.4155
10 0.04 0.71300 6700 191,0840
11 0.04 0.78640 6700 210.,7552
12 0.04 0.85980 6700 230.4264
13 0.04 0.93320 6700 250,0976
14 0.04 1.00659 6700 269.7661
15 0.04 1.07999 6700 289.4373
16 0.04 1.15339 6700’ 309.1085
17 0.04 1.22679 6700 328.7797
18 0.04 1.30019 5180 269.3994
19 0.04 1.35000 3640 196.5600
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TABLE OF THE SHEAR WALLS
Table 2
S o
= 5 Sizes = Coordinates
z“:s Q § Level Angle to
— o -~ ) .
Syl am| bm| & | xm | ym Axis x-x
w e
1| 1] 5.3200.16 | x-x |-22.137 +4.750 1-19 0
2| 2| 3.45/0.16 | x-x [-21.2000 0 1-19 0
3| 4.45|0.16 | y-vy |-22.925 -2.225 1-19 n/2
4] 4| 5.20[0.16 | y-y {-12.175 +3.400 1-19 m/2
s| 5| 0.75/0.16 | y-y [-12.175 +0.375 1-19 n/2
6| 6| 6.30{0.16 | y-y |-16.000 ~3.150 1-19 n/2
71 7| 6.90|0.16 -x |-12.475 o0 1-19 n/2
8| 8| 5.70/0.16 - -7.725| +4.500 1-19 n/2
9| 9| 0.75/0.16 | y-y | -7.725/ +0.375 1-19 n/2
10 | 10| 4.50l0.16 | x-x | -5.850 0 1-19 0
11|11 6.30{0.16 | ¥y- -3.600 -3.150 1-19 n/2
12 | 12/13.00]0.16 | y-¥ 0 0 1-19 n/2
131 13] 6.30/0.16 | y-y | +3.600| -3.150 1-19 n/2
14 | 14| 4.70{0.16 | X-Xx | +5.950 0 1-19 0
15 {15 5.70{0.16 | y-y [ +7.725! +4.500 1-19 n/2
16 | 16| 0.75/0.16 | ¥y- +7.725 +0.375 1-19 n/2
17 | 17] s5.70|0.16 | y-y |+12.175| +4.500 1-19 n/2
18 | 18] 0.75|0.16 | y-y |+12.175/+0.375 1-19 n/2
19 | 19| 3.40/0.16 | x-X [+10.975| © 1-19 0
20 | 20| 6.30{0.16 | y-y |+12.675/ =3.150 1-19 n/2
21 | 21| 6.30{0.16 | y-y |+20.025/ +0.825 1-19 mn/2
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605887x10_3/Fj + 18970955/1

Jk
Table 3
2
— Dimensions F. I. (19) ‘(194 !
= j J -8k Kjx “TT97
= Jk
~
3 2 4
S a(m) b(m) (m*) (m") (m/kN) (kN/m)
5.325 0.16 0.852 2.01320 0.94940 1.05330
2 3.450 0.16 | 0.552 0.54750 3.47600| 0.28770
3 4.450 0.16 0.712 1.17490 1.62320 0.61610
4 5.200 0.16 0.832 1.87470 1.01920| 0.98110
5| 0.750 0.16 0.120 0.00536 |337.01240] 0.00297
6 6.300 0.16 1.008 3.33400 0.57500 1.73910
7 6.900 0.16 1.104 4.18010 0.43860] 2.27990
8 5.700 0.16 0.912 2.46920 0.77490 1.29040
9 0.750 0.16 |. 0.120 0.00563 [337.01240| 0.00297
10| 4.500 0.16 0.720 1.21500 1.56980{ 0.63700
11 6.300 16 1.008 3.33400 0.57500 1.73910
121 13.000 16 2.080 29.29330 0.06767| 14.77650
13 6.300 0.16 1.008 3.33400 0.57500 1.73910
14 4,700 0.16 0.752 1.38430 1.37850{ 0.72540
15 5.700 0.16 0.912 2.46920 0.77490 1.29040
16 0.750 0.16 0.120 0.00563 [337.01240( 0.00297
17 5.700 0.16 | 0.912 2.46920 0.77490 1.29040
18 0.750 0.16 0.120 0.00563 |337.01240| 0.00297
19 3.400 0.16 0.544 0.52410 3.63090| 0.27540
20 6.300 0.16 1.008 3.33400 0.57500 1.73910
21 6.300 0.16 1.008 3.33400 0.57500 1.73910
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STIFFNESS KJ OF THE ELEMENTS AT LEVEL 13

-3
b, = 4 52x10 F. + 0.62663911/1 .,
6jx = 4.18822352x /¥ ; /1,
Table 4
E-3
— . . (13) (13) 1
; Dimensions Fj Ij ij kjk —67—1—3-
= Jk
1]
o
= 2 4
5 a(m) b (m) (m®) (m™) (m/kN) (kN/m)
1 5,325 0.16 0.852 2.,01320 0.31618 3.16275
2 3.450 0.16 0,552 0.54750 1.15213 0.86795
3 4,450 0.16 0.712 1.,17490 0.53924 1.85447
4 5.200 0.16 0.832 1.87470 0.33929 2.94729
5 0,750 0.16 0.120 0.00563 [111,.33845 0.00898
6 6.300 0.16 1,008 3.33400 0.19211 5.20538
7 6.900 0.16 1.104 4,38010 0.14686 6.80927
8 5,700 0.16 0.912 2,46920 0.25837 3.87035
9 0.750 0.16 0.120 0,00563 [111.33845 0.00898
10 4,500 0,16 0.720 t.21500 0.52157 1.91729
11 6.300 0.16 1.008 3.33400 0.,19211 5.20538
12| 13.000 0,16 2,080 29.29330 0,02340| 42,72507
13 6.300 0.16 1.008 3.33400 0.19211 5.20538
14 4,700 0.16 0.752 1.38430 0.45824 2.18224
15 5,700 0.16 0.912 2.46920 0.25837 3.87035
16 0.750 0.16 0.120 0,00563 111.33845 0.00898
17 5.700 0,16 0.912 2,46920 0.25837 3.87035
18 0.750 0.16 0,120 0,00563 |111.33845 0.,00898
19 3.400 0.16 0.544 0,.52410 1.20335 0.83102
20 6.300 0.16 1.008 3.33400 0.,19211 5.,20538
21 6.300 0.16 1.008 3.33400 0,19211 5,20538
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-3
6., = 1.882353x%10 F. + 0.056889/1.
ik * /E; /1
Table §

-

- . . (6) (6) 1

= Dimensions Fj Ij 6jk kjk‘E??T
= Jk
~

5] 2 4 1

o a(m) b(m) (m®) (m”) (m/kN) (kN/m)

w

1 5,325 0.16 0.852 2,01320 0.03047 32.82204
2 3.450 0.16 0.552 0.54750 0.10732 9.31819

4,450 0.16 0.712 1.17490 0.05106 19.58325

4 5.200 0.16 0.832 1.87470 0.03261 30.66723
5 0.750 0.16 0.120 0.00563 ]10.12030 0.09881
6 6.300 0.16 1.008 3.33400 0.01893 52.82425
7 6.900 0.16 1.104 4,38010 0.01469 68.05921
8 5.700 0.16 0.912 2,46920 0.02510 39.83520
9 0.750 0.16 0,120 0,00563 10.12030 0.09881
10 4,500 0.16 0.720 1.21500 0.04944 20.22793
11 6.300 0.16 1.008 3.33400 0.01893 52.82425
12 13,000 0.16 2,080 29.29330 0.00285 [351.24383
13 6.300 0.16 t.008 3.33400 0.01893 52.82425
14 4,700 0.16 0.752 1.38430 0.04360 22.93631
15 5.700 0.16 0.912 2.46920 0.02510 39.83520
16 0,750 0.16 0.120 0,00563 (10.12030 0.09881
17 5.700 0,16 0.912 2,46920 0.02510 39.,83520
18 0,750 0.16 0.120 0.00563 (10.12030 0.09881
19 3.400 0.16 0.544 0.52410 0,.11201 8.92807
D0 6.300 0.16 1.008 3.33400 0.01890 52.82425
D 1 6.300 0.16 1.008 3.33400 0.01890 52.82425
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STIFFNESS KEK OF THE ELEMENTS AT LEVEL 19

3
k., = 3EI./H
Jk .7/
Table 6
)
— -
= Dimensions Stiffness
=
; t(19), .4
g a(m) b (m) kjk %10
w
1 5.325 0.16 9.58100
2 3.450 0.16 6.20741
4,450 0.16 8.00666
5.200 0.16 9.35610
0.750 0.16 1.34943
6.300 0.16 11.33520
6.900 0.16 12.41480
5.700 0.16 10.25570
0.750 0.16 1.34943
4,500 0.16 8.09662
6.300 0.16 11.33520
13,000 0.16 23.39020
6.300 0.16 11.33520
4,700 0.16 8.45647
5.700 0.16 i 10.25570
0.750 0.16 1.34943
5.700 0.16 10.25570
0,750 0.16 1.34493
3.400 0.16 6.11745
6,300 0.16 11.33520
6.300 0.16 11.33520
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STIFFNESS K}K OF THE ELEMENTS AT LEVEL 13

kg = 3EIJ./H3
Table 7

&

- Dimensions Stiffness
!36

=~

(%‘3 a(m) b(m) k£ 4107
1 5.325 0.16 2.90057
2 3.450 0,16 1.87924
3 4,450 0.16 2,42395
4 5.200 0.16 2.83248
5 0.750 0.16 0.40853
6 6.300 0.16 3.43166
7 6.900 0.16 3.75848
8 5.700 0.16 3.10483
9 0.750 0.16 0.40853
10 4,500 0,16 2,45118
1 6.300 0.16 3.43166
12 13.000 0.16 7.08120
13 6.300 0,16 3.43166
14 4,700 0.16 2,56012
15 5.700 0,16 3.10483
16 0.750 0.16 0.40853
17 5.700 0.16 3.10483
18 0.750 0.16 0.40853
19 3.400 0.16 1.85200
20 6.300 0.16 3.43166
21 6.300 0.16 3.43166
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STIFFNESS KJ
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kg OF THE ELEMENTS AT LEVEL 6

Kig = 3EIJ./H3
Table 8

)

..5 Dimensions Stiffness

=

5 t(6)

% a(m) b(m) kjk

1 5.325 0.16 0.0319499

2 3.450 0.16 0.0206999

3 4,450 0.16 0.0266999

4 5.200 0.16 0.0311999

5 0.750 0.16 0.0044999

6 6.300 0.16 0.0377999

7 6.900 0.16 0.0413999

8 5.700 0.16 0.0341999

9 0.750 0.16 0.0044999
10 4,500 0.16 0.0269999
11 6.300 0.16 0.0377999
12 13.000 0.16 0,0779998
_13 6.300 0.16 0.0377999
14 4,700 0.16 0.0281999
15 5.700 0,16 0.0341999
16 0.750 0.16 0.0044999
17 5.700 0.16 0.0341999
18 0,750 0.16 0.0044999
19 3.400 0.16 0.0203999
20 6.300 0.16 0.0377999
21 6.300 0.16 0,0377999




SEISMIC FORCES FOR SHEAR WALLS 1 AND 6 DUE TO TRANSLATION
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Table 9
Seismic Seismic Seismic Seiémic
Forces for Forces for Forces for Forces for
SW1 (kN) SW6 (kN) SW1 (kN) SW6 (kN)
0 0 10 38.3123 11.6752
3.4091 1.1330 11 42.2564 12.8771
6.8081 2.2660 12 46.2005 14.0791
10.7984 3.5888 13 50.1446 15.2810
14.7732 4,9098 14 54,0341 16.2129
18.7507 6.2317 15 57.9743 17.3952
27.7277 7.5534 16 61.9139 18.5774
26.4806 8.0697 17 65.8546 19.7597
30.4247 9.2716 18 53.9607 16.1909
34.3688 10.4735 19 39.3710 11.8133
i
Hi = ™% ]
L kg
=1
(19) _ 1.0533 _ (13) _ 3.1627 _
W™ " = 57587 = 0.2003 w7 = 459y = 0.2005
(6) _ 32.8220 _ (19) _ 1.7391 _
Hp " = Tez.2918 = 0:2022  ug™ "7 = ggigEyy = 0.0601
(13) _ 5.2054 _ (6)  52.8243 _
We' = §5.2007 - 00611 Mg" = spseies - 0-0672
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CENTRE OF STIFFNESS AT LEVEL 19
Table 10
IR
5= ) (MN/m) | (m)|  (MN/m)
1 .75 1.0533 5.00318
2 0 0.2877 0
31 -22.925 0.6161 -14,12409
4| -12,175 0.9811 -11.,94498
51 -12,175 0.0029 -0.03612
6| -16.000 1.7391 -27.82560
7 0 0
8 ~-7.725 1.2904 -9.96834
9 -7.725 0.0029 -0.02292
10 0 |- 0.6370 0
1 -3.600 1.7391 -6.26076
12 0 14,7765 0
13 3.600 1.7391 6.26076
14 0 0.7254 0
15 7.725 1.2904 9.96834
16 7.725 0.0029 0.02292
17 12,175 1.2904 15,71061
18 12.175 0.0029 0.03612
19 0 0.2754 0]
20 12,675 1.7391 22,04309
21 20,025 1.7391 34.82550
T 28.9523 5.2587 18.68447 5,00318
MEL R 18:68447 . o gu54m y(19) - 202212 = 0.9514m
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CENTRE OF STIFFNESS AT LEVEL 13

Table 11
= 5 L (13) K (13 x k(18 W (13)
;35 Xk ik, x ik,y K* ik, x| Yk* 5k, y
A= (m) (MN/m) (MN/m)
1 3.162746 15.023044
2 0.867950 0
3| -22.925 | 1.85447 -42,5137
4 -12.175 | 2.94729 -35,8832
5| -12.175 ] 0.00898 -0.1093
6| ~16.000 | 5.20538 -83.,2860
7 6.809270 0
8| -7.725| 3.87035 -29.8984
9| -7.725| 0.00898 -0.0693
10 1.917290 0
11| -3.600]| 5.20538 -18.7393
12 0 42.72507 0
13 3.600 | 5.20538 18.7393
14 2.18224 0
15 7.725 | 3.87035 29.8984
16 7.725 | 0.00898 0.0693
171 12.175 | 3.87035 47.1215
18] 12.175 ] 0.00898 0.1093
19 0.831016 o
o | 12.675 | 5.20538 65.9781 —
1| 20.025 | 5.20538 104.2377
) 85.20070 15.770512 | 55.6544 |15,023044
(150 - gt - O - S o ssace
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CENTRE OF STIFFNESS AT LEVEL 6

Table 12
S| Ke | | Kiy | %k | ki,
(m) {MN/m) (m) (MN/m)
1 4,75 32.82204 155.90469
2 0 9.31819 0
3| -22.,925} 19.58325 -448.,9460
41 -12,175 | 30.66723 ~373.3735
51 =12.,175 0.09881 -1.2030
6| -16.000 | 52.82425 -845,1880
7 0 68.05921 0
8{ -7.725] 39.83520 ~307.7269
9| -7.725 0.09881 -0.7633
10 0 20,22793 0
11{ =-3.600| 52.82425 ~190.1673
12 0 351,24383 0
13 3.600 | 52.82425 190.1673
14 0 22.93631 0
15 7.725 | 39.83552 307.7269
16 7.725 0.09881 0.7633
17 12.175 | 39.83520 4864,9935
18| 12.175 0.09881 1.2030
19 0 8.92807 0
20| 12.675 | 52.82425 669.5473
21| 20.025 ! 52.82425 1057.8056
T 785.51640 162,29175 | 544.8388{155.90469
0 - B o ggsen y[%) - 12330489 - 0 ocomm
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DETERMINATION OF THE CENTRE OF THE MASSES AT LEVELS 1-17
Table 13
3
5 -
X .(m . (kN x.Q.
o3 i Q,; (kM) i
0=
3 -22.925 191.90 -4399.3075
4 -12.175 210.60 —2564.0550
5 -12.175 30.37 -369.7548
6 -16.000 287.43 -4598.8800
8 -7.125 242,25 -1726.0313
9 -7.125 31.87 -227.0738
1 -3.600 283.50 ~1020.6000
12 0 585.00 0
13 +3.600 283.50 1020.6000
15 +7.725 228.00 1761.3000
16 +7.725 29.99 231.6728
17 +12.175 228.00 2775.5000
18 +12.175 29.99 365.1283
20 +12.675 358.31 4541.5793
21 +20.025 141.75 2838.5438
I 3162.46 -1370.9783
0.5x44.825-24.80 6700-3162.46
=-2.3875 =3537.54 -8445.8800
6700 -9816.8583
n
)} ij.
1-17 _ j=1  -9816.8583 1-17
X, = p” = 5700 X, = -14652m
IQ.
j=1v
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CONTINUATION
Table 13
23
o
.(m . (kN Q.
B yJ() QJ( ) yJQ.7
n=
1 +4.,75 149,80 711.55
2 0 193.80 0
7 0 386.81 0
10 0 289.70 0
14 0 299,62 0
19 0 127.50 0
T 1447.23 711.55
6700=1447.23
0 =5252.77 0
6700 711.55
n
Ivy.Q
1-17 _ =199 711,55
Ym - n 6700
Q.
g=17
yl7 17 = 0.1062 m
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DETERMINATION OF THE CENTRE OF THE MASSES FOR LEVELS 18,19

Table 14
18 19

x;(m) Q;.g(kN) Q;’x; Q;.‘g(kN) Q5 x;
3| -22.925 148.61 | -3401.884 104.40 | -2393.370
4] -12.175 163.09 | -1985.621 114.56 | ~1394.768
5| -12.175 23.52 -286.356 16.52 -201.131
6| -16.000 222.59 | -3561.440 | 156.37 | -2501.920
8| -7.125 187.60 | -1336.650 | 131.78 -938.932
9|  -7.125 24.68 -175.845 17.34 -125.547
1] -3.600 219.54 -790.344 154.22 -555.192

12 0 453.02 0 318.24 0
13]  +3.600 219.54 +790.344 154.22 +555.192
15| +7.725 176.56 | +1363.926 124.03 +958.,132
16| +7.725 23.23 +179.452 16.31 +125.995
17] +12.175 176.56 | +2149.618 124.03 | +1510.065
18] +12.175 23.23 +282.825 16.31 +198.574
20| +12.675 277.48 | +3517.059 | 194.92 | +2470.611
21| +20.025 109.77 | +2198.144 77.11 | +1544.128
2449.02 | -1061.772 | 1720.36 ~746.164
0.5x44.825 | 5180 -6520.215 3640 -4583.140
224.80 [ -2449.02 -1720.36
=-2.3875 |=2730.98 =1919.64

5180 -7581.987 3640 ~5329.304

x18 = ZI3313808 oy ue37m x1% - 222383043 Ly ye4im

It is assumed that X, = -1.465 m
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CONTINUATION
Table 14
18 18 19 19
. (m .“ (kN Ly, .” (kN Ly
Y ; ) QJ( ) Q‘7 J QJ( ) QJ Y
1 +4.75 116.00 551.00 81.50 387.125
2 0 150.11 0 105.40 0
7 0 299.54 0 210.42 0
10 0 224.33 0 157.60 0
14 0 232.03 0 163.00 0
19 0 98.74 0 69.40 0
1120.75 551.00 787.32 387.125
5180 0 3640 0
-1120.75 -787.32
=4059.25 =2852.68
5180 551.00 3640 387.125
ylf = 230 - 0.10637 m
19 _ 387.125 _ 0 i0eas m

Ym T T36%0
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STIFFNESS K. AT LEVEL 19

¢
Table 15

Si -3 2 =3 -3 2
g: kjyxw ajy jyajyxm ijx10 ajx jxajx
(N =

111053.300 | 3.7986[15194.400 0.958 |-22.7829 0.4973

2| 287.700 | -0.9514| 260,400 0.620 |-21.8454 0.2962

7(2279.900 | -0.9514| 2063.700 1.241 |-13.1204 0.2137
10| 637.000 | -0.95t4| 576,600 0.809 | -6.4954 0.0341
14| 725.400 | -0.9514| 656.600 0.845 | -5.3046 0.0237
19| 275.400 | -0.9514] 249,300 0.611 10,3296 0.0652

3 0.800 | -3.1764 8.078| 616.100 |F23.5704 | 342.2828

4 0.935 | 2.4486 5.609 | 981.100 [~12.8204 | 161.2562

5 0.134 | 0.5764 4,483 2,967 |F12.8204 0.4876

6 1.133 | -4.1014 19.067 | 1739.100 |-16.6454 | 481.8512

8 1.025 | 3.5486 12.915| 1290.400 | -8.3704 90.4100

9 0.134 | 0.5764 4,483 2,967 | -8.3704 0.2078
11 1.133 | =4.1014 19.067 | 1739,100 | -4.1454 31.3445
12 2.339 | -0,9514 2.117 [14776.500 | -0.6454 6.1550
13 1,133 | -4.1014 19.167 | 1739.100 | 2.9546 15.1817
15 1.025 | 3.5486 12.915| 1290,400 | 7.0796 64,6757
16 0.134 | -0.5764 0.045 2,967 | 7.0796 0.1487
17 1.025 | 3.5486 12.915| 1290.400 | 11.5296 | 171.5303
18 0.134 | -0.5764 0.045 2,967 | 11.5296 0.3944
20 1.133 | -4.1014 19.067 | 1739.100 | 12.0296 | 251.6673
21 1.133 | -0.1264 0.018 | 1739.100 | 19.3796 | 653.1518
)X 19136.020 2271.8809

k;ZQ) . jg—lijaj.x j:flkjyaj.y = 2291.01684 kNm
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)
Table 16

F‘&
sl k. x1073| a, [k, al x10% k. x107 | a, . a’
o3l Jy Jy Jy dy Jx Jjx Jx gz
N =

1] 3162.700| 3.7974145607.580 2.900 | -22,7907 1.5066

21 867.900[-0.9526| 787.620 1.879 | -21.8532 0.8974

7| 6809.300|-0.95261{ 6179.050 3.758 | -13.1282 0.6477
10| 1917.300{-0.9526| 1739.840 2.451 -6.5032 0.1036
14 | 2182.200|-0.9526| 1980.270 2.560 5.2968 0.0718
19| 831.000{-0.9526 754.103 1.852 10.3218 0.1973

3 2.423(-3.1776 24,475 | 1845.500 | -23.5782| 1030,9583

4 . 2.832| 2.4474 16.955 ! 2947,300 | -12.8282| 485.0140

5 0.408|-0.5776 0.136 8.982 | -12.8282 1.4781

6 3,431 -4.1026 57.759 | 5205.400 | -16.6532| 1443.6031

8 3.104] 3.5474 39.071 | 3870.400 | -8.3782] 271.6762

9 0.408|-0.5776 0.236 8,982 | -8.5782 0.6504
11 3.431]-4.1026 57.759 | 5205.400 | -4.2532| 94.1638
12 7.081|-0.9526 6.425 (42725.100 | -0.6532 18.2295
13 3.431]-4.1026 57.759 | 5205.400 2.9468! 45.2016
15 3.104| 3.5474 39.071 | 3870.400 7.0718| 193.5575
16 0.408|-0.5776 0.136 8.982 7.0718 0.4491
17 3.104| 3.5474 39.071 | 3870.400 11.5218| 513.7962
18 0.408[-0.5776 0.136 8.982 11.5218 1.1923
20 3.431|-4.1026 57.759 | 5205.400 12,0218} 752.3006
21 3.431|-0.1276 0.558 | 5205.400 19,3718/ 1953.4054
T 57439.240 6809.08 14

k(137 - 6866.52066 kNm
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STIFFNESS K@ AT LEVEL 6
Table 17
Si -3 K a2 -3 2
e I I e P R B S B Ea
1[32822.000 | 3.789 | 471309.800| 0.031 |-22.831 16.6541
2| 9318.200 | -0.960 8598.380 | 0.020 |-21.893 9.9220
7 [68059.200 | -0.960 | 62801.790| 0.041 |-13.168 7.1792
10 [20227.900 {-0.960 | 18665.370 | 0.027 | -6.543 1.1561
14 (22936.300 | -0.960 | 21164.530 | 0.028 5.256 0.7791
19 | 8928.100 [-0.960 8238.390| 0,020 | 10.281 2.1564
3 26.700 | -3.185 270.950 | 19.583 | -23.618(10924.2862
4 31.200 | 2.439 185.660 | 30.667 | -12.868| 5078.5198
5 4.499 | -0.585 1.543| 0.098 |-12868 16.3602
6 37.800 | -4.110 638.706 | 52.824 | -16.693|14720.8655
8 34.200 | 3.539 428.435 | 39.835 | -8.418| 2823.2332
9 4.499 |-0.585 1.543| 0.098 | -8.418 7.0029
11 37.800 [-4.110 638.706 | 52.824 | -4.293| 973.8151
12 78.000 | -0.960 71.974 |351.243 | -0.693| 168.9767
13 37.800 | -4.110 638.706 | 52.824 2.906 | 4467.1494
15 34.200 | 3.539 428.435 | 39,835 7.031| 1969.4756
16 4,499 |-0.585 1.543| 0.098 7.031 4.8852
17 34,200 | 3.539 428.435 | 39.835 | 11.481| 5251.1774
18 4.499 | -0.585 1.543 | 0.098 | 11.481 13.0253
20 37.800 |-4.110 638.706 | 52.824 | 11.981 | 7583.1295
21 37.800 | -0.135 695.041 | 52.824 | 19.331{19740.5820
L 595103 ,860 69759,4000

k(6')

g

= 70354.50386 kNm
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TORSION MOMENTS DUE TO ROTATION UNDER TRANSVERSE

SEISMIC FORCE

Table 18

= Storey Seismic A = x - x y

o Forces z r m tk

-

(kN) (m) (kNm)

19 196.5600" 0.6454-(-1,465)=2.111 414.9382
18 269.3994 2.111 568.7021
17 328.,7797 2,111 694.0539
16 309.1075 2,111 652.5259
15 289.4373 2,111 611.0021
14 269.7661 2,111 569.4762
13 250.0976 0.6532-(-1,465)=2.118 529,7067
12 230.4264 2,118 488.0431
i1 210.7552 2,118 446.3795
10 191.,0840 2,118 404,7159
9 171.4155 2.118 363.0508
8 151.7443 2,118 321.3944
7 132.0731 2,118 279.7308
6 112,4019 0,6936-(~1,465)=2,159 242,6757
5 92,7334 2,159 200,2114
4 73.0621 2,159 157.7411
3 53.4044 2,159 115,3001
2 33,7198 2.159 72.8010
1 16.8599 2.159 36,4005




ADDITIONAL SEISMIC FORCES AEEL) FOR SHEAR WALLS 1 AND 6

AS A RESULT OF ROTATION

k(l)a.
E,;'71<) _ ot g: Jr Mii)
gk
Table 19
Shear Wall 1 Shear Wall 6

- M(1) X

> o F k., |a. |aBfZ] «. a. |ag(?
] Jk Jr Jk Jk Jjr Jk

(kNm) (kNm) (kN/m)| (m) (kN) § (kN/m)| (m) (kN)

19(414.9382[ 2291.0169] 1.053) 3.799(0.724] 1.739|16.645[5.249
181568.7021) 2291.0169} 1.053] 3.799]0.993] 1.739]{16.645| 7.185
171694.0539! 2291.0169) 1.053[3.799|1.212f 1.739{16.645|8.769
16 (652.5259| 2291.0169f 1.053] 3.799{1.139}f 1.739(16.645|8.244
15(611.0021] 2291.0169] 1.053(3.799{1.067] 1.739]16.645(7.720
14 1569.4762 2291.0169) 1.053/3.799(0.994] 1.739|16.645(7.195
131529.7067| 6866.5207f 3.162{3.797(0.926] 5.205{16.653]/6.687
121488.0431| 6866.5207] 3.162{3.797|0.853] 5.205|16.653(6.161
111446.3795] 6866.5207] 3.162|3.797(0.780] 5.205(16.65375.635
10 (404.7159; 6866.5207) 3.162/3.797(0.707] 5.205|16.653(5.109
91(363.0580( 6866.5207}] 3.162|3.797(0.635} 5.205]16.653}4.583
8 (321.3944( 6866.5207] 3.162(3.797/0.562] 5.205/16.653(4.057
71279,7308| 6866.5207) 3.162|/3.797|0.489] 5.205(16.653(3.531
6(242.6757|70354.5039)132.822(3.789]0.429)52.824(16.694|3.041
51200.2114|70354.50390432.822{3.789|0.353452.824{16.694;2.509
4 1157.7411170354.5039032.82213.789{0.278]52.824(16.694(1.977
31115.3001|70354.5039032.822|3.789(0.203]52.824|16.694{1.445
21 72.8010]70354.5039432.822|3.789|0.128]52.824/16.694|0.912
11 36.4005;70354.5039)132.822(3.789|0.064[52.824(16.694|0.456




EFFORTS IN SHEAR WALL 6 DUE TO TRANSLATION AND ROTATION
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Table 20
E;i) Q M
(kN (kN) (kNm)

19 17.0562 17.0562 0
18 23.3765 40,4327 32,4068
17 28.5292 68.9619 145.6183
16 26.8222 95.7841 338.7117
15 25,1153 120.8994 606.9071
14 23,4083 144.3077 945.4255
13 21,9682 166.2759 1349.4870
12 20,2403 186.5162 1815.0595
1" 18.5124 205.0286 2337.3049
10 16.7845 221.8131 2911.3850
9 15.0569 236.8700 3532.4617
8 13.3290 250.1990 4195.6977
7 11.6011 261.8001 4896,.2549
6 10.5952 272.3953 5629.2952
5 8.7412 281.i365 6392,0020
4 6.8870 288.0235 7179.1842
3 5.0340 293.0575 7985.6500
2 3.1785 296.2360 8806.2110
1 1.5893 297.8253 9517.1774

10231.9581
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1. INTRODUCTION

The aseismic design of reinforced concrete structures should be based on

methods verified through static and dynamic analysis.

Because of the uncertainties related to magnitudes and characteristics of
the future earthquakes, usually it is economically unjustified to design
buildings so that the stresses are in the elastic range during strong earth-

quakes.

This example shows the design procedure of one reinforced concrete building
constructed in mixed frame-shear wall system. It is worth to note that besides
taking into account relevant codes for design, the procedure in this example
is improved considering ultimate flexural and shear capacities of the struc-

tural members.

1.1. Description of Building Structure

The residential building of total height of eight stories 2.89 m each, has
been constructed in "Aerodrom II" settlement in Skopje, for seismic perfor-

mance category C.

It is a reinforced concrete frame structure with framed reinforced concrete
walls in the central part of the building (Fig.l). Structural analysis was
carried out for vertical and seismic loads 1in both orthogonal directions,
while the frames R5 and R6 were taken as calculation examples and represen-

tative parts of the whole structure.

Seismic analysis will be carried out applying the provisions of the aseismic

design Code [1] being in force since 1982.

Proportioning of structural elements for both vertical and seismic loads will
be accomplished, applying standards and provisions specified for concrete
and reinforced concrete [2] , applying also the ultimate strenmgth capacity

concept.
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1.2, Material

The material used in this structure has the following characteristics:

Normal weight concrete c 30 (fck = 30 MPa)

Mild structural steel S 240 (fyk = 240 MPa)

Welded reinforced nets CBM (fy w 500 MPa)
3

1.3. Structural Set-up of Frames

The frame elements are of prismatic shape and the joints are treated as stiff

zones of finite dimensions (Fig. 2).

2. DETERMINATION OF ACTIONS

The building was designed according to the existing design Codes of Yugoslavia

[1] and [2].

2.1. Vertical Loads

The floor structure was designed for static and live vertical loads as follows:

Static load g = 6.50 kN/m2
Live load p = 1.50 kN/m2
Total ¢ = 8.00 kN/m2

2.2. Seismic Loads

The building structure was preliminarily analyzed in the elastic range ap-

plying TABS [3]computer program using vertical loads and equivalent seismic

forces determined by dynamic analysis. For comparison purposes, a calculation

example of seismic forces according to the Provisions D] , for seismicity

of IX degrees and soil category II has been given.

2.2.1. Equivalent Static Loads

The dynamic scheme of the structure with concentrated loads and masses at

floor levels 1s given below:

- G, = 5415 kN

G1 = 5610 kN, G, 8
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The total seismic horizontal force S has been determined according to the

equation:
S =K. G , where

K - total seismic coefficient

G - total weight of the building
The total seismic coefficient K will be determined according to equation

K=K .K .K,. K, where
o s d P

K, - coefficient of building category
Ks - geismic intensity coefficient

K, - dynamic coefficient

K_ - ductility and damping coefficient

The building category coefficient is determined according to the importance
of the building and the Provisions [1] classify the buildings into four

categories. For residential buildings the coefficient Ko = 1.0.
The seismic intensity coefficient is:

for VII degree R, = 0.025
for VIII degree Ks 0.05
for IX degree Ks 0.10

The dynamic coefficient is determined according to the soil category:

Soil category I,

(rocks, marlstone, well cemented - Kd = 94%9— (0.33 < Kd <1.0)
conglomerates)
Soil category II - Ky = 94%9— (0.47 < Ky < 1.0)

(gravel, sand, hard clay)

Soil category III 0.90 (0.60 <K, < 1.0)
T

—K =

(slightly compacted and soft soil) d d

T - natural period of the building

The coefficient of ductility and damping depends upon the type of the struc-
ture and amounts from 1.0 to 2.0. For modern reinforced concrete and steel

structures it is Kp =1.0.

The natural period of the building in the considered direction 1s T1 = 0.50

sec.; thus the dynamic coefficient is Ky = 1.0.
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The total horizontal seismic force is:

§S=K .K .K, .K .G=1.0.0.10. 1.0 . 1.0 . 43515 = 435L.5 kN
o 8 d P

The distribution of the total seismic force along the height of the building
can be done applyingi)the dynamic method for civil engineering structures
and 2) approximate equation method depending upon the height of the building.
For buildings five-story high, the distribution of the total seismic force

follows the equation:

where

Si - seismic force of the i-th story
Gi - weight of the i-th story
H, - height of the i-th story from the building base

For buildings taller than five stories distribution of the total seismic
force is done so that 0.15 S is taken as concentrated force at the top of the
building while the rest of 0.85 § is distributed according to the above

equation , as follows:

5415-8-2,89
S, = 0,15-4351,5 + 0,85 -4351,5 -
8 (35 - 5415 + 5610)-2,89
= 653 + 3698,5 _‘%%85917 = 653 + 821 = 1474,0 kN
= . 5415-7 = (story shear)
S, = 3698,5 - Jonyy = 718.4 KN 2192,4 (story
} 5415-6 _
S5 = 3698,5 - Jaiige = 615,8 kN 2808,2
5415-5
Sc = 3698,5 * Jggy3g = 513,2 kN 33218
5415-4
5, = 3698,5 - TIBTI5 = 410,5 kN 3731,9
5415-3
S. = 3698,5 - TI5TI5 = 307,9 kKN, 4039,8
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5415 . 2
195135

w
[}

3698.5 .

f

205.3 kN 4245.1

5610 . 1
195135

106.4 kN 4351.5 kN (base shear)

w0
]

3698.5 .

2.2.2. Dynamic Response Method

The structural dynamic analysis was carried out applying the computer program

VIBR [4] which uses nonlinear bilinear diagram of the shear forces — and the

story drift of the structure. The nonlinear dynamic analysis was carried out
for ground acceleration at the site of a = 0.23 g, and acceleration time
histories were selected of El Centro 1940 earthquake, N-S component and

Parkfield 1966 earthquake, N-S component.

Acceleration level of 0.23 g corresponds to the design earthquake while the
maximum displacements causing this earthquake should be within certain limits,
the same as the ductility of separate stories. According to Provisions [2],
the maximum story drift should not be larger than By = hi/150, where h;

is the height of the i~th story in cm. The ratio between maximum story

drift Amax and the yield displacement of the main reinforcement, Ay’ has been

defined as displacement ductility, D, = Amax/Ay' The reinforced concrete

members like beams, columns, walls aﬁd joints have different deformational
capacities which result in different ductilities. The aseismic structures
should have sufficient ductility, which is one of the objectives of the
aseismic design. On the other hand, the dynamic response of structures to
actual earthquakes will show which ductility relates to which earthquake.

In this example it was adopted that favourable structural response is obtained
if the required ductility is within 3.0 to 3.5 limits. For further design,
the proportioning of elements and the design of reinforcement details should

comply with the required ductility level.
The results of the dynamic analysis for x-direction will be given hereafter.

The story stiffnesses of the building were computed applying TABS[3] program
which, for calculation of lateral story displacements under given lateral
loads, takes into account the deformations due to bending, shear and axial

forces of columns and walls and bending deformations for beams.

The initial stiffness of the bilinear Q-A diagram has been determined by the
relation Ke = Q/Ae, while the stiffness after the yield point is defined

as 107 of the initial stiffness.
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The dynamic analysis results will be presented in Table 2.1:

Table 2.1 Results of the Dynamic Analysis
Yield Maximum displacement Ductility
Story displacement
in cm. El Centro Parkfield | El Centro Parkfield
1940, N-S 1966, N~S | 1940, N-S 1966, N-S
1 0.097 0.320 0.257 3.30 2.65
2 0.166 0.528 0.442 3.18 2.66
3 0.204 0.641 0.575 3.14 2.82
4 0.224 0.663 0.645 2.96 2.88
5 0.238 0.677 0.723 2.84 3.04
6 0.232 0.650 0.763 2.80 . 3.29
7 0.220 0.633 0.803 2.87 3.65
8 0.206 0.548 0.753 2.66 3.66

The maximum story displacements and ductilities are within the allowable
limits while the level of horizontal seismic loads for each story has been
determined according to the story shear force Qy in the Q@ - A diagram. In
this way, the required level of the seismic shear force of the new building
has been determined under the condition that yielding takes place in the main

vertical reinforcement of columns and walls.
3. STRUCTURAL ANALYSIS

The further design procedure is in the analysis for vertical and horizontal
seismic loads in order to obtain M, Q and N values in each structural element

as well as for proportioning and design of reinforcement in these members.

The following table gives comparisons between seismic shear forces according
to the Provisions [1] and as obtained by the dynamic analysis, as well as
parts of the shear forces belonging to walls and frames in x-direction
(Table 3.1).
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Table 3.1 Seismic Shear Forces

Qs’ Code Qs’ dyn. Qs’c Qs,w Qs,F Qs,F
Story kN KN 'Q';H Ds—,g
1 4351,5 6100 0.71 4010 2090 |[0.34
2 4245 1 5600 0.76 3300 2300 |(0.41
3 4039,8 5050 0.80 2816 2234 10.44
4 3731,9 4450 0.84 2000 2450 {0.55
5 3321,4 3750 0.89 2012 1738 |0.46
6 2808,2 2950 0.95 1266 1684 |0.57
7 2192 ,4 2050 1.07 570 1480 0.72
8 1474 ,0 1100 1.34 -470 1570 |1.43

The seismic shear force defined by the Codes, QS’C,is larger by 347 at the
top of the building compared to the seismic force obtained by the dynamic
response of the structure Qs,d' The reverse 1is observed at the bottom floor;
the seismic shear force based on the dynamic response is higher by 29%.Since
the dynamic response of structures has advantages over the definition of seis-
mic loads by empirical equations, the dynamic response method was adopted for

determination of the required seismic loads.

The shear force distribution in certain structural elements was accomplished
applying the TABS [3] computer program, and it is peculiar that negative
seismic force is obtained in the walls of the top floor. Fig. 3 shows shear

force distribution in frames and walls along the height of the building.

Moment diagrams due to seismic forces for frames R5 and R, are shown in

Fig. 4. Axial force diagrams due to vertical loads, Nv and the combination
of vertical and horizontal load Nv+ NS are shown in Fig. 5 for frame R
taken as an example for proportioning and design of reinforcement.

3.1. Member Forces According to Muto”s Method

A case of a shear wall connected on all sides with frames will be studied.
The deflection characteristics in such a case can be considered as deforma-
tions due to bending and shear in.a free standing shear wall being restrain-

ed by beams connected to the wall,
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The method described here is a modified version in which,using the lateral
forces applied to the entire framework of the building, the shear forces

and bending moments of shear wall and columns are calculated directly.

(1) Assumptions for Calculation

The main assumptions for calculations are the following:

a) For beams connected to the wall in the same plane, the rotation angles

and vertical deformations of joints on the opposite side are considered to

be zero.

b) The shear forces distributed at each story of frame columns, other than
the shear wall under consideration, are proportional to the relative displace-

ment & or rotation angle R (Q = D. & = D. Rh, D is the shear distribution
coefficient).

The resisting moment My of an adjoining beam when there is a rotation angle
9, at the wall,will be as follows (see Fig. 5b):

MR=MA+QAB.La=k&+(MA+MB).La/L (3.1)
where:

MA = 2EK Kb(Z OA -3 RAB) (3.2)

MB = 2EK Kb(eA -3 RAB)

The rotation angle of the beam is:

Ryp = -La.e /L (3.3)

So that inserting these in Eq. 3.2. and further in Eq. 3.1., the following

equation is obtained:

Mg = 6EKO . Ky, : (3.4)

2 La Lay2
where Kbe= g+2L—+2(L—-—) .Kb (3.5)

(2) Method for Calculation

Using the above effective stiffness ratios for beams connected to the wall,
the stiffness ratios for other beams, columns and walls, the shear distri-

bution coefficients for frame columns and the joint rotation angle of the
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wall are obtained from the following equation:

Ken(2-3B,) ¢, ¢+ [Km(4-3Bn) + Kynap(4-38,0) + 62Kben]Qn +

(2-38 I P U P 3.6
* K1 (23Bneg) dpey = = Qpeht o= Qg (3.6)
n n+1
where
Bn = —___1___.__—_.
1+EDcn/SnKwn
D 12 «kEK
Sn =14+ 0 where
G'Awn.hn
ID : is a sum of shear distribution coefficients of columns of n-th story

cn

Kwn: stiffness ratio of n-story wall

For top story, the equation of the joint rotation angle is

_m
Kw(2-3Bm)¢m_1+[%(4-3Bm)+6):Kbem} b = — Qe (3.7)
For the first story (wall base fixed)is:

Kn2(2-38,) ¢2+[sz (4-385)+K,, (4-38)+61Ky, 1]¢1
B,0h,  B,Qyh, (3.8)
= S + S
2 1

The solution of the above equations is obtained relatively easily, as the

solution of simultaneous linear equations comsisting of three terms.

From the rotation angles of the wall obtained, distributions of shear forces
and bending moments of the wall and frames are calculated from the following

equations:

2:D
Q. =0 -—=0, 3y (3.9)
wn n hn n
MRn = Esz]n <9y (3.10)
B Q..h
- n n"'n
where 3¢n = E— (3¢n + 3°n-1 + E..E-._)
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Moon-1 = Kn(20, +o_1-3¢,) (3.11)

Moetn = Kn (28029 * ¢ = 30,) (3.12)

3.2 Distribution Coefficients for Frames

Frame R4 Frame R5
K =0.63 0.5 (m): K, =0.18  0.65 0.50 | ()
k=085 Jx=1.58_]k=0.69 K=1.05 | K=0.79 0| k = 0|6k
~| & =0.30 § a =047 a=0.26 a=0.38|a=0.28% a=0i2 (2.40)
s[Dp=0.22 dD=0.325| D=0.19 (0.73) D =0.25 5| D =0.50 7| D = 0lkk
= K=1.050|K=0.79 o] X ;Agléh
D=0.22 JD=0.32 |D=0.19 (0.734D=0.25%|D=0.51% D=0k (2.40)
- 0.65 7 ~
K = 0.63 K=0.k3 |K=0.33 |K=o0l3
gla=o0.2 (0.84)|a = 0.18 | a = 0.16 | a = 0413  (2.84)
4 D=0.L3 D=0.32m|D=0.60m D=O.l50
|
D = 0.22 D = 0.43 _ D =0.32 D = 0.60 D=TJSO
D = 0.19 (0.84) (2.84)
2| x=0.63 0.51 ky= 0.78 0.65 olso (%
SlE=0.85 k=063 |%=0.69 K=0M3%|R=0.38 k=0
o8 = 0.47 @fa =0.43 Ja =0k (1.45)a =0.38 Igja =0.37 :la =085 (6.76)
—‘;Lg =0.35 |D=0.77 9D =0.33 oD = 0.69 21D =1.38 _lp = l'i31
L 340 1 k20 L L 3bo L L20 ¥ 520
For frames
- E.Kb
- _ 26.67 _ - 26.67 _
“TEx Kor =300 =018 K, =5l = 0.65
K
a = —=,
24K
o =226 | por rirst story ,
2+K
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Frame R6
SRERTE: REE- DX ST,
(ID):
Ke =0 63 Ko =1.39 ! Columns only
8,1k =085 <k = 2.13 ///r‘//
Yla = 0.30 gla = 0.58 1.30
©Ip =0.22 D = 0.43 W=l 6]-103dm3 ( )
L
ya
—K:L .
5 |p=o0.22 5| D=0.3 . | // (1.30)
o K=1.12
L @©| a = 0.36 d
~| D = 0.65 /l (1.74)
3 K%&lg
w . 1 . 7 A
D=0.22 |D-=0.65 /r 1
2 xw=1.'86-1o3 (1.74)
k.= 0.63 1.39 sk A
&K =0.85 5| K = 1.12 r/
1 Qi a=0.b7 2| a = 0.52 // /{ (2.57)
$ D =0.35~4D=0.93 861(y
R T ] me mwiey
ID g = 4:0,73 + 2:2,40 + 2:1,30 = 10,32
I, = L.0,84 + 2-2,84 + 2:1,74 = 12,52
ID,, = L.1,b5 + 2:6,76 + 2:2,57 = 24,46
ID o, = 0,5f10,32 = 5,16.103** *one of the two R, frames
c8 is considered
3 ** 3,
D, = 0,5-12,52 = 6,26:10 107 is equal to the stan-
ch dard stiffness
ID . = 0,5-2h,46 = 12,23-10°
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3.3. Shear and Bending in Shear Wall

Table 3.2 K, = 10°
h
n Awg n D K S B
cm cm cn v n n
8 n2,17-105| 289 5.16 [1.86-10° | 1.0486 |0.997k
7 1" " " ” 1" "
6 n n " " " A
5 " " 7" " " n
" n "
L 6.26 1.0589 0.9968
3 1 " " " n "
2 " " " n " "
1 " " 12.23 " 1.1151 0.9941
_ 27.6 . 1.2
S =1+ EDcn A h
n
B = !
1+ID /S .K
< N wn
Table 3.3
n 3B 2-3B Kn® 62Kben &n b
x(h-38,) ;
8 | 2.9922 |-0.9922 [1.875-10%16.68-103| _1.845 | 1.892
7 " ‘" " " " 3.767
6 " " " " " "
5 " " " " " "
L 2.99014 _0.99014 1.878 " -1.8k2 3.770
" " " " " 3.773
1 | 2.9823 |-0.9823 | 1.893 " 1.827 |3.788
a = Kwn(z-3Bn)

bn = me'l(l‘_?'srﬁl)+ Kwn(l‘-:mn)+ 62Kben
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Table 3.4
. B B

L | |G [ B s |
8 550  {159-10° | 0.9512 [51.24-10151.2k-1G] 5.866
7 1025 296 " 281.56 432.80 5.93k
6 | 1475 L26 " Los.21 686.77 6.01L
5 | 1875 |sh2 " 515.55 | 920.76 | 5.973
b 2225 643 0.94%1k [605.29 [1120.84 5.692
3 2525 729 " 686.28 |1291.57 5.067

2800 809 " T61.59 [1L47.87 | 3.987
1 3050 881 0.8915 |785.L0 |1546.99 | 2.331

Table 3.5
n 3¢, Su¥en | %Py Q“:h“ 23 6EK Ry,

n wn
8 | 17.598 |1950-103 {159-103 |g)1.54-157| 0.4987 | 17.695
7 | 17.802 " 296 151.80 " 17.951
6 18.042 " k26 218.46 " 18.043
5 17.919 " 5L2 277.95 N 17.591
L 17.076 | 1970 6u3 326.40 0.L98L 16.250
3 15.201 " 729 370.05 " 13.722
2 11.961 " 809 410.66 " 9.651
1 6.993 | 207k 881 Lok, 78 0.4971 3.687
Bn Q‘n. n
6EK R = 3y, = 3 (36, + 3¢, + 5 )
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Table 3.6
2IDe
n % PA %—- — 3y A Koen "R
kN o4y n n kN kN-cm
8 | ss0 35.71 632 -82  |2.78.103 148.92103
7 {1025 " 641 384 " kg ko
6 |1k7s5 " 64l 1 83 " 50.16
5 |1875 " 628 1247 " 4g.81
4 [2225 43.32 704 1521 " L. 47
3 | 2525 " 594 1931 " 42,26
2 |[2800 " 418 2382 " 33.25
1 |[3050 85.26 315 2735 " 19.4Y4
2)_‘.Dcn
an = Qn - hn 3wn
MRn = 32K‘ben ¢I‘l
Table 3.7
M M
n,n-1 n-l,n
n Kwn ¢n ¢n-l 6EKoRn kN.em kN.cm
8 |1.86-103| 5.866 5.934 17.695 4),0539-1& 0.0725-1(?
7 " 5.934 6.01k 17.951 |-0.1283 | +0.0205
6 " 6.01L 5.973 18.043 |-0.0781 | -0.154k4
5 " 5.973 5.692 17.591 | 0.0874 |-0.4352
" 5.692 5.067 16.250 | 0.3740 |[-0.7886
3 " 5.067 3.987 13.722 | 0.7421 |[-1.2667
2 " 3.987 2.331 9.651 |1.2164 |-1.8637
1 " 2.331 0 3.687 |1.8136 |-2.5221

n,n~1 = Kwn(2¢n + ¢’1"\-1 - 6EKoRn); Mn—l,n = Kwn(2¢n-1+ on - 6EKoRn)
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Table 3.8 Shear in frame columns

5 R
el (S [ [ 0 [n ]u [
8 | 632 5.16 | 26.95 | 39.20 | 30.60 | 62.50 |53.90 |26.95 | 52.70
T [ 641 " 27.30 | 39.75 | 31.05 | 63.35 [54,65 |27.30 | 53.k0
6 | 831 " 35.40 1 51.50 { b0.30 | 82.10 {70.90 |35.40 | 69.20
5 | 628 " 28.95 38.95 | 30.40 [ 62.10 |53.55 |{26.80 | 52.50
bo| 7ok 6.26 | 24.75 | 48.35 | 36.00 | 67.50 |56.20 2k.75 | 73.10
3 | sok " 20.90 | 40.80 130.35 [56.95 |47.45 [20.90 | 61.70
418 " 14.70 | 28.70 |21.35 |40.10 [33.40 |1k.70 | 43.k0
1 1315 }12.23| 9.00 |19.80 [17.80 {35.55 |33.75 | 9.00 | 23.95
Table 3.9 Inflexion point height
n | Ryl Ryl Rsy[Rso|Rs g Rg 1 R6’2
8 (0.32 | 0.38 | 0.35 | 0.30 | 0.27 | 0.32 | 0.43
7 |o.bo 0.43 | 0.bo | 0.b0 | 0.37 | 0.k0 |0.48
€ {o.h2 0.45 | 0.b5 | 0.40 [0.b0 | 0.42 |o0.L8
5 |0.4s 0.48 | 0.45 | 0.45 [ 0.45 | 0.45 |0.50
L 1o.45 0.45 [ 0.45 [ 0.k5 | 0.40 | 0.45 [0.46
3 |0.b7 0.45 [ 0.b5 | 0.45 | 0.45 [ 0.47 }O0.50
2 |o.50 | 0.50 | 0.55 | 0.55 | 0.55 |0.50 [0.50
1 |0.65 0.70 | 0.80 [0.80 [0.85 |o0.65 |0.6k
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It is worth to note that moments according to Eq. 3.10 are for beams in the
centroid line of the wall and forbeams at both sidesIt is necessary to cal-

culate beam moments at the face of the wall.

Moment diagrams for frames R5 and R6, according to the described method, due

to horizontal seismic forces are shown in Fig. 5c.

The comparison of the results obtained according to the TABS program and
Muto”s method (Fig. 4 and Fig. 5¢) shows that in the case of the latter
members in the frame R5 and columns in the frame R6 will be under-designed,

but the shear wall in the middle of R6 will be over-designed.

For comparison, another structural analysis was accomplished by neglecting
the beams connecting the wall of the frame R6 and the adjacent columns. In
this way, a free standing wall is obtained, fixed at base level. The results
of this analysis are shown in Fig. 5d as moment diagrams due to horizontal

forces, for the frames R5 and R6, respectively.

In this case, wall moments are larger by about 20%, compared to moments in
Fig. 4, which would require considerably more reinforcement, while the columns

of the frame R6 would be under-reinforced.

The moments in the frame R5 are larger by 15% to 40Z, in the lower and upper
stories, respectively, compared to those when adequate connection of the wall
to adjacent beams is provided, which would however mean an uneconomic design

of this frame.

Taking into account the three analyses carried out for this building,

it is concluded that the analysis applying TABS programme gives optimum
results, both in respect to accuracy and time consumption., The hand calcula-
tion takes much effort, and in the case of more complex frame system with
shear walls and coupled shear walls, the hand calculation is almost impos~

sible.
4, STIFFNESS VERIFICATION

Verification of adequate stiffness of the building in x-direction is performed
considering inelastic behaviour of the structure. The maximum story drift
obtained for ground acceleration of 0.23 g 18 0.80 cm which is 0.0028 h,.

The required displacement ductility, for the same acceleration level, is

from 3.00 to 3.66.
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5. CALCULATION OF REINFORCEMENT

The building structure was proportioned for a combination of vertical and
seismic loads applying the method of ultimate load carrying capacity, ac-

cording to the Provisions for concrete and reinforced concrete [Z] .

The structural members like columns, walls and beams were designed for the
known values of moments and axial forces while the shear force is covered

by stirrups in columns and beams and by horizontal reinforcement in walls.

Equilibrium equations for eccentrically loaded columns and walls were derived
for the following assumptions:

1. Plane sections before bending remain plane after bending

2. The o -¢ diagram for reinforcement is known

3. Tensile stresses in the concrete are neglected

4, The o —-¢ diagram for concrete is known.

The first assumption implies that the longitudinal strain in the concrete

and in the steel at the various points across a section is proportional to the
distance from the neutral axis. A large number of tests on RC members have
indicated that this assumption is very nearly correct at all stages of load-

ing up to flexural failure.

The second assumption means that the stress-strain properties of the steel

are well defined. Normally, a bilinear stress-strain curve is assumed.

The third assumption is very nearly correct. Any tensile stress that exists
in the concrete just below the neutral axis is small and has a small lever

arm.

The fourth assumption is necessary to assegs the true behaviour of the sec-

tion.

A rectangular section with reinforcement at both ends and uniformly dis=~

tributed reinforcement in between has been considered (Fig. 6).

The characteristics (yield stresses) of the end reinforcement or the rein-

forcement between them, can be either similar or different.

According to Fig. 6, the equilibrium equation obtained as a sum of the in-

ternal forces is:

- L4 - " - - 4 - n
N, =Co +#Co+ (Co-Cy) - T - (Ty - T0) (5.1)
where CC =a;. b.x. fg R a; - 1s a coefficient of mean stress of

the working o -e diagram for concrete.
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A
w | v, . -
CV = Ey 100 fy,v , where: y = x ey,v/ecu
Ts = AS fy
Av
T =(h‘X'C) m-fy’v, TV=CV

After dividing all terms of the equation (5.1) by bhfg and introducing

the following notation,

'
i AS .. AS - A _x
P=BR* P BR® Py ° TO0B ° £ = h

p-f o, f N
K = ?g—x , Kv = —!?EXLX , N = Bﬁ%g , the following is obtained:
n = a1-€ + K(p“/p) + Kv(i-c'/h) - K - KV(1-£-C/h) (5.2)

Solving the above equation for £,an expression for the height of the neutral

axis is obtained:

K{(1-p"/p) + Kv(1-c/h +c¢’/h) +n

£ = (5.3)
oy + 2 Kv

For eccentrically loaded columns and walls as shown in Fig. 6, the equilibrium

of moments about the neutral axis will give:
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. = -’ L4 ’1 "
N-ey = M+ Colx-c) + €y (x-¢7) 5 - Cy - Lo
-X - i -Y e 1 " y
+Ts(hxc)+Tv(hxc)7-Tv.3. (5.4)
where:
Mc = az.b.xz.fz, ay is a static moment coefficient of the work-

ing diagram area of the concrete (ap = al.xc/x).

After the internal force expression will be introduced, and dividing all

terms of equation (5.4) by bhzfz, the following is obtained:

2 1] 4 - d

M, = bh fc {az.E + K {1-5(1-9 /o) - % - CF
+ K 0 5( P 2 2

v[ 5(e-c“/h)” + 0.5(1-g-c/h)" - {

: z_] + n(0.5-E) +

‘y
€

sV )
cu

(5.5)

In equation (5.5) a moment correction has been introduced about the center

of the section: N.e = N.e_ + N(h/2-x) where N.e = M .
o X o u

The above equation for ultimate moment applies for bending with or without

axial force. It also applies to axial compressive or tensile force in the

section, however, a sign change should be made for tension in the equations

5.3 .and 5.5, in front of the term n.

The equations for neutral axis and the ultimate moment have been derived for

the case when yielding takes place in the compressed reinforcement.

Coefficients a; and a, depend upon the adopted ¢ -e working diagram for con-

1 2

crete. For the diagram proposed by the European Commission for Concrete (CEB),

according to Fig. 7, the coefficients oy and @, have the following values:

for horizontal line

for the parabolic part (5.8)

for the horizontal line (5.9)

5.7)

ay = EE - _EZ , for the parabolic part, (5.6)
(¢] 350
€
ay = 1 - 2 s
3
£c
2 g P
an = 2. L0
273 ey ge?
0
05 -] €c2>
02-. '1'2":2—’
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The values of coefficients oy and ay for ultimate state and ultimate strains

in concrete ¢ = 3.52_ and for ¢ = 27 _, are
cu o o o
@) = 0.81 and a, = 0.473

For proportioning of structural members equations 5.3 and 5.5 have been used,
taking into account the symmetric reinforcement AS = A; and the uniform thick-
ness of the concrete cover ¢ =c”. Also, the safety coefficient Yy has been

introduced complying with the provisions [1] and [2].

The code [2] for earthquake resistant design of structures, prescribes Yy 1.30

for seismic loads, for ultimate state design purposes.

Multiplying the design moment by the safety coefficient and replacing K=p.fy/f2,

Mg’y = bh2FY {a,.£2 + pfy/fL (1-20/h) + n(0.5-€) +

c 2
" KV[O.S(E-c/h)Z +0.5(1-g-c/h)? - eil"v )2 § ]}

Solving the above equation for p, the following is obtained:

2 u ;
. bh fc Md Y,

= = 2
AS = A = ?;rﬁ:ggy { E;z;: -ay - £ -n(0.5-¢) -
Cc

€ 2
- Kv[ 0.5(c-c/h)? + 0.5(1-g-c/h)? - ( o )2 %—]} (.5.10)
cu

For application of the above equation the percentage of vertical reinforcement
in webs Py’ should be precedingly defined. For reinforced concrete walls,
welded net with equal vertical and horizontal reinforcement is most frequently
used in webs. The quantity of horizontal reinforcement has been defined from
the condition that the total seismic shear force in the possible nonlinear
zones 1s taken by the horizontal ,reinforcement. This provision means that
equivalent truss should be introduced, the same as it is for beams, as shown
by Park and Paulay [6] .

Proportioning of horizontal reinforcement has been made applying the following

consideration, (Fig. 8):



253

T, =Q and T = A . f_

.
s Zcot™
Ap-fs ) Q .
s ° Tcota» that is
s = Z'cota A, - O - s
fs-Zcotu

(5.11)

The angle a corresponds to the slope of the diagonal cracks of the wall.

The experimental data show that this angle is about 45%, so that we can adopt:
A=Qs's
h ?slﬁ-?ci (5.12)

The minimum percentage of horizontal reinforcement according to Provisions [1]

18 0.22 of the vertical cross sectional area of the wall, the same as for the

vertical reinforcement of the wall.

Proportioning of beams was accomplished in the sections adjacent to columns
(at the supports) for combined vertical loads, and seismic loads acting in

both directions (Fig. 9).

After the proportioning, the condition that the compressive reinforcement
. . . ' >
equals to or is greater than half the tensile reinforcement, As - O.SAS,

has been controled.

The adopted reinforcement for the elements of frame R6 has been shown in
Fig. 10.

It should be mentioned that proportioning of elements on the basis of the
above explained methods was carried out applying the computer programme which

avails static values directly from the TABS programme.

In order to meet the basic aseismic design principle, that is, plastic
hinges developing in beams and not in columns of the frames, the ultimate
load carrying capacity of both beams and columns in one joint should be

computed to satisfy the following condition:

1.2.0M, , S oM (5.13)

Computation of ultimate load carrying capacity of frame elements was done
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applying equation 5.5, and if the condition 5.13 has not been satisfied, the
column reinforcement is gradually increased until the above condition is

satisfied.

The plastic hinge mechanism is evaluated by the DRAIN-2D [7] computer prog-
ramme. For this purpose, frame R6 was analyzed as plane structure subjected
at the base to El Centro 1940 earthquake, N-S component. A four-second earth-
quake duration having highest accelerations has been selected, while the

sequence and position of plastic hinges has been given in Fig. 11.

As it is observed, plastic hinges formed only in frame beams, while they did

not form in columns and walls.

The nonlinear analysis verified the favourable behaviour of R6 frame under

earthquake effects.

Based on the calculated areas of required reinforcement for the elements of
frame R6’ the beam reinforcement was selected as shown in Fig. 12. Also,
column reinforcement was selected as shown in Fig. 13. It should be emphasised
that reinforcement selection, especially for beam elements should be based

on the calculated reinforcement area, so that the adopted plastic hinge for-

mation mechanism in the structure is not disturbed.
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Frame R6 : Beams
Table 5.1. Exterior spans Z.fy = 32.240 = 7680
b/h M
’a M ' .
n em KN 2 MIZ/2 Ag As As L/2 As,mln A;,min As,.f’./2 Aé
8 |Lo/ko | S6 20 16.9 9.48 [3.39 2.86 |[b.0 | .74 |4.0 |b.78
6 " 85 L1 17.5 |1b.39 |6.94 2.96 |4.0 | 7.19 |4.0[7.29
I " 89.6 |{s4.b [17.8 [15.17 |9.21 3.01 |4+.0] 7.58 |k.0 [9.22
2 " 78.6 |u47.3 [17.6 (13.32 {8.01 2,98 {h,o| 6.66 |L.0 [8.01
Table 5.2. Interior spans - left supports
n |b/h M M! M ' '
ya i L/2 As As As /2 As‘min s,min Asl/E‘ Aé
8 | ko/ko | 97.5 | 78.5 | 18.4 |16.50 {13.29 | 3.11 |4.0 | 8.25 [h.0 13.29
6 " 13k.2)101.8| 22.6 |22.712 |17.23 | 3.83 |L.0 [11.36 | 4.0 |17.23
y " 159.4 [116.6 1 23.3|26.98 |19.74 | 3.94 |4.0 |13.49 [L.0 |19.74
2 " 136.61 85.4 | 23.3]|23.12 [1k.46 | 3.94 |k.0 |11.56 |L.0 |1k, 46
Table 5.3. Interior spans - right supports
n | b/ M, M A, Al ;,min / / / / AL
8 | bo/ho [ 167.4 | Th.6 |28.34 [12.63 |1k.17 1k.17
6 " 193.0 | 91.0 [32.67 {15.40 [16.33 16.33
N " 198.4 |109.6 | 33.58 |18.55 [16.79 18.55
2 " 158.2 | 77.8 |26.78 {13.17 [13.39 13.39
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Frame R6: Columns (

from capacity of beams)

M = 1.2 M - top column
d,c n,b
Table 5.4 Exterior columns:
M = 0.6 M - other columns
d,c n,b }
Mn b M N £ _Mili.. (o Y A =Ar
n| b/h kN:m d,c d n bhe-f; n{0.5-¢ s Pg As,min
8 | bo/bo| 72.811 87.37| 65 0.019 { 0.028 | 0.0650 0.0090 |9.80 |L4.80
6 " 110.52| 66.31 | 198 0.059 | 0.089 [0.0493 0.024k2 | 4.ko "
in " 116.51 | 69.90 | 307 0.091 { 0.137 | 0.0520 0.0330 |3.33 "
2 " 102.30 [ 61.38 394 0.117 | 0.176 { 0.0kL5T 0.0379 |1.36 "
o R Md,c = Iiﬁ(ﬁn’b + Mé,b) - top column
Table 5.5 Interior columns:
Md,c = 0'6(Mn,b + M;’b) - other columns
M M M N Y, (0.5-¢) |A_=a?
n b/h n,b n,b d,c d n bhle” nt0.5-¢ s s | 's,min
C
8 | ho/ho n26.72 po2.07 |2Tk.54| 84 [0.025 | 0.2043 | 0.0116 [33.72 | 4.80
6 " 17L.49(132.33(184.09 ] 334 0.099 | 0.1369 | 0.0347 [17.89 "
4 | 50/50 |207.21|151.60|215.29 | 589 0.112 | 0.0820 | 0.0372 |11.66 | 7.50
2 " 177.56(111.05|173.17 | 865 0.165 | 0.0660 | 0.0L416 6.35 "
Table 5.6 Interior column: £ . Z = 240 x 42 = 10080
50 x 502 x 21 = 2625 x 10° bhzf"y.Z = 260.4
, bh2f'c' MYy »
n b/h | M N . ~da =
d a n E fy.z bh2fé' G2 £ n(0-5 qu Aé s,min
8 | ko/bko| 91 84 [ 0.025|0.038 [175.0 | 0.0880|0.0006 0.0116(13.27 | 4.80
7 " 73 209 | 0.062 | 0.093 " 0.0706)0.0036/0.0252] 7.31 "
6 " 81 334 | 0.099 | 0.149 " 0.0783|0.0093|0.0347| 6.00 "
5 " 7 460 | 0.137 | 0.206 " 0.0745|0,0177|0.0k03| 2.89 "
L | 50/50 120 589 |0.112 [ 0.168 |260.% {0.0504]0.0118 0.0372| 2.71 | 7.50
3 " 97 722 |0.138 |0.207 " 0.04800.0179 [0.0kok | - "
2 " 78 865 |0.165 |0.248 " 0.03860.0256|0.0416| - "
1 " T1 | 10k4 [0.199 |0.299 " 0.0351/0.0373{0.0k00| - "
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Frame R6: Shear Walls

Qd © 100 pv'fx,w Nd
1 e -y e R LS
NEAS fc c
fy o(h-2¢) = 500(580-50) = 26500; £l = 21 MPa
Table 5.7
b/h M N Q A=A
d d d v| K n K +n |a,+2K £ .
R e kNm | kN kN |em@/m'| V¥ v 1w *n,min
1 2 3 i 5 6 7 8 9 10 9/10
8 |20/580 1145 L28 [ -211 }|o0.80 |0.0476|0.0176]0.0352{0.7619|0.046] k.0
7 " 1636 784 315 |1.19 " 0.0322(0.0498| 0.065| "
6 " 1215 | 1137 676 |2.55 " 0.0467]0.0643| " 0.084 "
5 " 3030 | 1488 1065 |k4.02 " 0.0611]0.0787| " 0.103] "
i " 5582 | 1834 (1115 |k.21 [0.050 10.0753|0.1253(0.76670.163] *
3 " 9400 | 2176 |1545 |5.83 |0.0694(0.0893|0.1587 [0.8055(0.197| *
2 " nLs95 2520 1981 {7.47 |0.0890(0.1034[0.1924 |0.8447 [0.208 |
1 " 20930 2860 (2310 |8.72 |0.1038/0.117k[0.2222[0.8743 |0.253 ] *
2 " 2 3
bhof] = 20-580°-21 = 141288-107, @, = 2/3, a, = 5/12, c/h = 0.043.
€ v (2
Table 5.8 ( —L—e )< = 0.1066
cu
bREEl My | 2 )i &P 2 010752 K -a [a=arla
L > aptk n(E-E EGE 0.5(1-g= £)° 7013 | &0 s 's|'s,min
R " h
y bh fc
T-(10¥
1| 12 13 14 15 16 17 18 |47418)| 20
8 [1111,0|0.0105 |0.0009 [0.0080 17.40
7 " 0.0151 {0.0018 |0.02%0 "
6 " 0.011210.0029 {0.0194 "
5 " 0.0279 |0.004k [0.0242 "
I " 0.051k [0.0111 j0.025L |0.0072 0.315 0.0009 {0.0161| - "
3 " 0.0865 (0.0162 |0.0270 {0.0119 0.289 0.001k | 0.0208|25.00
2 " 0.1343|0.0217 [0.0281 |0.0171 0.266 0.0018 [0.0250(66.10
1 " 0.1925 [0.0267 [0.0290 [0.0221 0.248 0.0023 |0.0278/121.1
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NOTATIONS

A Cross-sectional area of tension steel.

A; Cross-sectional area of compression steel.

Ah Cross-sectional area of horizontal steel in walls.
Av Cross-sectional area of vertical steel in walls.
b Width of the cross-section.

e, Eccentricity to the centroid of the section.

x Eccentricity to the neutral axis.

fg Maximum compressive strength in the concrete.

ck Characteristic compressive strength of concrete.
fy Characteristic yield strength of steel.

fy,w Characteristic yield strength of web steel.

f Design stress of transverse steel in walls.

:<(') :‘<>8>0>‘<om°<zmzﬂzmzﬂwg?qoﬁm
< ®

A

T ©

Stiffness ratio of a beam.

Effective stiffness ratio of a beam.

Stiffness ratio of a column.

Bending moment due to seismic forces.

Ultimate bending moment capacity.

Axial force due to seismic forces.

Axial force due to gravity load.

Shear force in elements due to seismic forces.
Shear force at yielding of main reinforcement.
Elastic interstory drift.

Maximum interstory drift in dynamic analysis.

Interstory drift at yielding of main reinforcement.

Ratio between.axial ‘load and axial load capacity.

Yield strain in vertical web reinforcement.
Percentage of tension reinforcement.

Percentage of compression reinforcement.
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STATIC AND DYNAMIC, TIME-HISTORY ANALYSES
OF THE DESIGN EXAMPLES
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1. FOREWORD

For comparison of the three design examples, elaborated by the
representatives of Bulgaria, Dr. Dimitrov, Rumania, Prof. Dimitrescu
and Yugoslavia, Prof. B. Simeonov, a special analysis has been carried

out, which contains the following 1items :

- Applying a three-dimensional static analysis for equivalent static
seismic forces and their distribution according to the values determined
in each design individually, the static values comparable to those

determined 1n each design example have been obtained.

- Using the new static, values,obtained for each structural element,
each element of the structure has been proportioned applying Code
provisions and design experience from the country representing the

design example.

- For each structural element, proportioned with the new static values,
the ultimate static values M and M" have beed obtained and the
force~displacement relationship has been determined for each element
separately, and then the story resultant force-displacement rela-
tionship has been determined considering built-in material

characteristics for concrete and reinforcement.

- Dynamic analyses have been carried out for the required ductility
values of 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 for two
time histories of the seismic effect recorded during the earthquakes
in Rumania (1977) and Yugoslavia (1979).

In this way, 1t 1s possible to evaluate the safety criteria applied
1n the 1ndividual design examples and to draw conclusions regarding the
methodology of the analysis as well as the vulnerability and reliabiality
level of the structures designed in compliance with the current national

codes, standards and engineering design practice.

It should be noted that the conclusions and the results cannot be
generalized. They are restricted by the type of the considered structures

and the basic assumptions made in the applied analysas.
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2. ANALYSIS OF THE BULCARIAN DESIGN EXAMPLE
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1. Structural System

The selected building, which 1s analyzed as a representative design
example, has 19 floors (garages, a ground floor, 16 stories and an attic).

It 1s assumed to be i1n a zone of VIII MSK degree seismic 1ntensity.

The structural system consists of structural R.C. walls in both

orthogonal directions, and partially of R.C. moment resisting elements.
The built-in material 1s in compliance with the Bulgarian Code.

According to the simple method of analysis and by equivalent seismic
force distribution over the height of the building the shear base coefficient

of 2.756 percent 1s obtained for transverse direction.

2. Structural Analysis

Applying the TABS computer programme (three-dimensional analysis of
building systems) a more accurate correlative static analysis of a three-
dimensional mathematical model has been carried out. For modelling purposes,
the geometrical characteristics of the structure are taken from the plans
and the sections of the design, while the 1ndividual structural walls are
considered as frames inter-connected by structural beams. This 1s particularly

expressed in longitudinal direction.

The horizontal equivalent seismic forces, and their distribution over
the height of the model 1s taken according to the design example. Also,
as the design example, the building 1s considered to be fixed at the

foundation level.

The results obtained by analysis of the wall SW6 show that the new
seismic equivalent force moments are more than 37 percent lower than those
of the design example. For the wall SWl, in x-x direction, the obtained
moments are several times lower than those of the design example (4.5 times).
This difference imposes that most of the walls and bearing moment-resisting
frames 1in the structural system are considered together, which significantly
modifies the distribution of the equivalent static forces in the base and

over the height of the structure.

3. Dynamic Response Analysis
3.1, Seirsmic parameters

The time histories of the following recorded earthquakes have been

selected :
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- Vrancea Earthquake, 7 March 1977, N-S component
- Montenegro Earthquake, Petrovac record, 15 April 1979, N-S component

The purpose of the analysis was to determine the seismic intensity which
induces 1n the structure the required ductility values of 1, 1.5, 2, 2.5,
3, 3.5, 4, 4.5 and 5.

3.2. Mathematical Modelling of Structure

For the static values determined using the more accurate static
dnalysis, described under Item 2, proportioning of all the structural

elements has been carried out applying Bulgarian Code and standards.

In Table 1 through 11 the reinforcement percentage and distribution
is presented for each structural element separately. Minimum percentage
of reinforcement and its distribution are determined based on the Code

and current design practice in Bulgaria.

Applying a special computer programme, the ultimate stress states
and deformability have been determined for each structural element proportioned

in this way for x-x and y-y direction, respectively.

The resultant story P-A bilinear positive diagrams, representing
story strength capacity and deformability of the mathematical model

of the structure, have been determined for x-x and y-y direction, respectively.

The global shear base coefficients up to the yield point have been

found out as follows :
in x-x direction : Qy « 4140 KN CB = 0.0337

1n y-y direction : Qy = 3162 KN ; CB = 0.0257

3.3. Dynamic Analysis Results

Using the VIBR 4 (IZIIS) computer programme, which provides qualitative
evaluation of the obtained results, dynamic analysis has been carried out
for the prepared input data on the structural model and the frequency

content of the recorded earthquakes.

The results obtained by the dynamic response analysis are shown 1n
Tables 12 and 13 and Figures 1 through 4. According to the results, it can be

seen that :
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- In transverse direction (y-y), for elastic behaviour of the structure,
1.e., ductility D = 1, the ground acceleration 1s 0.08 g for the
Bucharest record, N-S component of the Vrancea earthquake and 0.14 g
for the Petrovac record, N-S component of the Montenegro earthquake.

In x-xdirection, for ductility D=1, the ground acceleration 1s
0.03 g for the Bucharest record, N-S component of the Vrancea
earthquake and 0.07 g for the Petrovac record, N-S component of

the Montenegro earthquake.

- For a maximum ductility D= 5, the ground acceleration 1in y-y
direction 18 0.45 g for the Vrancea earthquake and 0.65 g for the
Petrovac record, N-S component of the Montenegro earthquake. In
longitudinal direction x-x the ground acceleration 1s 0.14 g for the
Vrancea earthquake and 0.29 g for the Petrovac record, N-S component

of the Montenegro earthquake.

- Considering the structural system and the built-in material, the
reasonable required ductility for design purposes should range
between 2 and 3. If a requited ductility D= 2.5 1s taken, the
ground acceleration 1in y-y direction 1s 0.21 g for the Vrancea
earthquake and 0.32 g for the Petrovac record, N-S component of the
Montenegro earthquake. In longitudinal direction x-x the ground
acceleration 1s 0.06 g, for the Vrancea earthquake and 0.17 g for

the Petrovac record, N-S component of the Montenegro earthquake.

General Conclusions

1. The structure has been designed to have a relatively low strength

capacity, with a shear base coefficient of only CB = 2.6%.

2. The stiffness of the structure in longitudinal and transverse

direction differs considerably over the height (20 - 250%).

3. The applied approximative method for static analysis gives high

force distribution factors from one to another structural element.

4, For a moderate ductility factor D = 2.5 the maximum displacements
at the top of the building are high and not allowed by most of
the national codes (Table 14).

5. The ground acceleration for a moderate ductility D = 2.5, shows that
the structural resistance in x-x direction 1s considerably lower
(3.5 times),Tables 12 and 13.
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Direction Petrovac Earthq. Vrancea Earthq.

X=X 0.168 0.064 g

y-y 0.318 g 0.211 g

6. For a moderate required ductility D % 2.5, the ultimate deformation
capacity 1s exhausted 1in some structural elements, thus the capacity
of the available ductility 1s Dcap < 2.5 (Fig. 5 and §).

Such a state creates conditions for heavy damage to structural

elements and/or local failure.

On the basis of the described conclusions 1t can be questioned whether
the building designed according to the current Code meets the required

safety criteria for both its orthogonal directions.
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Direction x—x Table 12
Earthquake Petrovac 1979, N-S Earthquake Vrancea 1977, N-S
D ([Floor| Apay, [Floor | a, {g) D [Floor Amax  |Floor [ 8, (g)
1.0 1] 1.245 18 0.074 |1.0 {18 1.303 18 0.030
1.5 1 1.524 18 0.091 1.5 118 2.014 18 0.042
2.0 1] 1.711 18 | 0.104 J2.0[18 | 2.712 |18 | 0.053
2.5} 1} 2.525 18 0.168 [2.5] 18 3.344 118 | 0.054
3.0 1| 2.457 17 0.191 |3.0] 18 4,046 |18 0.079
3.5y 1] 2.473 17 0.212 |3.5]18 4.647 |18 0.097
4.0/ 1] 2.463 17 0.235 |4.0| 1 4.938 |18 0.116
4.5 1| 2.534 17 0.261 4.5 1 5.065 | 18 0.126
5.0/ 1| 2.633 17 0.287 |5.0] 1 5.174 |18 0.135
Direction y—y Table 13
Earthquake Petrovac 1979, N-S Earthquake Vrancea 1977, N-S
D |Floor Bmax |Floor [ a, (g D |Floor Amax |Floor| a, (g
1.0 1t 1.523 17 0.139 1.0 18 2.371 |18 [ 0.0813
1.5 1 2.132 17 0.196 |1.517,18] 3.754 |18 |0.123
2.0 1 2.744 17 0.261 2.0 17,18) 4.912 |18 |0.161
2.5 1 3.154 17 0.318 2.5 17,18 6.083 18 {0.211
3.001 13362 |17 | 0.388 |3.003'"] 7.208 |18 |o0.277
3.5( 1 3.648 17 0.448 |3.5]1 7.84 17 | 0.316
4,001 3.879 17 0.505 [4.01 1 8.64 17 |1 0.369
4.511 4.058 17 0.975 |4.5]1 9.25 17 0.407
5.01 1 4,208 17 0.645 5.0 11 9.87 17 0.446
Maximum displacement at top of building for required ductility D = 2.5
Height of building H= 51.6m Table 14
Direction x—x {longitudinal} y—y (transverse}
Earthquake Petrovac N—S | Vrancea N-S |Petrovac N—-S| Vrancea N-S
Acceleration of g 0.168 0.064 0.32 0.211
Maximum deformation Aa. temf 9.02 9.375 20.66 29.639
Time of occurrence A,y (sec) 8.45 4.78 8.09 4.80
ZH_max relationship 571 549 249 174
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Earthquake Vrancea 1977, Direction x—x
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Earthquake Vrancea 1977,

Direction y—y
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Direction x—x
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ANALYSIS OF THE RUMANIAN DESIGN EXAMPLE
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1. Structural System

The considered building has 9 floors. Based on the Rumanian Code for
average soil conditions the shear base coefficient 13 determined to be 7.6
percent and 1t 1s equal 1n both orthogonal directions. The distribution of
the equivalent seismic forces 1s carried out to comply with the Rumanian
standards. The seismic forces and their distribution have been applied
also 1n our analysis, as well as the quality of the built-in materials

(reinforced concrete and reinforcement).

The structural system consists of structural R.C. walls, so that two

facade frames are formed 1n longitudinal direction.

2. Structural Analysis

Applying the TABS computer programme a more accurate static analysis
of a three-dimensional mathematical model has been carried out. For
modelling purposes, the geometrical characteristics are taken as in the
existing design example and 1n longitudinal direction the effect of

the two facade frames has been taken into consideration.

The horizontal equivalent seismic forces and their distribution
over the height of the building 1s taken according to the design example.
Also, as 1n the design example, the building 18 considered to be fixed

at the above basement level.

The results of the more accurate static analysis of the mathematical

model are given in Tables 15 through 20.

On the basis of the results from the analysis of the transverse direction
walls (DT1l, DT2 and DT3) 1t can be concluded that the equivalent seismic
force moments are 21 percent to 44 percent higher at the fixation with
respect to those of the design example. These differences over the height

of the building are rather smaller and they differ from wall to wall.

In longitudinal direction x-x, by correlative analysis the static
values are determined 1n both longitudinal walls DLl and the two peripheral
frames.

The global shear base coefficients were found to be :

1n x-x direction : Qy = 7469 KN ; CB = 0.27

in y-y direction : Qy = 4948 KN ; CB =0.18
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3. Dynamic Response Analysis
3.1. Seismic Parameters

Two time hastories of the following recorded earthquakes have been

applied :
- Vrancea Earthquake, 7 March 1977, N-S component
- Montenegro Earthquake, Petrovac Record, N-5 component

The analysis was to determine the seismic intensity which induces
in the structure the required ductilaty values of 1, 1.5, 2, 2.5, 3, 3.5,
4, 4.5 and 5.

3.2. Mathematical Modelling of Structure

Based on the obtained results according to Item 2, proportioning of
the structural elements in compliance with the Rimanian Code and the

current englneering and design practice has been carried out.

Presented in Tables 15 through 20 1s the percentage and distribution of
reinforcement of each element, separately, applying a minimum percentage of

reinforcement according to the Rumanian Code.

For these proportioned structural elements, applying a special computer
programme the ultimate stress states and deformations have been determined

for each element and each direction, respectively.

The resultant story P-A bilinear positive diagrams, representing
story strength capacity and deformability of the mathematical model
of the structure, have been determined for x-x and y-y direction,

respectively.

3.3. Dynamic Analysis Results

Using the VIBR 4 computer programme, which provides qualitative
evaluation of the obtained results, dynamic response analysis has been
carried out for the prepared input data on the structural model and

the frequency content of the recorded earthquakes.

The results obtained by the dynamic response analysis are presented
in Tables 21 and 22 and Figures 7 through 10. Based on the results it

can be seen that :
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In transverse direction (y-y), for elastic behaviour of the structure,
1.e., ductility D =1, the ground acceleration 1s 0.123 g for the
Bucharest record, N-S component of the Vrancea earthquake, and 0.152 g
for the Petrovac record, N-S component of the Montenegro earthquake.
In x-x direction for D =1 the ground acceleration 1s 0.149 g for

the Bucharest record, N-S component of the Vrancea earthquake and
0.067 g for the Petrovac record, N-S component of the Montenegro

earthquake.

For a maximum ductility D =5, the ground acceleration in y-y
direction 1s 0.379 g for the Vrancea earthquake and 0.797 g for
the Petrovac record, N-S component. In longitudinal direction x=-x
the ground acceleration is 0.427 g for the Vrancea earthquake and
0.401 g for the Petrovac record, N-S component of the Montenegro

earthqauke.

Considering the structural system and the built-in materials, the
required ductility for design purposes should range between 2 and 3.
If the required ductility D = 2.5 1s taken, the ground acceleration
for the Vrancea earthquake in y-y direction 1s 0.246 g, while for
the Petrovac record, N-S component 1t 1s 0.370 g. In x-x direction
the ground acceleration 1s 0.254 g for the Vrancea earthquake and
0.118 g for the Petrovac record, N-S component for the Montenegro

earthquake.

General Conclusions

The structure has been designed with sufficient strength capacaty.

. The stiffness of the structure in longitudinal and transverse

direction differs considerably ( by more than four times).

By application of an approximative method of static analysis, force re-

distribution over some structural elements 1s carried out.

For a moderate ductility factor D = 2.5 the maximum displacements

at the top of the building are high (Table 23).

For a moderate required ductility D = 2.5 (which corresponds to
the average design earthquake conditions), structural walls with
ductility capacity lower than 2.5 exist only 1in a small number of

higher floor structural elements (Fig. 11 and 12).
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Direction x—x

Table 21

Earthquake Petrovac 1979, N-S

Earthquake Vrancea 1977, N—S

D [Floor Amax a, (g) D |Floor Amax ag (9)
1.0] 9 0.381 9 0.067 |1.0) 9 0.355 9 0.149
1.5] 9 0.535 9 0.083 1.5 9 0.532 9 0.184
2.0 9 0.723 9 0.098 (2.0} 9 0.711 9 0.211
2.5 9 0.883 9 0.118 2.5} 9 0.874 9 0.254
3.0/9 |1.078 | 9| 0.174 [3.0| 1| 0.973 | 9 | 0.337
'3.50 9 | 1.249 91 0.231 |3.5| 1] 1.010 | 9 | 0.360
4,01 9 1.433 9 0.283 [4.0] 1 1.041 9 0.383
4,50 9 1.532 9 0.335 4.5 1 1.065 9 0.404
5.0 1 1.719 9 0.401 | 5.0 1 1.194 9 0.427

Direction y—y Table 22

Earthquake Petrovac 1979, N-S Earthquake Vrancea 1977, N-S

S— . R, . o - e -

D |Floor A a (g) D |Floor Smax a, (9)
1.0 8 1.591 8 0.152 1.0 (1,4, 1.479 8 0.123
1.5 8 2.477 8 0.218 (1.5 | 1 1.741 7 0.154
2.0 8 3.327 8 0.238 2.0 1 2.178 7 0.212
2.5 8 3.927 8 0.370 2.51 1 2.403 7 0.246
3.0 11 4.455 8 0.549 3.00 1 2.603 7 0.274
3.51 1 4.641 8 0.610 3.5 1 2.782 7 0.298
4.0 1 4.842 8 0.671 4.0] 1 2.992 7 0.326
4.5 1 5.070 8 0.740 4.5/ 1 | 3.408 7 ! 0.351
5.0 |1 ] 5.25 |8 [ 0797 |5.001 318 |7 |0.379

Maximum displacement at top of building for required ductility D = 2.5
Height of building H=24.75 m Table 23
Direction x—x {tongitudinal) y—vy (transverse)
Earthquake Petrovac N—S rVram:ea N-S {Petrovac N—-S{ Vrancea N-S

Acceleration of g 0.118 0.254 0.37 0.246
Maximum deformation Apa, (emk 2,905 3.165 16.58 14.27

Time of occurrence Apy,,, (sec) 8.58 4.74 8.06 4 .48

ZH—nTax relationship 85,’; o _-._78é . 149 173
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Earthquake Vrancea 1977, Direction x—x
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Earthquake Petrovac 1979, N=S, Direction x—x
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Earthquake Vrancea 1977, Direction y—y
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Direction x—x
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LEGEND :

PET NS for D = 2.6

®~ Vrancea NS for D =25
©- DL2—A — Duc. capacity
@-— DL2-B — Duc. capacity
DL1 —A — Duc. capacity
®- DL1-B — Duc. capacity

LEGEND :

@~ PET NS for D=25
®- Vrancea NS for D =25
©~DT2-A — Duc. capacity
@-DT3  — Duc. capacity
@) DT1 — Duc. capacity
- 0T2-B - Duc. capacity
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4. ANALYSIS OF THE YUGOSLAV DESIGN EXAMPLE
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1. Structural System

The design example represented by Yugoslavia 1s an eight-story

building constructed in a zone of high seismicity.

The structural system 1s a R.C. moment-resisting frame structure

with a small number of structural walls in the central part of the building.

The built-in material 1s in compliance with the Yugoslav Code.

2. Structural Analysis

Prof. B. Simeonov analyzed the building applying two methods : the
very simple Muto method and the more sophisticated static analysis by the
TABS computer programme. Presented on Page 16*and Figs. 4 and 5c*are the ana-
lyses of the obtained results with estimation of the differences observed in
the static values, which are rather high, and therefore a more accurate method

*
such as application of the TABS programme is recommended.( see design example)

A shear base coefficient of 0.10 has been accepted.

Tables 24 through 26 . show the results obtained by our additional
performed analysis, between the Muto and the TABS method, which was applied
to some structural elements, 1.e., column S1 of R6, colum S2 of R6 and
the structural wall in R6. The obtained results are in good correlation

with those obtained by Prof. B. Simeonov.
The global shear base coefficients were found to be :

1n x-x direction : Qy . 11029 KN ; CB = 0.25

in y-y direction : Qy=- 9004 KN CB= 0.206

3. Dynamic Response Analysis
3.1. Seismic Parameters

The design example, shown on pages 5 and 6 in Item 2.2.2, presents
the results obtained by the nonlinear dynamic analysis carried out by
Prof. B. Simeonov of the selected El Centro and Parkfield earthquakes
and for a ground acceleration of 0.23 g, which represents a design

earthquake for the site of the considered building.

As 1in the previous two examples, in our case, the following seismic

effects have been applied :
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- Vrancea Earthquake, 7 March 1977, N-S component
- Montenegro Earthquake, Petrovac record, 15 April 1979, N-S component

The purpose of thé analysis 1s to determine the 1ntensity level which

induces in the structure ductilities of 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5.

3.2. Mathematical Modelling of Structure

Considering the fact that in addition to the two simplified methods
the design example has been also analyzed by using the TABS computer
programme, the results from the latter more accurate analysis have been

applied 1n our example, as well,

Presented in Tables 24 through 26 are data on the reinforcement in

the two characteristic columns and the structural wall.

For these structural elements, proportioned by the special computer
programme, the ultimate stress states and deformations have been determined
for the structural elements of each floor, separately,and thus the P-A

bilinear positive diagrams have been obtained.

These diagrams represent the story strength capacity and deformability

of the mathematical model of the structure in x-x and y-y direction.

3.3. Dynamic Analysis Results

Applying the same VIBR 4 computer programme dynamic response analysis
has been carried out for the prepared input data. Tables 27 and 28 and
Figures 13 through 16 show the results obtained by the dynamic response

analysis. Based on the results 1t can be concluded that :

- In x-x direction, for elastic behaviour of the structure, 1.e.,
D =1.0, the ground acceleration 1s 0.067 g for the Vrancea earthquake
and 0.039 g for the Petrovac record, N-S component of the Montenegro
earthquake. In y-y direction, for D = 1.0, the ground acceleration
1s 0.076 g for the Vrancea earthquake and 0.139 g for the Petrovac

record, N-S component of the Montenegro earthquake.

- For the maximum ductility of D = 5, the ground acceleration in x-x
direction 1s 0.312 g for the Vrancea earthquake and 0.275 g for the
Petrovac record, N-S component of the Montenegro earthquake.

In y-y direction the ground acceleration 1s 0.395 g for the Vrancea
earthquake and 0.762 g for the Petrovac record, N-S component of

the Montenegro earthquake.
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- Considering the applied structural system and the built-in material
the required ductility for design purposes should range between
2.5 and 3.5, depending upon the inter-story drift, which according

to the Yugoslav Code 1s :

h
- For elastic behaviour D =1 A1 < 21
350
h1
- for nonlinear behaviour (level I) A < ——
17150

(h1 - story height A1 - 1nterstory drift)

If the required ductility 1s taken to be D =3, the ground acceleration
for the Vrancea earthquake in x-x direction 1s 0.17 g and for the Petrovac
record, N-S component 1t 1s 0.131 g. In y-y direction, for ductilaty

D =3 the ground acceleration is 0.249 g for the Vrancea earthquake

and 0.305 g for the Petrovac record, N-S component of the Montenegro

earthquake.

General Conclusions
1. The structure has been designed with sufficient strength capacity.

2. The stiffness of the structure differs in longitudinal and transverse
direction due to the structural walls in x-x direction,therefore,

the difference 1n stiffness 1s around 1.3 to 3.0 times.

3. If an approximative method of static analysis 1s applied (Muto's
method), force redistribution over the structural elements should

be carried out.

4. For a moderate required ductility factor D =3, the maximum
displacement at the top of the building 1s within the allowable
ones (Table 29).

5. For a moderate required ductility D = 3,0, (which corresponds to
the average design earthquake conditions) the structural elements

have the required ductility capacity (Dcap > 3.0). (Figs. 17 and 18).

It 1s also possible to analyze the obtained results with respect to the
site seismicity and to consider the level of vulnerability and reliability

of the structure as well as the applied design Code.
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Direction x—x Table 27
Earthquake Petrovac 1979, N—S Earthquake Vrancea 1977, N-S
D (Floor; Apay |[Floor | ag (g) D [Floor Amax  |Floor | ag g
1.0 5 0.380 5 0.039 |1t1.0]5 0.371 51 0.067
1.5 5 0.553 5 0.053 1.515 0.548 5 10.087
2.0 5 0.756 5 0.070 2.01 5 0.742 51 0.108
2.5 5 0.916 5 0.096 2.5]1 5 0.919 51 0.130
3.0l 5 1.100 5 0.131 3.0{5 1.100 51 0.170
3.5/ 5 1.291 5 0.168 3.5/ 5 1.283 5] 0.21
4.00 5 1.463 5 0.200 4.0 5 1.504 5| 0.254
4.5 5 1.665 5 0.240 4.5/ 5 1.671 5| 0.281
5.00 5 | 1.835 |5 | 0.275 | 5.0/ 5 | 1.859 5 0.312
Direction y—y Table 28
Earthquake Petrovac 1979, N-S Earthquake Vrancea 1677, N-S
D |Floor Amax  |Floor a, (g) D |[Ftoor Smax | Floor a, (g}
1.013,5| 0.792 5 | 0.139 113 0.676 5 | 0.0763
1.5 5 1.107 5 0.168 1.513,5] 1.093 5 1 0.105
2.0{ 5 1.498 5 0.196 2.0(3,5( 1.510 5 (0.175
2.5| 5 1.852 5 0.231 2.5|3 1.774 3 ]0.219
3.0{ 5 2.178 5 0.305 3.013 2.034 3 |0.249
3.5|3,5( 2.583 5 0.501 3.513 2.452 3 |0.295
4,0} 3 2.807 3 0.597 403 2.787 5 10.330
4505 3.247 5 0.697 4.513 3.226 6 | 0.365
5.0(5 3.629 5 0.762 5.015 3.612 5 10.39
Maximum displacement at top of building for required ductility D =3.0
Height of building H= 23.12 m Table 29
Direction x—x {longitudinal) y—y ({transverse)
Earthquake Petrovac N—S | Vrancea NS |Petrovac N—S| Vrancea N-S
Acceleration of g 0.131 0.17 0.305 0.249
Maximum deformation Ap,, (em{  4.514 "1 4,70 9.69 9.03
Time of occurrence A, (sec) 7.98 5.08 8.04 3.9
H . .
Aorax relationship 513 492 239 256
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Earthquake Vrancea 1977, Direction x—x
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Earthquake Vrancea 1977, Direction y—y
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8 Earthquake Petrovac 1979, N—S, Direction y—y
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