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CHAPTER 1

INTRODUCTION

1.1 - General :

Over the years, earthquakes have been the cause of great disasters in the form
of destruction of property, and loss of human lives. It is thercfore essential to give

special considerations to the design of structures in seismically active regioris.

. 2
Research in the ficld of earthquake engineering is of recent origin, and the devel-

opment of basic information is not yet complete. As the research progresses, more
knowledge of the complex phenomenon of earthquake occurrence and its effects on
building structures will be acquired. In the current design practice for aseismic design

of structures, the following three methods of analysis are used : 3
i) Equivalent lateral, load analysis, #
ii) Modal analysis, and

ii1) Time history analysis.

The first two methods are the most commonly used methods of analysis. The
third method requires a suitable software and expertise and can be very costly. It is
generally adequate Lo use the equivalent lateral load procedure for ordinary, symmet-
ric buildings. This procedure requires only a static load analysis and is commonly

used in North America.

In the present study, it is of interest to compare the seismic analysis (Equivalent

Lateral Load Method) and design provisions of two building codes used in Canada
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and the United States. Many aspects of the Canadian Code requirements are similar
to those of the U.S. Codes.' However, the nature of code provisipn&;for the design
of buildings are such that their éffects on the final design can vary iﬁmensely. For
example, even though the development of the design base shear formula by the Cana-
dian and the U.S. codes are similar, the two codes give rise to different design base
shears. Thus the design seismic base shear can be significantly lower for a building
on the Canadidq side of the border than for a cgmparable building subjected to a
presumably geinparable seismic risk on the U.S. ejide of the border. Other differences

also exist between the two.codes, in terms of design and detailing requirements.

1.2 - Objective :

The primary objective of this study is to investiga.tg the differences in the final
designs of structural members designed by i) the Canadian Code and ii) the U.S. Code.
The objective also includes dynamic inelastic response analysis of the structures
designed using building codes to assess their performance dufjng an actual earthquake .

Y

™

1.3 - Scope :

The following gives the scope of this investigation :

\ .
\

Selection of a frame and a shear wall structure for analysis and design.

Determination of the equivalent static loads using the Canadian and the U.S.

building codes.

Static analy$is of the selected structures using the equivalent static loads and the

- gravity loads.

g SN

Proportioning and detailing of the selected structural members using the seismic

provisions of the Canadian and the U.S. building codes.
B #
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Modelling the structures for dynamic analysis and preparation of the necessary
input ‘data.

Dynamic inelastic analysis of stru;tures.

Comparison of final designs resulting from the two codes of practice.

Assessment of the performance of structures under dynamic earthquake forces.

Presentation and discussion of results.

&
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CHAPTER 2

BUILDING CODES CONSIDERED

2.1 - General :

As neighbors scparated by a common border the technology exchange between
Canada and the United States has for the greater part been quite good. Despite this
close associatioxﬁ, there exist significant differences in the building codes of the t\'.\ro

countries. s

The Canadian codes under consideration are the National Building Code of
Canada 1985 (NBCC-1985) and the code for Design of Concrete Structures, (CAN3J-
A23.3-M84). i

The U.S. codes of interest are the Uniform Building Code, 1982 edition (UBC
1982) and the Building Code Requirements for Reinforced Concrete (ACI-318.83).

2.2 - Background on Building Code Development:

1} NBCC : The building code which lias been the forerunner of most seismic codes
now in use in the world is that developed by the Structural Engineers Association
of California, commonly known as the SEAOC code. The evolution of the current
seismic provisions of the National Building Code (NBCC) and the various forms of
Canadian seismic cddes in use for nearly four decades have been very well summarized

'S

by Uzumeri [1].

In the first 1941 edition of NBC of Canada, the seismic provisions appeared in an

appendix and were based on concepts presented in the 1937 UBC. The lateral

\

\
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earthquake force was assumed to act at the centre of gravity of the structure and

to have magnitude given by the product of the building ;veight (which was taken

as the dead load plus the live load) and a seismic base shear coefficient.

For a building located in a region where destructive earthquakes were probable,
the value of the base shear coefficient varied from 0.02 to 0.05, depending on the
bearing capacity of the soil. The first edition of the UBC in 1927 suggested a lateral

base shear coefficient of 0.10 for buildings in high seismic risk areas.

The 1953 NBCC seismic requirements inclﬁded two significant new features: A
Canadian seismic zoning map and recognition of the inﬂuence of building ﬂéxibility
" in reducing the seismic force. A method was provided to calculate the horizo‘ntal
‘force at any level which decreased with the number of stories above the storey ﬁndér

consideration.

The 1965 NBCC seismic requirements were influenced by the 1959 SEAQOC code
which represented the statefof the art in earthquake engineering at that time in the

U.S. This edition of NBCC provided a base shear formula:

V = RCIFSW (2-1)

Where R =seismic regionalization factor; C = type of construction factor; I =
importance factor; F = foundation factor; § = strucéural ductility factor and W =
total weight. With the introduction of the above C factor, the NBCC recognized
the influence of structural ductility on seismic response. The importance factor I
and the foundation factor F were not in the existing UBC (1964) nor in the SEAOC

code. : ot

=

The 1965 NBC of Canada required the total lateral seismic force V to be dis-
tributed over the neight of the building so that the force at any storey wa‘; propor-
tional to the héight of that storey and the weight of the floor. The 1965 NBCC
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also required seismic torsional moments in the horizontal plane of the-building to

‘be computed. The U.S. codes of that time did not include such explicitbtorsion

- -

requirements.

The 1970 NBCC ‘included the revised Canadian zoning map. It was based on
the peak horizontal acceleration amplitudes that had a.'proba.bility. of exceedenf:e of
0.01 in:)ne yéa.r (A100). The zoning in the U.S. codes was based on the subjective
Modified Mercali Intensity Scale of 1931. The minimum lateral seismic force was

specified by the 1970 NBCC as: @

V =1/4 RKCIFW (2-2)

Where R, I, F and W remain same as in the 1965 NBCC, K = type of constguc-
tion factor, C = structural flexibility factor which was made a direct function of
the period of the structure. Approximate and empirical expressions were provided

to evaluate the period of a structure.

In the 1975 NBCC, thé minimum design lateral seismic force V is specified as:

V = ASKIFW . (2-3)

Where I, F\a.nd W remain essentially unchanged from the 1965 NBCC; whereas
A= aséigned '%orizonta.l design grqund acceleration; S = seismic response factor
“which was made a direct function of the period of structure; and K = numerical
coefficient reﬂecti.ng t\he influence of the type of construction on damping, ductility
a.rid/or energy-absorption capacity of the structure. It is important to note that
the assigned horizontal base shear did not change at all. In fact, thevfactor S was
derived so that the 1975 NBCC base shear would be 80 percent of the 1970 NBCC
base shear. (The 20 percent reduction was partly to counteract the effect of the

>

ey



increase in the overtﬁrning moment reduction factor). Thus the seismic design
force is rela.ted to the traditional Ievels of seismic de51gn force rather than that

produced by the 100-year earthquake.

The 1977 NBCC had essentially the same seismic loading provisions as the 1975

¥ , ,
edition. One major change was made: that was to restrict the dynamically deter-
mined seismic base shear to not less than 90 percent of the base shear determined

by the equivalent static load procedure. T

The 1980 NBCC edition, contains no major new devi\lopments, but there are
a few specific changes. The most significant change related to the calcutation of
design base shear is that the seismic response factor 8 is being modified to contain

VT in the denominator rather than TV/3. This change is being made to provide clea.r

agreement with other methods of predicting the seismic response of a structure

Y
In the current edition, namely NBCC 1985, a new factor (v) called zonal velocity

ratio is introduced to take into account the faqt that the behaviour of the structure

may be affected in the intermediate period range.™

ii) UBC : The first edition of the Uniform Building Code was published in 1927 U
and contained in the appendix a cha.pt.er' on earthquake provisions, planned for

optional use.

In 1928, the California State Chamber of Commerce recognized the need for a
ﬁ .

building code whic¢h would afford protection against earthquake damage through

1
the inclusion of a section on seismic design.

The first mendatory seismic code used to any extent in the United States was
R '

published in 1933 following the March 10, 1933, Long Beach (Southern California)

earthquake.
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The second law, the Riley Act which became effective May 26, 1933, made

provision for design and construction to resist seismic or wind forces.

In Los Angeles in 1943 it was recognized that more flexible buildings would be

subjected to smaller earthquak‘e loads. The formula used was:

A

g F=CcwW ' (2-4)

Where F represented the design force at any level, W was the structure dead
weight plus 25 percent of snow load, and C the horizontal force factor, which varied
depending on both seismic risk zone and the number of stories above the section of

~

the structure under consideration.

In 1957,Wthe seismology Committee of the Structural Engineers Association of
California, undertook to dévelop a uniform seismic code which would resolve the
important differences in the several codes used in seismic areas of the United States

and particularly in California.

The UBC provisions were intended to be logically based with explicit consider~
ation given to factors that are generally implicit in present code design provisions.
A number of new concepts which are significant departures from existing seismic

codes are included. These are:

- More realistic seismic ground motion intensities.

—

- Consideration of the effects of distant earthquakes on long period buildings.

- Response modification coefficients (reduction factors) which are based on con-
~ sideration of the inherent capacity for energy absorption, damping associated
with inelastic response, and observed past ﬁxerforma.r}ce of various types of fram-

ing systems.
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* - Complexity of analysis and design dependent on importance or use factor, as-

[ - . .
signed building seismic performance category and seismic motion intensity.

- Simplified seismic response coefficient formulas related to fundamental period

of the building but with certain restrictions.
- Material de.sign stresses approaching yield.

Basically, the UBC code development was similar to the NBCC.

2.3 - Seismic Design Requirements c;f NBCC-85 : .

The N.B.C.C.[4] refers the designer to the code for the design of concrete struc-
tures for buildings CAN3-A23.3-M84 |2].. Design conforming to the requirements
.of this code will conform to the reinforced concretre requirements of N.B.C.C. For

the special provisions of seismic desigﬁ' the N.B.C.C. refers, to chapter 21 of CAN3-

A23.3-M84. o
# o
2.4 - Seismic Design Requirements of UBC-82 : 4

The design of reinforced concrete requirements of U.B.C.[5], are met by ACI-
318.83 [3] in a manner similar to N.B.C.C and CAN3—A§8;3~M84. The special
" seismic provisions of ACI-318.83 are included in appen‘dEc/A.

&

2.6 - Reinforced Concrete Design Based on CAN3- A23.3-M84 :
G

Design of members for reinforced concrete buildings in Canada is performed us'-
ing the code for the Design of Concrete structures for Buildings, Canadian Standars
Association CAN3-A23.3-M84 [2]. Clause 21 of this code provides special provisions
for seismic design. The following sections provide a brief discussion of tﬁe relevant

portions of CAN37A23.3-M84.
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2.5.1 - Flexural Members of Ductile Frames :

In flexural members, the longitudinal reinforcement is provided such that the
maximum reinforcement ratio, g, does not exceed 0.025. The lower limit on the

reinforcement ratio is 1.4/ f,, where f, is the specified yield strength of steel.

The minimum positive moment capacity of flexural members at column connec-
tions is set at 50 percent of the negative mc;ment capacity. The negative moment
reinforcement calculated for the design hegative moment along the girder and the
‘positive moment reinforcement at the column connection are required to be contin-

1

uous throughout the girder.

The web reir;forcement is provided to develop the shears resulting from design
gravity loads on the member and from the moment capacities of plastic hinges at the
ends of the member produced by lateral displacement. The minimum size stirrup
is number 10 {11.3mm diame‘i’:er). The required area of shear reinforcement is given

by the following formula (clause 11.3.6.1 of ref.2):

VaS

A= ¢s fyd '- : (2-3)
with a minimum areé. in square millimeters of:
A, = 0.35225 BN . (2-6)
y
when V, is greater than 0.5V, g,

Where:

o~
-

Vs= Factored shear resistance provided by shear reinforcement , newtons.

by= Web width, mm.



e
S= Spacing of stirrups, mm, not exceeding d/2.
fy= specified yield strength of reinforcement, MPa.,

For the design of flexural members, if the simplified method of clause 11.3 is
used, the shear resistance provided by concrete (V.) shall be assumed as zero for
members conforming to clause 21.3 described as Ductile Frame Members subjected

to flexure. .

In regions of potential inelastic action, No.10 hoops or larger are required to be
provided over lengths equal to twice the member depfh. The spacing of hoops shall
not exceed d/4 or 300mm (clause 21.9.2.1.2). Elsewhere in the beams, stirrups are

. -required to be spaced at not more than d/2.

2.5.2- Ductile Frame Columns Subjected to Axial Lbagis and Bending :

The major seismic provisions for columns are found in cﬁapter 21 of the code.
These provisions deal mainly with the extra confinement reinforcement required for

seismic resisting columns.

The design of columns, required to Tesist seismic loadings, is divided into two
sections in CAN3-A23.3-M84. The governing criteria for design involves the value

of the axial load: ‘Columns shall be designed and detailed as flexural members when:

P. <0.14,f | (2-7)
—~ N Fes 014, \

Where:

P.= Maximum design axial load on a column during an earthquake.

‘ o
Ag= Gross area of section.
: 1

fi= Compressive strength of concrete.
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The concrete core of a column shall be confined by special transverse reinforce-

ment when:

Pg > O.IAgf:: , (2_8)

-

The length along the column that this special reinforcement is requi'red is de-
pendent on the s'trength of the columns and beams. The code states that at any
beam-column connection the sum of the moment strengths of the columns at the
design axial load shall be greater than the sum of the mom:nt strength of the beams

along each principle plane. L. ' -

If this requirément is met this special reinforcement shall be placed according
’ >

to the maximum of:

i) h, the overall thickness of column;
ii) 1/6 the clear span of the column;
ifi) 450mm .

Should the moment strengths of the beams be larger than the column strengths,

then the special transverse reinforcement shall be provided over the full length of

the column.

The area of the required special lateral reinforcement hoop is calculated by:

Shef' s A, '
Agp =03 —= —=~1 {2~9)
oh . 'fyh (Ach' )
but not less than
' Sh !
A8h=0.12( ff‘) (2-10)
y

Where: )

Ay = gross area of section, mm?*;

L
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T . .
A, = cross sectional area of the core of a column, mm?;

f! = compressive strength of concrete, MPa.;.

fyn = yield strength of transverse reinforcement, MPa;
r ’
h. = cross sectional dimension of column core, mm;

S = spacing of transverse reinforcement, mm.
i

The maximum spacing of hoops forming the lateral confinement shall not be

greater than 100 mm.

A second reciuifement of the transverse reinforcement of columns involves the
shear ca.pacit)} of the column. There are actually two column shears to check. The
second involves beam;column connections and will be discussed in the next section.
The first shear i'equirement, requires that transverse reinforcement in the column
shall be provided to ensure that the shear capacity of the column is'at least equal
to tl:e applied shears at the formation of the plastic hinges in the frame due to the
combination 'of lateral displa.cemen‘g and design gravity loads. The necessary areas
of shear reinforcement can be calculated in similar manner to those of flexural mem-
bers. However, the allowable ‘shear stress taken by concrete (Ve) can be calculated
using:

.

3Nf)bwd ’ (2-11)

Agfe

V, = 0.2A¢¢\/ fg(l -
Where:
Ag= gross area of concrete cross section, mm?;

by= web width, mm; , i

d= distance from the extreme compression fibre to the centroid of longitudinal

reinforcement, mm;

f!= compressive strength of concrete, MPa;

1 "'3()



S -
Ny= axial load normal to the cross sect_ig, N
;

.
¥

¢.= resistance factor for concrete; - >

A= factor to account for low density concrete.

2.5.3 - Beam Column Connections in Ductile Frames :
‘ . o :
The section of a column, in a ductile moment resisting frame, confined by the

beams requires additional shear reinforcement. The design shear shall be eiqual to
the maximum shear in the connection computed by taking into account the column

shear and.the shears developed from the yield forces of the beam reinforcement.

-

The shear resistance of the joint is computed by

-

V; = 1.8A$/TIA, A (2-12)

The above equation is for joints not externally confined. A joint is considered

to be externally confined, if members frame into all vertical faces of the joint and

if at least 3/4 of each face of the joint is covered by the fra.mihg member,
“ % :

2.5.4 - Shear Wallg :

The shear walls, like the moment resisting frame components are part of a
ductile system. The requirements for ductile shear walls are outlined in chapter 21
\ .

of CAN3-A23.3-M84. .

-
. The reinforcement requirem'é:;ts for shear V‘(alls include both distributed web
reinforcement and concentrated end reinforcement to form boundary elements. The
1;’rninin:mz:n aréa of horizontal and vertical steel is required to be 0.0025 times the cross
se\ctiona.l area of the wall. The vertical reinforcement shall be concentrated at each
end of the Wéll with a minimum reinforcement of 0.001b,1,,. For regions of plastic

hinge, the minimum area of concentrated reinforcement shall be 0.002by!.r at each

end of the wall. In any region the concentrated reinforcement shall not exceed 0.06.

@

N
{



The concentrated reinforcement shall be tied as a column in accordance with

Clause 7.6, and the ties shall be detailed as hoops.

The shear design of flexural walls is perhaps the best example of the ductility
requiremént. To estimate the design base shear, it is assumed that a plastic hinge
will form at the base of the wall. The shear at the base"when the wall develops a

plastic hinge will be: _
v o= MV (2-13)

Where: *

M= probable moment resistance of the wall;
M = factored moment at base;

V= factored shear at base.

The code provisions are set forth in such a manner, in order to prevent failure of
overdesigned (less ductile) walls. An overdesigned wall will attract larger moments
and shears, therefore the code requires that the less ductile wall be able to carry a

larger shear.

2.8 - Reinforced Concrete Design Based on ACI- 318.83 :

Design of structural members for buildings situated-in the U.S.A is based on the
ACI Building Code Requirements for Reinforced Concrete, ACI-318.83 [3]. Provi-
sions of Appendix A of ACI-318.83 should be followed to ensure ductile lateral load
resisting systems. It is observed that the clauses relevant to the present design cases

are different compared to those provided in the Canadian Code of practice [2].

2.6.1 - Flexural Members :
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Flexural members are limited to axial compressive force of O.IQAQ fi. The clear
span to effe?tiv% depth ratid should be 4 or more. Furthermore thc; width-to-width
ratio is required to be less than 0.3. The width of a flexural member is further
restricted to a minimum of 10 inches (.250 mm). The maximum width is restricted

to the width of the suporting member or three-quarters member depth, whichever

is smaller.

Longitudinal rejfiforcement is provided such that the reinforcement ratio, p, is
not less than 200/ fy nor is greater than 0.025 at any section. The minimum positive-
moment s;‘,rength at the face of the joint is set at one-half of the negative-moment
strength provided at that face of the joint. It is also prescribed that the negative
and positive momer;t strengths at any section along thé length of the component
shall not be less than one—fburth of the maximum moment.strength providedla.t the

. . N
face of either joint.

Design shear force is determined assuming that ultimate resisting moments of
opposite sign act at the joint faces and that the member is loaded with the tributary
gravity load along-its span. The ultimate resisting moments are calculated using the
properties of the member at the joint faces without strength factors and assuming
that the stress in the tensile reinforcement is equal to 1.25f,. .Special transverse
reinforcement is provided within.a distance equal to twice the effective depth, d,
from the end of the member on both sides of a section where flexural yielding may
occur. Hoops shall be m{as web reinforce{x_nent in these regions and the spacing

shall not exceed d/4. |

e

2.6.2 - Members Subjected to Bending\s'nd Axial Load :

Sormne geometric constraints are specified in the building code for members sub-

-jected to bending and axial load. Accordingly the shortest cross sectional dimension,



shall not be less than 12 inches (300 mm). The ratio of the shortest cross sectional

dimension to the orthogonal dimension shall not be less than 0.4.

.Calculation of longitudinal reinforc'ement is the same as that specified in CAN3-

A23.3-M84 [2]. It is also required that at. any joint and in the plane of the frame
considered, the moment about the center of joint correspr;nding to the flexural
strengths of columns (or column) s];z;.ll exceed that corresponding to the flexural
strengths of the beams framing into the joint. The columns framing into the affected
joint where the above condition is not satisfied, shall be provided with a special

lateral reinforcement. This reinforcement will be provided throughout the entire

sts\;rey height. \,/- \

The special lateral reinforcement consists of hoop steel. The minimum total

cross sectional area of rectangular hoop reinforcement shall not be less than that

given by the following equations:

_ Shcfi Ag . (2-14)
Agp = 0.3=72 ( T 1)
- B Shef} (2-15)

Where:

A,;, = total cross sectional area of hoop reinforcement, including supplemeﬁta.ry
cross-ties, having a spacing of S of maximum of 4 inches (10.16 cm) and crossing

N

a section with a core dimension of k. ,sq in.
Ay = gross area of section, sq in.

A, = cross sectional area of column measured out-to-out of transverse rein-

forcement, sq in.

[

f! = compressive strength of concrete, psi.
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fyn = specified yield strength of transveise reinforcement, psi.

h. = cross sectional dimension of column core measured center-to—cen{ger of

confining reinforcement, in.
S = spacing of transverse reinforcement, in.

When crossties are used, each end of a crosstie is required to engage a peripheral

longitudinal reinforcing bar.

Lateral reinforcement is provided so/that the shear strength of the member will

be adequa.t;kresist a design shear determined from the following two conditions:

(1) The static forces are applied to the member with the ultimate resisting moments

acting at the faces of the joints calculated without capacity reduction factors.

(2) The maximum axial compressive design force is applied to the column.

2.8.3 - Joints :

The lateral reinforcement required for the column, framing into the joint, is
required to be continuous throughout the joint. The shear stress in the joint, is

limited to 20+/f! psi and 15/ f! psi for confined and unconfined joints respectively.

A laterally confined joint is a joint which, in the direction under consideration,
has the opposite faces confined by members which are monolithic with the joint and

cover 75 percent of the width and depth of the joint.

The shear force in the joint is determined from a consideration of the sta.tig forces
in combination with the ultimate resisting moments of the flexural members at the
faces of the joint. The ultimate moments of the flexural members are ca.lcul:.ted
without the strength reduction factor and with the assumption that the stress in

the tensile reinforcement is equal to 1.25f,. The shear stress is determined on the

basis of the effective section bd, for rectangular sections.



2.8.4 - Shear W:ills :

‘The criteria for shear wall design in ACI-318.83 is somewhat analogous to that
' of column design in both ACL-318.83 and CAN3-A23.3-M84. The initial design
involves calculating the distributed steel. Bc;th vertical and horizontal steel shall
not be less than 0.0025 times the gross section of the wall. The concentrated

reinforcement requirements depend on the axial load capacity of the shear wall.

The ACI code states that boundary elements shall be providad at boundaries
and edges of structural walls for whichsthe maximum extreme-fiber stress, corre-
sponding to factored forces including earthquake effects, exceeds 0.2 fi. The result-
ing concentrated rei;lforcement shall be tied with transverse reinforcement specified

for columns,

The shear requirements for shear walls in ACIinvolves the calculation of nominal
" shear strength, V,,, which shall be assumed not to exceed the shear force calculated

by using Eq.(2.16).

Va =Acu(2\/f—é+ﬂnfy) (2_'16)
Where:

A., = net area of concrete section bounded by web thickness and length of

section in the direction of shear force considered, sq in.

pn = ratio of distributed shear-reinforcement on a plane perpendicular to plane

of Ay,

T

fl and fy as defined earlier.

2.7 - Compariscn of the Building Codes. :
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The provisions of the building codes discussed in this chapter are compared
in a tabular form in Table 2.1. The comparison is made between the analysis
procedures_oui:lined in the NBCC-85 and UBC}-82, as well as the design procedures
outlined in CAN3-A23.3-M84 and ACI—31$.83. ?rovisions relevant to the building
. types and structural components, f:onsidered in .this investigation are included in

the comparison.

The comparison of the final designs of structural members are presented in

chapter 6,
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TABLE 2.] GENERAL CODE COMPARISON

NBCC-85 and CAN3-A23.3-M84

UBC-82 and ACI-3]8.83

Analxsis;

Design Seismic Base Shear :

V=v.S.K.I.F.W

v-zonal velocity ratio
§=0.22/VT-Seismic Response
factor

I-importance factor
K-ductility factor
F-foundation factor
T=0.]N-fundamental period

v=2.I.K.C.5.W

Z-zonal coefficient
I-importance factor

K-horizontal force factor
c=1/15VT <0. ].2}

5>=1.0 CsS40.14
T=0.]N-fundamental period

W-weight of the structure W-weight of the structure
Vertical Distribution of Seismic Forces :

| Linear Linear

Design :

Girdexr Design

Geometric Constraints :

i) Length/Depth 2> 4.0
ii} wWidth/Depth> 0.3
iii) width 2250
<col. width
+3/4 beam depth

Maximum Factored Axial Comp.

Length/Depth>4.0
Width/Depthi> 0.3
Width > 10in. (254mm)
< col. width
+3/4 beam depth

i1)
iii)

Force :

Pn.-é_o.lAgf'c 3

Long. Reinforc@ment Ratio :

§ < 0.025

Pn< O.1A£'

§ > 200/f

Y (f 4, Psi)
$ < 0.025 y
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" TABLE 2.] GENERAL CODE COMPARISON (cont'd.)

NBCC-85 andCAN3-A23.3-M84

UBC-82 and ACI-318.83

Design for Shear:

i) Capacity Reduction Factor|

¢ = 0.85

@ = 0.85

ii) Design Shear Calculatio& based on

ultimate moments
without capacity reduction
factor & a steel stress of

.25f
1 Y

same as CSA-M84

iii) Portion of Shear Carried by Concrete

Vo=0; for ductile frame
members conforming to clause
21.3. :

Vo=0.2 NPVEL byd -for
shear and flexure.

' vc=o.2)\¢cWEZ‘(a-§gbw a-for
N.r\

axial tension.

' if axial compressive force >

Ve=0; if: '
Vseismic"”l/z-vd’esign
shear

and compressive design

force L 0.05F" cAg'

[}
0'10Aqfc
. T
Column.Design . . ¢
Geometric Constraints : .
i) Axial Compressive Force i) Axial Compressive
>0.]10A_f!

ii) Shortes® Simension»250mm

iii) Min.Thickness/Max. Thick.
>0.4.

¢ for Compressive Strength :

$=0.70

" Force >0. 10Agfé

ii)Shortest dimension
>12in. (305mm)

Min. Thick./Max. Thick.

>0.4. .

¢=0.50 if Design Compre-
ssive Force 0.10A fé

and special trans? fein
forcement is not provided

otherwise $=0.70
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TABLE 2.1} GENE%AL CODE COMPARISON (cont'd.)

NBCC-85 and CAN3—§23.3~M84

UBC-82 and ACI-3]18.83

Relative Flexural Strength

of Columns :

i} Z Col.Strength>ZBeam '
Strength at joint

ii} Otherwise, the member
shall satisfy clause 21.8.1,
and provided with transverse
reinforcement over its full
height,

Design of Shear Reinforcement :

Calculation of Design Shear
based on: Moments due to forma-
tion of plastic hinges without
capacity reduction factor.

i) Same as CAN3-A23.3-
' M84

ii) Otherwise, the mem-
ber shall be provided
with transverse reinfo-
rcement over their full
height.

'

.Same as CAN3-A23.3-M84

Portion of Shear carried by Concrete :

=0, if member is detailed
uglng Sec.2].3.

V.#0 (See Clause 21.7.3.1)

i

) ‘ .
Capacity Reduction Fctor :

¢=o.és

Ve =0, lf-Vse:Ls-'.mJ.c)l/2

de51gn shear
and compre551ve design

foreceX0, 05f' Ag

¢=0.85, if strength
overned by flexure;
=0.60, if strength
governed by shear.

Joint Design :

i) Design Shear based on
column shear and shear due

tc yielding in beam reinforce-—
ment without capacity reduction
factor and based on a steel str-
ess of 1.25fy '

ii) ¢=0.85

i)Same as CAN3-A23.3-MB4

ii) ¢=0.85

Yy
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TABLE 2.1 GENERAL CODE COMPARISON (cnot'd.)

NBCC~85 and CAN3-A23.3-M84

UBC-82 and ACI-318.83

iii) ‘special lateral reinforcement
of col. is continued up through
the joint,.

iiji)Same as CAN3-A23.3-M84

iv) Allowable Shear Stress

Lateral confined|Lat.uncon,’
normal weight :
aggregate concrete

Shear Wall Design :

Distributed Steel -

Vertical ; 0.0025 Ag

Horizontal.:0.0025 Ag

Maximum Reinforcement Spacing:

Plastic hinge regions:£300mm
Other regions: £ 450mm

Concentrated Reinforcement:

provide boundary elements at each

end of wall:

Agmin = 0.001byly

Agmin = 0.002byly (plastic hinge
region)

Concentrated Reinforcement Confinement:

] ]
20VELA, 15Vela,
light weight agg.
concre%g_ T
3/4(20 chj) 3/4(15 CA5
Vertical . 0.0025 Ag

Horizontal: 0.0025 Ag

spacing < 18in. (457mm)

provide boundary elements A
if: extreme fiber stress>
0.2f4; Design boungary
elements as columns.

Spacing:
i) plastic hinge regions: smallest
of:
i} 6 longitudinal bar diameter
ii) 24 tie diameter
1ii) 1/2 wall thickness
"iv) as required by Clause 21.5.7,
if applicable.
ii) Other regions as a column,

confinement as / a column.
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CHAPTER 3
\ : o

PROPERTIES OF STRUCTURES CONSIDERED

3.1 - General :

Two reinforced concrete buildings were considered for analysis and design. The
first building consisted of ductile moment resisting frames in transverse and longitu-
dinal directions and represented a flexible structure. Thessecond building consisted

of frames and shear walls and represented a relatively stiff structure.

r !
In selecting the structures, consideration was given to the effect of structural

configuration and the Eexibility of the lateral load resisting system.

The selection of these two types of structures permitted the comparison of
code provisions in terms of different structural components. Columns, beams and
beam-column joints selected from the moment resisting frame, and shear walls and
coupling beams selected from the frame—shear wall structure, were used in the com-

parison.

3.2 - Frame f)kﬁilding :

.The frame structure considered for the study is illustrated in Fig.3.1. It is a
20-storey office building with 6 bays in the east-west direction at 8.0m, and 3 bays
in the north-south direction at 8.0m. Column dimensions are tapered throughout
the height, whoreas beam dimensions are held constant. The floor to floor height
is 4.0m except {or the first storey where the height is incre;ased to 6.0m due to

architectural considerations. The structure is assumed to be fully fixed at the

p.
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ground level. The locations chosen for design purposes were: Vancouver, British
Columbia and Seattle, Washington. The properties of the members and materials

are listed in Table 3.1.

3.3 - Frame-Shear Wall building : ' )

The second structure selected for this study consists of a 20-storey reinforced

conctete office building. Fig.3.2 shows a typical floor plan and the bay dimensions.

It can be seen from the figure that the majority of the lateral loads are resisted by

the end and core shear walls. The frames between the shear walls carry the majority
of the gravity loads and help resist a small percentage of the lateral load. Member

and material properties used are given in Table 3.1.

3.4 - Design Loads :

~

The basic de;a.d and live loads prescribed by the NBCC 85 are similar to those

prescribed by the UBC 82. In this study the same dead and live loads as prescribed
by the two codes are used for the analysis of the structl}r’es. The interior transverse
frame (column line 4 in Fig.3.1) and the exterior transverse shear wall (column line
1 in Fig.3.2) were used for the s—tudy. The dead and live loads used are shown in
Table 3.2. In order for the effects-of the lateral loa.dbto be pronounced the structure
was designed for a high seismic risk zone. Vancouver, British Columbia was chosen
as the design location for the NBCC . .Vancouver is situated in Canada’s highest
seismic risk zone by the NBC standards. The comparabie location for the UBC was
chosen as ﬁpat{'.le, Washington. Although Seattle is not in the highest seismic zone
according to the American code, its location just across the border from Vancouver
does place it ix;. a category comparable to the NBCC risk zone of Vancouver. The

resulting zone classifications are; NBCC : zone 4, UBC : zone 3 .

=
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The computation of seismic design loads are given in Appendix A in detail .
- \ {
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& 6 Bays at 8.0 m = 48.0 m
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Figure 3.) Plan and Elevation of Frame Building
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Figure 3.2 Plan of Shear wall Building .
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TABLE3.]/~a) MEMBER PROPERTIES

FRAME STRUCTURE

Members * b (mm) ¥ h{mm}
Beams 500 750
Columns: -
—-ground to 6th flooxy 1000 1000
-7th to 13th floor 750 750
-14th to 20th %loor | 500 500
SHEAR WALL STRUCTURE

. * .
Members . b (mm}) h (mm)
Girders 350 500
Svandrels "300 500
Coupling Beams:
-]st to-6th floor 575 600
-7th toldth = 400 600
-15th to 20 = 300 600
Columns: \
-ground to 10th floor 350 \ 500
-10th"  to 20th = 250 400
Wwalls: S
-1st to 6th floor- 575
-7th to l4th = 400
-15th to 20th = 300

M
- Coe ‘
b)MATERIAL "PROPERTIES

Material . Strength Density E .

. (Mpa) (Kg/ﬁ) (Mpa)
Steel - 400** + 200000

* k%

Concrete 30 2400 + 27386

*Note Slabs are 200mm thick
** yield strength of steel
*** 28 day compressive strength
+ Assumed to be negligible
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TABLE 3,2 SPECIFIED DESIGN LOADS

LIVE LOADS : .
-Typical floor 2.4 KN/ﬁ

-Roof _ 1.0 KN/m"

-Snow Load 1.9 KN/nﬁ )

SUPERIMPOSED DEAD IL.OADS :

”

-Partitions - 0.65 KN/m2
-Ceilings 0.35 KN/maJ
~Roofing 0.35 KN/m’

* &

EARTHQUAKE AND WIND LOADS

As per NBCC-85[4] and UBC-82[5] for Vancouver\\

B. ¢. , and Seattle, Washington respectively.

* Dead loads due to structure weight 1is computed
using normal density concrete.

** For further details see Appendix A.



CHAPTER 4

ANALYSIS AND DESIGN

4.1 - General : . ‘

An#.ly'sis and design of structures were performed using the appropriate clauses
of the building codee:. Static analyses .of structures under lateral and gravity loads
were conaucted first. The analyses results were used to find design forces. Selected

, N
structural members and subassemblies were proportioned and detailed following the
seismic provisions Qf .the selected buildin-g. coag'\s. Dete;ils of these procedures are

presented"in this chapter.

+

4.2 - Static Load Analysis :

]
L

The static analyses of the structures were accomplished using computer pro-
gram FR4C [6]. This program analyzes plane frames consisting of prismatic one-
dimensional members. The stiffness method of frame analysis is used. The full set

“of joint equilibrium- equations are processed by a modified Gaussian elimination and
back substi\tution proc:.edurés. The necessary input data for this progra.m‘ are the
modulus of ‘elasticity E, area A, and moment of inertia I for gach member, as well

as structure geometry and loading.

 The frames in the north-south direction of the buildings were considered for
analysis. The static analysis was performed separately under lateral loads and

gravity loads.
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4.2.1 - Equivalent Lateral Load Analysis :

Three dimensional structures were idealized into two dimensional frames for
the purpose of analysis. This was accompished by lumping all identical frames,
into one frame. In the case of | the frame structure, all five of tllle interior frames
were combined to form one frame, and the exterior frames were combined to form

another frame. The member properties of the lu}nped structure were obtained

:

by multiplying individual member properties by the number of individual frames

lumped.

For the purpose &f lateral load analysis, the slabs were assumed to act as rigid
-diaphragms, distributing shear to the individua.-l frames in proportion to their stiff- .
nesses. The two lumped frames were c<;nnected together by means of ‘rigid links to
ensure equal horizontal displacement. The rigid links were connected to the frames
by hinges to be z:;ble to transmit the lateral loads and not the mo.ments. Figures

441 and 4.2 illustrate the lumped models used for lateral load analyses of the frame

and shear wall structures respectively .

Fach frame member was modelled as a line element. However, finite widths of
members were considered. Member properties within the clear span length were
assigned to the line elements. Member ends, integral with the adjoining members,

were assigned infinite stiffness. This is shown in figure 4.3.

The details of the relevant building code provisions are dispussed in sections 2.3

and 2.4,

The details of the lateral load calculations are given in Appendix A. A sufnmary
of the computed earthquake loads is provided in Table 4.1. The resulting shear force
envelopes, along the height of each structure, is shown in Figs. 4.4 and 4.5. Figures’

4.7 through 4.13 illustrate lateral load analysis results. The analysis result, for the



S
members considered for design, are tabulated in Table 4.2 and 4.3 for the frame

and shear wall structures respectively.

4.2.2 - Gravity Load Analysis :

The model used for the gravity load analyses is shown in figure 4.6. The model
simulates a typical floor frame. This was used for both the exterior and interior

A Y
frames, with appropriate loads and member properties.

The frames were analyzed using pattern loading. Unfactored dead and live loads

were used inx the analyses‘. Table 4.4 present the governing values of the analysis

results for an intermediate floor.

4.3 -~ Design Forces :

Th'e buildings describefi in chapter 3 were analyzed to arrive at member end
forces. Load factors and load combination factors employed by the two code pro-
cedures were different. The load combinations investigatedlfor the two code proce-
dures are given in Table 4.5. The coefficients associated with different load combi-
hatitljns and the load fac"tors are prescribed by the réspective codes. The unfactored
loads for dead load (D), live load (L), and earthquake load (E) are obtained from
Tables 4.2 through 4.4. Factored design quantities are shown in Tables 4.6 and 4.7

for the frame and shear wall structures respectively.

4.4 - Proportioning and Detailing Members : '

Typical members of the two structures considered in this investigation were
selected for proportioning and detailing. These members were selected from the
critical regions of the structures. First storey exterior and interior beams, columns

and beam-column joints of an interior frame of the frame structure were designed



—es
first. First storey shear walls and coupling beams of the shear wall structure were

designed next.

Preliminary member sizes used in the analyses were used in design. The amount
and detailing of Iolngitudinal and transverse reinforcements were determined using -
the~seismic provisions of two design codes. The building codes considered in design
were CAN3-A23.3-M84 a.'nld‘ ACI-318.83. Each structural compone.nt was designed
twice using the two buildiﬁg codes . Figures 4.14 throﬁgh 4.26 illustrate the final
designs and reinforcement detailings for each structural ¢omponent con.sidered. The
comparison of the final designs between those designed following the Canadian and

American practice is presented in Chapter 6.
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Figure 4.] FRAME BUILDING MODEL
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Figure 4.2 SHEAR WALL BUILDING MODEL
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R. C. FRAME BUILDING
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R. C. FRAME BUILDING (NON—=TAPERED COLU!;INS)
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R. C. SHEAR—WALL BUILDING
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R. C. SHEAR—-WALL BUILDING
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R. C. SHEAR—WALL BUILDING
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R. C. SHEAR—WALL BUILDING
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TABLE 4.] SUMMARY OF EQUIVALENT STATIC EARTHQUAKE LOADS

Floor Frame structure Shear wall Astructure
Level NBCC -85 | UBC-82 | NBCC -85 UBC -82
Roof 699.36 1296.86 841.6 1209.8
20 478.18 468.68 463.4 498.5
19 453.66 " 444.65 439.6 472.9
18 429.14 ) 420.61 415.8 447 .4
17 404.6] 396.58 392.1 421.9
16 380.09 372.54 368.3 396.2
15 355.57 348.5] 344.6 370.7
14 331.05 324.47 320.8 345,2
13 324.14 | 317.70 297.0 , 3f§.s
12 298.2] 292,28 273.3 294.0
11 272.28 266.87 249.5 268.5
10 246.35 241, 45 228.2 - 245.5
9 220.4] 216.04 204.2 219.6
8 . 194.48 190.62 180.1 193.8
7 168.55 165.20 156.1 168.0
6 153.92 150.86 .| 132.1 142.1
5 125.94 123.43 108.1 116.2
4 97.95 - 96.00 84.1 90.5
3 69.96 68.56 60.1 . 64.6
2 45.59 44.68 38.3 41.2
G 0.00 0.00 0.0 | 0.0
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TABLE 4.2 DESIGN LATERAL LOADS (FRAME STRUCTURE)

NBCC-85 & CAN3-AZ3.3-M84

UBC-82 & ACI-3]8.83

Beam AB Beam' BC ‘Beam AB Beam BC
moment at jointA .
& B(XN.m) +442 +434 tﬁSl +473
moment near, mid-
span (KN.m) +25 0 +26 o
moment at jointH
&8 C (KN.m) +432 +434 +4?0 +473
Col. AE Col. BF Col. AE Col. BF
. ! [ "
moment at A&B 19 167 1 167
(KN.m)
T
moment at E&F 1126 1203 1126 1203
(KN ,m) .
axial load 1766 117 1766 117
(KN)
shear (KN) 191 229 19] 229
—-
4.Dm C
I A B C D
l N
6.0m
| E F G H
JL"‘ mn. brisr A ™ T
8.0m _ 8.0m J? g8.0m
€ e
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TABLE 4.3 DESIGN LATERAL LOADS (SHEAR-WALL gTﬁUCTURE)

NBCC-85 & CAN3-A23.3-M84

UBC-82 & ACI-318.83

moment (KN.m) ~-18537 ~22929 -
+24445 +31547

shear (KN) 1231 1436

axial load 6561 8008

(KN)

P
+M
—_—mV

__fF_"

positive end actions
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TABLE . 4.4 DESTGN GRAVITY LOADS (FRAME STRUCTURE)

NBCC-85 & CAN3-A23.3-M84

UBC-82 & ACI-318.83

Beam AB Beam BC Beam AB Beam BC
dead load mom- " .
ent at A&B(KN.m)| -186 =224 -186 -224
at mid-span +116 +104 © +116 +104
at B&C -240 -224 ~240 -224
live load mom-
ent at ASB(KN.M)} -7] -85 , —71 -85
at mid-span +43 +41 +43 , +41
at B&C -86 ~-79 -86 -79
Col. AE Col. BF -Col.AE Col. BF
dead'load mom-—
ent at A&B(KN.m)| 119 6 119 6
at BE&F 63 2 63 2
live load mém-
P_ent at A&B 44 40 44 40
at E&F 23 20 23 20
" dead load (KN) 6235 10367 6235 10367
live load (KN) 627 1253 627 1253

DESIGN GRAVITY LOADS (SHEAR-WALL STRUCTURE)

NBCC-85 & CAN3-A23.3-M84

UBC-82 & ACI-3]8.83

dead load (KN) ,

live’l§hd\(KN),n

®p

P

1123.7
760.7

1123.7

760.7
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TABLE 4.5 LOAD COMBINATIONS

NBCC-1985 UBC-1982 ' 1
"1. 25D+1.5L 1.4D+1,7L,
1.25D0+1.58

0.75(1.40s1.7L+1.87E)
0.9D+1.43E

1.25D+0.7(1.5L+1.5E)
0.85D+1.5E .

D:Dead Load
L:T.ive Load

E:Earthquake Load

TABLE 4.6 FACTORED DESIGN LOADS (SHEAR~-WALL STRUCTURE)

~

: .
CAN3-A23.3-M84 &NBCC-85

Axial load|Moment |shear Axial load

{KN) (KN.m) | (KN) on boundary

element (KN)
1.25D+1.5L 2546 nominal |{nominal 1273
1.25D+0.7(1.5L+].5E) 9093 25667 1293 7755
0.85D+].5E 10797 36668 1847 9982
1.25D+].5E 11247 36668 1847 10207

A
ACI-318.83 & UBC-82
0.75(1.4D+].7L+1.87H) 13381 44248 2014 12221
~

1.4D+]1.7L 2866 nominal |[nominal 1433
0.9D+].43E 12462 45115 2054 11870
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TABLE 4.7 FACTORED DESIGN LOADS(F RAME STRUCTURE)

DESIGN MOMENTS (KN.m)

= NBCC-85 & CAN3-A23.3-M84

BeamAB BeamBC
jointA |jointB midspan jointB|jointC |midspan
1,25D+].5L 338.5 | 428 210 408 | 399 74
0.85D+].5E 505 852 136 841 | 84} 9
1.25D+].5E 895 948 182 93] é31 13 7
1.25D+0.7(1.5L+1.58) | 770.5 | g43 216 825 | 819 56
- ACI-318.83 & UBC-82 \\
| Beam AB Beam B}’.‘
jointA| jointy midspan| jointB join{:jc midspan
1.4D+1. 71, s 236 482 458|215 448
0.75(1.4D+].7L+1.87E)| 960 214 1031 {1007 |161 |1000
0.9D+].43E ) 855 142 888 878 94 878
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TABLE 4.7 FACTORED DESIGN LOADS (FRAME STRUCTURE)

RESIGN MOMENTS (KN.m)

NBCC-85 & CAN3-A23.3-M84

1.25D+].5L
0.85D+].5E
1.25D+].5E

].25D+0.7(].5L+];5E)

column AE

column BF

axial {moment (KN.m)| axial imoment (XN.m)
load (KN) : .load (KN}

8734 . 113 14838 33

7949 1742 v(8988 1806

10443 1767 13134 1807

10307 L285 . 14397 1287

1.4D+1.7L
0.75.(]1.4D+1.7L+].87E)

0.9D+].43E

ACI-318.83 & UBC-82

column AE

column BF

axial |[moment (KN.m) axial | moment (KN.m)
load (KN) load (KN)

9795 242 16644 76

9823 2233 12647 1715

8137 1666 9498 1722
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CHAPTER b

DYNAMIC INELASTIC RESPONSE ANALYSIS

" 5.1 - General :

The two structures selected for this investigation were analyzed under dynamic
loading. This provided an understanding of dynamic inelastic response of structures,

.

‘ %signed‘on the basis of current North American building codes.

A computer ﬁrogram was used to conduct nonlinear dynamic analyses:. The
structures were modeled for computer analysis. It was concluded that the 1940 El
_Centro, E-W record would produce critical or near critical response inr strun;_tures
with a fundamenta.l per:od of 2. 0 seconds or longer. The structures ;:onsidered

¥ in this 1nvest1ga.t10n are predlcted to fall u@der thls category upon yielding of the
critical members. Fprthe\rmore, the intensity of the earthquake record is increased
' ‘by 50 percent, to obtain an intensity comparable to thé high seismic risk zones of |

the building co.des.

The details of the analysis procedure, structural modelhng, and the results of

nonlinear dyna.rmc a.na.lyses are presented and discussed in this chapter.

-

P

5.2 - Analysis Procedure :

The dynamic inelastic ana]ysm was carried out usmg program DRAIN-2D de-
veloped at the umvermty of Callforma. at Berkely by A.E. Ka.naa.n a.nd G. H Powell
" in “1972 It was then modified by the Portland Cement Association, Illinois in.

s

1979. The program was later implemented Yo the university of Oétawa. AMDABL

4 . . . B -

)

1528 : . &
.
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computer. The program has the capabilities to analyze plane inelastic structires
under seismic excitation. The structural stifiness matrix is formulated by the di-
rett stiffness method, with nodal displacements as unkmowns. D)lmamic response is
determined using step-by-step integrafioﬂ by assuming a constant respon'se acceler-
ation during each time step. In the original program the moment-rotation. rules used
were proposed by Takeda and Sozen. This basic hysteresis loc;p for the decreasing
stiffness beam eiem;t is shown in Fig:s‘.l and v:ras developed for membérs under
constant level of axial force. The analytical model for hysteretic moment-rotation

reldtionship was later modified by Saatcioglu [11] to include moment-axial force

interaction. This model, shown in Fig.5.2, was used in the analyses.

Input for the program consists of Cectional ca.pacitiés, nodal inertia masses, ele-
ment stiffnesses, strain-hardening coefficients and ground accelerograms. Structure

geometry and the properties of the model representing the prbtotype structure, also
form part of the input data.

-

5.3 - Mt-::delling for Computer Analysis :
: | N
Proper modelling of a structure for computer analysis cannot be overemphasized

if reliable results are to be obtained. The structural members used in this inves-
tigation'are modelled by means of line elements. Each column and bea.m member
between joints is represented by a line element. It—\e)ﬁ{'emely important to specify
properties of these line elements properly so that both elastic and inelastic behavior
of individual members can be simulated accurately. While the load deformation re-

lationship for the elastic region is straightfdr.wa.rd, representation of hinging regions

of walls, columns and beams requires special attention.

p

_ | -
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DRAIN—ZD accounts for inelastic action by allowing the formation of plastic
hinges at the ends of line elements. Thus each elemfnt consists of an “elastic
beam” and two potential "point hinges” at each end £ shown in F ig.5.3. Stiffﬁesg
of elastic beam and point hinges should be épeciﬁed, such that total chord rotation

of a line element in the model is equal to chord rotation of the real member.
\ _

The program utilizes a plane frame idealization similar to that in the static
a.nalysus procedure. To reduce the computer time necessary to a.na.lyze the structure,
only one such frame was used for eax:h a.nalysus The model for the fra.me structure

consisted of one interior frame that was fixed at the base. E‘or the shear wall

structure, an exterior coupled wall was modelled.

+

Figﬁres 5.4 and 5.5 illustrate the models used in the computer analysis.

5.4 - Dynamic Analvsis of Frame strucfure :

An interior frame, in the short direction, was selected for dynamic -analysis.
The critical members of the frame, at the second floor level, had. been designed
twice using UBC-82 and NBCC-85 building codes. Both designs produced similar
- capacities with the same cross—secti-ona.l dimensions. Dead load tributary to each
interior frame was assigned to each node as structure mass. Table 5.1 provides a

summary of structural properties used in the analysis.

-

The frame was first analyzed under 1.5 times the 1940 El Centro Earthquake,
E-W record. Axial load couple created during response produced excessive com-

pressive force. High axial compression, combined with bending, created excessive
A}

compression in the extreme fibres of exterior columns, producing concrete crushing.

Once the failure surface, defined by an interaction diagraﬁf, was exceeded in the

analjtical model for thqg'hystretic force deformation relationship, a message was

printed by the program indicating crushing of column concrete.
. . -
g
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Next, the column capacity was increased to ensure elastic column response. The
analysis was carried out twice under the 1940 El Centro Earthquake, E-W record,

first with' the intensity as recorded and second with 1.5 times this record.

The analysis results are presented in the form of maximum response quantities

along the height of the structure. Figures 5.6.through 5.18 illustrate maximum

moments, shears, axial forces and rotational ductilities for various frame members.

5.5- Dynamic Analysis of shear Wall Structure:

An exterior coupled shear wa:ll was selected for dynamic analysis. The wall
and the coupling beams had been previously designed following the reqﬁirements
of UBC-82 and NBdGSS building codes. Therefore two sets of coupled walls were
analyzed using two different member capacities. Total mass at each floor level was
proportioned oh the basis of previous static analysis and the relative stiffnesses
of fra.més. Hence each exterior coupled wall was assigned 4.5% of the floor mass.
structural properties used in the‘a.na.lysis are shown in Table 5.2. It should be noted
that a strength and stiffness taper was introduced to both the walls and the beams

to reflect the actual construction practice.

The structure that was designed following the NBCC-85 code, was 'analyzed
under 1.5 times the El Centro, E-W record. The results indicated failure of shear
walls ﬁnder net axial tension cause& by strong coupling of the beams and relatively
weak capacity of the walls. The samé structure was analyzed under the same
ground motion with intensity reduced to the actual intensity of the record. Although
the response was somewhat improved, failure of walls under net axial tension was

indicated. No further analysis was conducted on this structure.

The structure that was designed to conform the UBC-82 code performed well

under the 1940 El Centro, E-W record. However, when the iﬁtensity of the input

)

/
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motion was increased by 50%, excessive coupling’t’and wall failure under net axial

tension was observed.

The same structure was further analyzed with increla.sed wall strengfh . In this
analysis, uniform wall strength was used throughout the height of the stfucture and
the wall capacity was increased by 50%. The structure was subjected to 1.5 times
the El Centro E-W record, and showed reasonably well response with high ductility

beam demands. The results of the analyses are shown in figu res 5.19 through 5.27.

’
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Figure 5.5 SHEAR WALL BUILDING MODEL
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MODRL FOR' COMPUTER ANALYSIS (DRAIN-2D)
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TABLE 5.]° MEMBER PROPERTIES FOR FRAME STRUCTURE

)

* NBCC-85 UBC-82
Column Stiffness ParametersSi -
- 3 2
EI{10 KN.m ) 114] 1141 .
3
GA(10 KN) 2331 2331
3
EA (10 KN) 13693, 13693
Beam Stiffness Parameters: ~
3 2
EI(10 KN.m ) 427.2 427.2
3 .
GA (10 KN) 833 833
3
EA (10 XN) 9243 9243
Column Yield Moment (KN.m):
at balanced point:
-at base 6003 6003
. —at ‘7th floor 4981 498]
~at 15th floor 4276 4276
at zero axial lcad:
-at base 3721 3721
-at 7th floor 2238 2238
-at ]5th floor 1522 1522
Column Axial Load Capacity:
' (KN)
at balanced point:
-at base 12009 12009
-at 7th floor 11618 11619
-at 15th floor 11501 1150]
/’_____‘“_/
at zero moment: .
-at base 12320 12320
-at 7th floor 7840 7840
-at ]5th floor 4480 4480
Beam Yield Moment : (KN.m) 4503 4603
Mass per Floor: at raof 37.61 37.61
{(Ka) at 7th floor 46.79 46.79
at base 49.23 49.23

2
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TABLE 5.2 MEMBER PROPERTIES FOR SHEAR WALL STRUCTURE

NBCC-85 UBC-82
Wall Stiffness Parameters: .
i 3
EI(10° KN.m?)-at base {38]970 381970
3
GA (10 KN) -at base 11193 11193
EA(10°KN) -at base 65743 65743
Stiffness Taperl 1.00 EI at base
(Step Variation) 0.70 at 7th floor
0.52 at ]15th floor
Beam Stiffness Parameters: ‘ '
3 g —at base 200.70 200.70
EI(]0 KN.m )-at 7th floor(]s].80 151.80
-at 15th £1. |122.]3 122.13
3 -at base 748.456 748.456
GA(l10” KN)-at 7th floor 520.665 520.665
-at ]15th f1. 390.499 390.499
3 -at base 6558.98 6558.98
EA(10"KN)-at 7th floor 5121.2] 5121.21
-at 15th f1. . 4299.,62 4299 .62
Wall Yield MomentsS: (KN.m)|
-at base 74932 74932
-at 7th floor 46006 46006
—-at 15th floor 31285 31285
Beam Yield Moments: (KN.m)
-at base ' _ 1290 1290
-at 7th floor J0]0 1010
-at 15th floor 825 . 825
Mass per floor: (Kg) .
—-at base 25].68 25].68
-at 7th floor 237.2]1 237.21
—at 15th floor 234.66 234,66
—-at roof 204.59 204.59
Note:

1 The same taper also applies to "GA" and "EA"
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CHAPTER 6 .

DISCUSSION AND COMPARISON OF RESULTS )

6.1 - General :

The results presented in chapter 4 show considerable differences in both the design
and analysis aspects of the two codes. The differences and similarities between the
final designs are discussed in this chapter. Emphasis is placed on the reasons leading

to the differences in final designs.

6.2 - Comparison of Analysis Procedures :

Each of the two building codes considered provides a formula {or base shear to be
used in the liquivalent Lateral Load Analysis Method. The differences in the final base
shear value are made up of contributions from different components of the base shear
formula. The distribution of seismic base shear along the height of the structure, load
combinations, consideration of simultaneous occurrence of seismic forces in orthogonal
directions, second order effects and many other aspects of analysis, when considered

in the text of the tivo codes, bear some differences as discussed below.

The first factor of the two base shear formulae relates to the severity of ground
motion. In general this factor represents peak ground acceleration ratios and ampli-
tudes. This basic definition loosely fits the two codes. In NBCC 1985 factor v, and

in UBC 1982 factor Z is used {or this purpose.
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The size of the base shear a'nd resultant lateral loads is also a function of the
building use. Both NBCC-85 and UBC-82 include an importance factor in their base .
shear equation. These two codes recogniz;.- the need for some structures to remain
“operative after the earthquake, such as those for pyblic servicés and hospital§. The

role of iI;upcﬁ:ta.nce fact;r (I) in NBCC-85 or UBC-82 is implicitly being performed
by detailing requireme{;ts for different 'Seismic Performance Categories’. Depending
upon the severity of s;ismic zone and the importance of the building, iks seismic
performance category is fixed. The importance factor assigned to the structures

considered in this investigation was 1.0 as the structures were not deemed to be #

post-disaster buildings.

The ductility and damping ability of a structure is of utmost importance in
deterr‘nining structural response to earthquake motion. With this irfﬁn%, it stands
to reason that a structure’s ductility should play a part in detefminig .the base shear
and lateral loads for which it is to be designed. This fact is recognized in the building
codes. Factor "K” in.the base shear equations of NBCC-85 and UBC-82 accouts for
the ductility and damping ability of a structure. The "K” factor also reflects the
redundancy of the load path in a structure. Redundancy in a structure is a desirable
characteristic. The resulting »X” factor for the frame structure considered were 0.7
. and 0.67 based on NBCC-85 and UBC-82 reépectively. The "K" factor for the
shear-wall structure wa.% 0.8 for both NBCC-85 and UBC-82. -

The seismic responsé factor "S”, and the numerical coefficient ”C” are the lit-
erals given by NTBC.C, and UBC respectively,‘to the next factor in the base shear
equations. The basic function of this factor is to reflect the dependence of seismic
a'cceleratioﬁ on th;e fundamental period of the structure. Both factors are a func-
tion of the period of the structure, ”T”., NBCC and UBC show the factor to be a

function of the squa.ré root of »T”. In order to obtain the value of the seismic

.
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response factor, »" must ﬁrst be e‘sti-mated.'For preliminary sizing, it is a:dvisable '
that the base shear and the value of T be conservative. Thus, the value T should be
smaller than the actual period-ll‘ of the structure. Given this, the equa.tion‘for the

.estimation of T given in the codes result in conservative estimates of the.building
period. The value of T is expressea as,a function of building height in the codes.
It should be remembered h_?wever, that these expressioms provide only an approxi-
mate T. It is recommended %ha.t, wherever possible, the fundamental period of the

building, T, should be determined based on the properties of the seismic resisting

system.

. 0

Foundation properties of a structure can have a sizeable effect on the tharac-
teristics and magnitude of ‘eartflquake'motions. Soils such as soft to medium-stiff
. cla.yé can actually amplify the motions in certain frequency ranges. This can result
in more intense shaking due the development of quasi resonance state between the
structure and soil [6]. In order to assess the possibility of poor soil conditions in-
creasing earthquake effects, each of the t;wo codes includes a foundation factor in

their base shear equation. The structures considered were assumed to be resting on

solid bedrock. Thus, the resulting foundation factor for the two codes was 1.0 sec.

- The factors listed above lead to different base shears when calculated using
different code‘procedures. For the structures chosen, the variation of base shear
coefficient with respect to i) the period of the building, and ii) the height of the

building are shown in figures 5.6, 5.23, and 5.24 for the two structures considered.

Since the early development of seismic codes in the 1920°s the base shear has
been a function of the buildings dead weight. Today other factors have been added,
some have been changed, but the base shear equations still incorporates W (building

weight). The value of W includes all the dead weight of the structure including
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partitions, ceiling and permanent equipment. This weight also includes a fraction

~ of the roof snow load where a.p.plicable: The resulting base shear values found for

NBCC are considerably smaller than the ones for UBC.”

Y

The final step in the equivalent lateral load proceduré of the two codes involves

the distribution of the base shear along the building height. NBCC and UBC adopt

i

a linear distribution with a Concentrated force (Ft) at the top of the building. This -
additional concentrated Jorce, used for slender buildings, accounts for a redistribu-
tion of load to the top storeys due to increasesl'in the top storey amplitudes. The
distribution of shears along the height of each selected structure are compared in
figures'5.7 and 5.25. The complete calculation, and use of the distribution equations

for NBCC and UBC are presented in Appendix A.
Jﬁ . . .
. -
6.3 - Derign Differences :

The ‘basic philosophy of seismic design is the same in both codes. Each code
requires the building to have ductility proportional to the reduction in the design
elastic seismic force acting on the building. The codes fecommend that the energy
dissipation during an earthquake should occur in the beams, leaving the gravity
load supporting columns mostly unaffected. Both codes require the joints to remain
rigid during an earthquake. In spite of, the degree of concern towards these design
objectives, the final designs obtained by the use of the two codes may be different.
Sometimes the provisions of a given code may result in a large base shear. But,

the same code may have varying (lower) load factors and load combination factors,

thus resulting in comparable design forces and final designs.

This section discusses the implications o the design proviéions of the two con-

crete design codes on the final design of structures previously mentioned.

p—



— 106 —

6.3.1 - Beams :

L]

-

In the calculation of design shear, the two codes recommend a steel stress of
1.25f,, basically because of the likelihood of strain hardening at hinge locations
as well as the possibility of having an actual jield stress in excess of the de-
sign yield stress. The go‘verning 10:;1‘d cases were found to be ]..5.5D+1.5E, and
0.75(1.4D-i;>fL+1.87E) for NBCC and UBC résﬁectively.

Calculation of the contribution of concrete to shear resistance is different in the
two codes. NBCC simplified method of shear design requires t‘he shear carried by
concrete to be zero. In the UBC, the shear carried by concrete should be taken as

zero only if the following two conditions are satisfied simultaneously:

i) seismic shear on the member is greater than half of the design shear on the

member, and
if) the axial compressive forLf’: on the member is less than 0.05f14,.

The code similarities also extend to the requirement of positive moment resis-
tance at column connections. This requirement proved to be the governing one in

the design of positive reinforcement of the beams.

The limitations on the geometry of the, cross section as set forth b;;CAN&
A23.3-M84 are comparable to those given in ACI-318.83, The lower limit of four on
length-to-depth ratio is set to avoid the stubby components wﬁose shear strength
is known *o deteriorate at a faster rate under oad reversals. The width-to-depth
is set to encourage compact crc_)ss-sections having a reasonably low risk of lateral
instability in non-linear range of response, The maximum width limitation is related

to the problem of efficient transfer of moment from girder to column.

The special confinement reinforcement is required over a distance of 2d from
hY

each support face in both codes. ,



- 107 -

T ' Becauseof the'si:_niia.rities in the ACI-318.83 and the CAN3-A23.3-M84 Building

| Codes, in te:rms of ﬁexm:al members, the final designs of beams do not show a

significant difference.” The final designs, as can be seen in Fig 4.11 through 4.17, .

call for approximately the same ﬂexuré and shear reinforcement. Total required- :
. - éteel, in kilograms is given in Table 6.1. The results indicate that the Canadian

W Code calls for approximately 4% nﬁore steel in beams as comparef! to those designed

N

by using the American Codex.

6.3.2 - Columns : ‘
As _for the other structural members, column desgin by ACI-318.83 basically
differs from that by CAN3-A23.3-M84 in its design for shear. Like for the beams,
the governing load cases for extefior columhs\wére found to be 1.25D+1.5E, andr
0.75(1.4D+1.7L+1.87E) for NBCC and UBC respecfive}y. For intezior columms the
\Z:\;erning load cases were found to be 1.25D+1.5L and liAD,—F-l‘.?"L for NBCC and

C respectively.

The design, phllosophy behind the column shear prov1s1ons of the’ two codes 1s "L _A
similar. The requirement of strong column weak beam is found in hoth cedPs Tbe :
-bams of the column design shears is determmed from a conmderatlon of the static
forces of the Jomts calculated without capacit'y reduction factors and the ma_ximurq\
axial compressive design force on ¢olumn. CAN3-A23.3-M84 has an additionai pro-’ _-
vision, regarding column confinement at the ground floor. Acc_ardinglry the _colur_n‘n'_ I_
at the base of tiie structure should be confined over its full height. As explained.
earlier in the design of girders, ACI-318.8'3 prescril;es that the shear carried by
concrete should be taken as zero under certain conditions. 7

: . . ) v
All of the different prbvisions stated above, produce diffgrez}t shear _désign by -

L L vV
different codes. In the present examples, columns designed by the two codes do not

B
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require any shear reinforcement. Only the minimum tie stﬁm provided. The in-
c;eased steel area by CAN3-A23.3-M84 for column confinement at base of structures
is justified by the fact that the perforn’fa,nce of structures in actual earthquakes and
results of non—hnea.r dynamic analyses indicate that these columns tend to undergo

e — consldera,ble mela.stlc deformations: - ST —
) - :

The specia.l detailing requirement of crosstie engaging the ;Eripheral longitudi-
nal reinforcing bar, isl similar in the two cod_es. This special reguirement enhances
the strength and ductility of the confined core of the column. The main fun_ction
of the lateral reinforcement is to provide!confinement for the concrete and lateral

support for the reinforcement. The amount of transverse ;einforcemept so required

- may also be used to resist shear. | |
Because of di'f-fe:cenc-es_ in the ACI-318.83 and the-CAN'S—A23..-3—M-S4 Building
Codes, ‘t}ie final designs of columns show certain "di'ffm:ences. ‘ff‘h_e final d.e:sl;gr..is,
* 28 ‘can be szen in Fig 4.18 through 4.21 call for ‘a.pp;w-cin:.tai;ely the same ﬂexure
.rumorcemenu, however shear relnfor(:ement is more thar h0% for C‘ANS A23 -M84
Total requxred -=teel in k:lograms is gwer in Tnble 6.1. The 1*e:.xu‘ts 1nd1ca.te tlnt the
Ca.padmn Code calls for{;pprommately 6% more steel in colurans as compared to

. those designed by using the American Code.

6.3.3 - Joints :

Underﬂgﬁa‘aon of an earthquake, the ,b&eolu‘mn connections are oné of the
desxgn engmeers greatest concerns. All'the two codes under consideration recogmzc
the need for proper transverse reinforcement for the bea.m-column joint. In addi-

tion to the column cqnﬁnement and sh_ee.r_steel, f1_1rther transverse reinforcement is
requifed'bj the two codes, in the a.fea ofl the be;.m column connection. The design

shear force is calculated in 2 manner similer to the regular column shear, by taking

/
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into account column shears and shear due to yield forces of the beam reinforcemen.t.
These design recommandations require that the transverse réinf'orcement provide
the difference between the joint shear and the shear ca.rrie& by concrete. As in
the case of beams, the two codes re.quire that all calculations require a steel yield
stress of 1.25f, and no capacity reduction fa;:tor. The two codes restrict the design
Joint shear stress to a maximum allowable joint shear stress given in Table 4.2, It
is further required 'to continue the confinement reinforcement of columng into the
framing joint. This reéuirement is based on the evaluatios of the existing data on
strength of joints subjected to moment reversals. These testsl inditééted that the
strength of the joint is relatively insensitive to the amount of transverse reinforce-
ment, provided there is 2 minimum amount of steel and the shear stress on the'joint

is limited to the prescribed values.

* .

Itis tfﬁe tiia.t without a beam on the exterior face there is less reinforcement to
produce yielding induced shear. However, because the beam reinforcement is. not
continuous, but rather it ends at the column, all of it must pass through the column
*and firmly anchored in the column confined region. With the intex:ior columns, code
provisions stated that fhe beam reinfdrcement’ could be spréad within specified
limits in the flange of the beams. This allowed s;orne‘ of the beam reinforcement to

pass around the column and reduce the design shear force.

The provisions of the two codes are similar in‘thei-r determination of the allow-
able concrete shear stress V.. The equations given by the codes are a function of-

the axial load.

The final designs are given in Fig 4.22 and 4.23. Total required steel in_kilo-
grams is given in Table 6.1. The results indicate that the Canadian Code calls for
approximately 9% more steel in joints as compared to those designed by using the

American Code.
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6.3.4 - Shear Walls :

The comparison of shear wall designs based on the two codes indicates, large
differences in reinforcement requircments. ACI—318.83' reduires an average ot: about
t\\;iée the réinforcement required by CAN3-A23.3-M84 wa.il design. Thi can be
seen in Table 61 The reasons behind these differences can be ﬁnderstoc;d by
examining the code provisions. In the CAN3-A.‘7.-'%.3-M8_4 requirements for coupled
shear walls, walls are required to be proportioned so that a significant amount
“of overturning moment is resisted by axial loads resulting from vertical shear in
the coupling members. The provisions of CAN3-A23.3-M84 recognizes the need

for both distributed and concentrated reinforcement that varies substantially from

ACI-318.83.
S

Concentrated reinforcement in CAN3-A23.3-M84 is based on providing ade-

quate reinforcement to resist all factored load effects including earthquake effects.

According to the ACI code, boundary elements are provided at boundaries of
structural walls for which the maximum extreme-fiber stress , corresponding to fac-
tored farces including earthquake effects, exceeds 0.2f!. A calcualted compressive
stress of 0.2f in a member is assumed to indicate that integrity of the entire struc-
ture i? dependent on the ability of that member to resist substantial compressive

forces under severe cyclic loading.

The governing load case for the design of ACI shear wall was found to be.
fe > 0.2f!. This resulted in the shear wall having boundary elements designed to
resist the total load effects. Adequate lateral reinforcement are required to provide

concrete confinement in the boundary elements. o~

The governing load case for CAN3-A23.3-M84 was 1.25D+1.5E while for ACI-
318.83 it was 6.0D+1.43E. The final consideration in the design of the shear wall

-
5
=
i

-
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main reinforcement is the size oi/fhe loads. Tab.A.2 in ApZéndix A shows a con-

siderable difference in the base shear values of the two co§1 . The high rigidity of

the shear walls attract the majority of this shear. This factor in itself can change

the reinforcement required by a given code.

The provisions for shear in CAN3-A23.3-M84 include possible excess shear due

to overdesign. One of the major concerns of most seilsmic codes is the ductility of

a structure. The more ductile a structure the greaterﬂthe possibility of dissipating

.earthquake induced energy. A shear wall that is overdesigned for moment resistance’

can attract more shear force than that for which it was designed. In such cases, *

additional shear capacity is needed to prevent premature shear failure.

The horizontal distributed steel of both codes was calculated as 0.0025A4,. This
/ - i

proved to be more than sufficient to resist the shear forces.

CAN3- A23 3-M84 code requires special confinement reinforcement for the con-
centrated steel for plastnc hinge region. ACI-318.83 requirements caljed only for

regularly spaced confinement steel similar to column design. : S

The shear wall coupling beams produced similar amount of steel reinforcement.
The final wall and coupling beam deéigns are shown in Figs 4.18 through 4.20. The
comparisons of the amount of reinforcement required by each code are given in

| Table 6.1. \
-0

s

6.4 - Structural Performance Under Dynamic Loading :

T .
The structures designed on the basis of the building codes used in this investi-

gation were analysed under a recorded motion. The details of the dynamic inelastic
analyses are provided in chapter 5. Performafﬁce of these structures as indicated by

the analysis results are discussed in this section.

-

-

—_
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6.4.1 - Frame Structure :

The initial analysis of the frame structure under the 1940 ElI Centro , E-W
record indicated excessive compression in the first storey columns. The moment

| and the axial force generated in-the first storey c-olumns showed. a capacity demand
t:,ha.t was more than the capacity required by the building codes. Therefore the first

analysis indicated crushing of columns under the given earthquake motion. -

In the subsequent analyses, the column capacity was increased t'o prevent c;ol—
umn failure. It was found that an fncrease of approximately 35% of the Canadian
Code requirement and 10% of the Amerig’an Code requirement produced elastic
column response. The results also indicated beam rotational ductility requirements

of up to 4.0.

\

-

Howgver, the E-W component of the 1940 El Centro record is generaly consid-
ered a representative of a medium intensity eartquake. Therefore the same analysis
was repeated under a.’SO% increased intensity. The accelerogram was multiplied
by a factor of 1.5 for this purpose. In this case, the anlysis results indicated ap-
proximately 100% and 60% inicrease in the first storey column capacities relative

! .
to the Canadian and American codes respectively, The maximum beam ductility

requirement was increased to 6.0, indicating a need for increased beam capacity.

The -esults indicate that the member strength required by the American code

is closer to the requirements indicated by dynamic response histcry analyses.

6.4.2 - Shear Wall structure :

.

The shear v.all structure designed on the basis of the Canadian code was first
a.ﬁa.lysed using t:'e 1940 El Centro E-W record. The results indicated excessive

tension in the wall: producing net axial tension sufficient to cause yielding of the
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section. Subsequent analyses with increased wall capacity did not signiﬁcantly
improve the results Therefore it was concluded that the strength requlrement of

the Canadian code is substangially less t}\{\an the requn'ement indicated by dynamic

response history analysis. '

The shear wall structure designed’on the basis of the American eode showed a
favorable behaviour under dynamic loading. However, the results indicated exces-
sive yielding at the seventh floor level due to strength and stiffness taper. In7 ‘the
subsequent analyses, uniform wa.l'lr thickness was used and this problem was pre-
vented. Increased.intensity of earthquake produced high ductility den;and_s in both
the walls and the coupling beams. A 50% increase in wall strength was required to

obtain a wall ductility demand of 2.3.

The results indicate that the capac&fy requi;‘ements of the American code for
shear wall structures are closer to those indicated by dynamic response history
analysis than those of the Cana.dia.ﬁ code. The results further indicate that walls
with uniform stiﬁ'n‘e.ss (or thicl‘:‘ﬁessj along the structure height perform better under

"dynamic load conditions than those with stiffness taper.
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TABLE 6.1 AMOUNT OF STEEL REQUIRED

FRAME
BEAMS :
Top bars [Bot. bars |shear |joint |Total
(Kg) (Kg) |steel |steel ({Kg)
' (Kqg) (Kg)
CAN3-A23.3-M84 881.2 624.5 % |166.9 1767.6 (|3440.2
ACI-~318.83 945.4 579.4 ~ |171.5 1616.4 ||3312.7
COLUMNS
Ext. col.| Int. col. Trans. |[Trans. | Total
(Kg) {Kg) steel steel (Kg}
ext.collint.col
K . H
-~ o~ (Kg) (Kg) _
CANS-A23.3-M84 | 1276.8 £§157g 628.8 813.3 ||9268.2
ACI-318.83 1474 .4 2211.6 2590.0 406.0 [[8763.9
; _
SHEAR-WALL
Wall: . CAN3-A23.3-M84|ACI-318.83 |
Concentrated. reinforcement: i
Longitudinal steel: 542 2072 y,
Lateral steel: 446 728
Distributed steel:
Vertical steel 279 279
Horizontal steel 171 279
Coupling Beam:
Longitudinal steel 118 ‘;E
Zateral steel 50 50
TOTAL STEEL ‘(Ky) : 2006 34801
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- CHAPTER 7

CONCLUSIONS

Differences in’ the seismic risk zones meeting at the American, Canadian border
are the first sign of existing differences in the seismic codes of the two countries.
It is unlikely that the inter\lsity of earthquake ground motions changes substancially
on either side of the border. The perférmance of a building at the border between
Ca:nada and the United States, depends upon whether it is designed by the Canadian
code or the U.S. code. Even though the general philosophy.and the development of

the two codes are similar, there are certain differences at different stages in the design

process.

The design of the structures studied, indicates that the basic design philosophy

of each code to be similar. Basic provisions such as basing beam shear design on.

the formation of plastic hinges are found in both codes. However, the similarity in
philosophy and basic provisions did not prevent design differences. The difference in
designs ranged from insignificant to considerable. Some of the major observations in

this study are as follows:

1. The base shears resulting from UBC-82 are larger than the NBCC-85 values.

For a 20-storey ductile moment resistant reinforced concrete frame, UBC-82 base
shear is about 10 percent more than the NBCC-85 base .shear. On the other hand
for a 20-storey shear wall builciing, UBC-82 base shear ig about 15 percent more than

| the NBCC-85 base shear.

b
~
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. In the UBC-82, cé.lcu]a.tion of the foundation factor in the formula for design

l .
eismic base shear could give different values for different site periods. .

. The base shear due to wind loads for the structure as calculated by the NBCC-

85 wirid pressure zoning maps was about 45 percent larger than that calculated
using the specified design wind pressures for the particular site as provided by

thg UBC-82."

. In general ACI-318.83 required larger amount of reinforcement for the shear

wall structures.

. The majority of CAN3-A23.3-M84 additional reinforcement was for resisting

“shear for the case of joints.

In general shear requirements of the two codes are similar.
{

The design provisions for shear walls for both codes are similar in their require-

fents of boundary elements, shear, and confinement reinforcement.

The shear wall design of ACI-318.83 resulted in more than twice the vertical
concentrated reinforcement for CAN3-A23.3-M84 ‘mainly due to the increased

- Y

design loads.

With the exception of shear walls the final ACI-318.83 and CAN3-A23.3-M84

designs are similar.

Structures designed on the basis of the American code showed better perfor-

mance under dynamic loading.
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APPENDIX A

COMPUTATION OF LOADS
— .

A.l- Material Properties :

Concrete strength (28 days) : 30 MPa

Steel strength : 400 MPa

A.2~ Member sizes :

Frame structure:

Columns : 1000 mm x 1006 mm -~ Ground to 6th floor
750 mm x 750 mm - 7th to 13th floor
500 mm x '500 mm - l4th to 20th floor
'}!gfams : 500 mm wide, and 750 mm deep
slab  :- 200 mm thick -

Storey height : 4m typical floor

ém lst floor

Shear—Wali Structure:
Walls : 575!mm - lst floor to 6th floor
400 mm - 7th floor to 1l4th floor
300 mm - ESth floor to 20th f1.
Columns : 350 mm x 500 mm - Base to l0th floor
250 mm x 400 mm - 10th to 20th floor
Girders : 350 mm x 500 mm
Spandrels: 300 mm x 500 mm
Coupling Beams: 575 mm x 600 mm - 1lst to.6th floor
o 400 mm x 600 mm - 7th to 14th floor
300 mm x 600 mm - 15th to 20th floor

e
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Slab. : 200 mm Ehick

+Storey height : 4m typical floor

6m lst floor. N ‘\\

Live Loads

- Typical floor : 2.4 KN/m’

- Roof : 1.0 KN/m

- Snow Load : 1.9 KN/mz(Vancouver)h
Dead Loads
N - Concrete + 2400 Kg/m3

- Partitions : 0.65 KN/ml-

=~ Ceilings : 0.35 KN/m”

- Roofing : 0.35 KN/m"
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A.3 - Wind Loads :

INBCC-85 :
P =4C.C;Cp
Wher.e:
P= specified external pressure
-
q= reference velocity pressure = 0.55K N/m? (Vancouver)
*C,= exposure factor = 1.5
Cy= gust effect factor = 2.0

¥

Cp= external pressure coefficient = 0.7-(-0.5) = 1.2

P =0.55 X 1.5 x 2.0 x 1.2 = 1.98K N/m?

Viase = 1.98 x 48.0m X 82.0m = T793.3KN |

UBC-82 :
P =C.Coq,1
; Where:
P= design wind pressure
C.= exposure and gust factor coefficient for severe exposure= 2.1
Cq= pressure coefficient= 0.8
Qo= wind stagnation pressure= 17 psf
I= importance factor= 1.0

P=21x08x17x10=286 psf
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structure width = 48.0m x 3.281 = 157.5 ft
~.structure height = 82.0m x 3.281 = 269.0 ft

structure location = Seattle, Washingtén

~

V = 28.6 x 269.0 x 157.5 x 1/1000 = 1212 Kips

V =1212/0.2248 = 5390 KN

A.4 - Calculation of Seismic Loads :

Equivalent Lateral Load procedure is chosen as the method of lateral load anal-
ysis.  The lateral loads are applied in the form of concentrated loads at each storey

level.

Y

) A.4.1 - Base Shear by NBCC-85 :
According tq;ﬁhction 4.1.9 of Ref. [4], the minimum lateral seismic force, V\L

assumed to act nonconcurrently in any direction on the building shall be given by:

V=v5KIFW (A-1)

Where:

v= Zonal velocity ratio

S= Seisinic response factor =0.22/vT

T= fundamental period of vibration of the building in seconds
T= 0.1N (for frame structures)

T = 0.09h,/+/D, (for shear wall structures)

N= Total number of storeys
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_h,= Height above the base to level n

D,= Dimension of the lateral force-resisting system in a direction parallel to

the applied forces.

K= Numerlcal coefficient that reflects the material and type of constructlon,

da.mp:ng, ductility of the structure. he

I= Importance factor.
F= Foundation factor.
W= Weight of the structure.

13}1& lateral seismic force shall be distributed along the height of the building in

Pl

accordance with the following formula:

Fp = (V- B)W.h/( ;—iW ki) (A-2)

* Where:
F:= Portion of V to be concentrated at the top of the structure.
hi, hn, hy= Height above the base (i=0) to level i”, "n”, or "x", respectively.

W;, W:= Portion of W which is located at or assigned to level *i” or "x",

respectively.

F; = 0.004V (hn/D,)? < 0.15V (A-3)

a) For the frame structure situated in zone 4:

v = 0.20

S = 0.1556
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.
T = 2.0 sec. |
K =0.7 ' . o
I =10 |
F =1.0

W = 263930 KN

The base shear is given by:

V =0.20 x 0.1556 x 0.7 x 1.0 x 1.0 x 263930

L

V =5749.45 KN
Portion of load concentrated at top of structure is given by:
F; = 0.004 x 5749.45(82.0/24.0)*

F, =268.47T KN
0.15V = 0.15 x 5749.45
0.15V = 862.42 KN
F, <015V

268.4TKN < 862.42KN 0Kt "

V'is distributed along the height of the building according to formula (A-2) (see
Table A-1).

b) For the shear-wall structure situated in gone 4 :

v = 0.20

S = 0.1;692. ““\



k =08
I=1.0
F =10

W = 206731 KN

K

| 4 =-0.20 x 0.1692 x 0.8 x 1.0 x 1.0 x 206731

V = 5596.62 KN

V is distributed along the height of the building according to formula (A-2) (see
Table A-2).

A.4.2 - Base Shear bi: UBC-82 :

According to section 2312 of Ref. [5], the building shall be designed to resist

" minimum total lateral seismic force assumed to act non-concurrently in the direction

under consideration of the building in accordance with the following formula:

V=ZIKCSW - (A-4)
Yy

Where:

Z= Numerical coefficient dependent upon the zone.
- I= Occupancy importance factor.

K= Numerical coefficient.

C= Numerical coefficient =1/(15v/T)

T= Fundamental elastic period of vibration of the building in seconds.

-
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T= 0.1N (for frame structures)

T=0.05h,/ vD (for shear wall structures) \

v

N= Total number of stories.
S= Numerical coefficient for site-structure resonance.

W= Total dead load of the building. ~ T

The total lateral force shall be distributed over the height of the building in

accordance with formula (A-5):
F, =0.01TV : (A-5)

e F <025V

- .

;
a) For the frame structure situated in zone 3:

Z =3/4

I =10

K = 0.67

Cc = 0.0471

T = 2.0 sec.

5 =10 : &

W = 263930 KN
¥
V =3/4 x'1.0 x 0.67 x 0.0471 x 1.0 x 263930

V =6246.63 KN \

F, = 0.07TV <0.25V .

J“
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Fy = 0.07 x 2.0 x 6246.63
F, = 874.53 KN ,
0.25V = 1561.66 KN

874.53K N < 1561.66 KN

V is distributed along the height of the building according to formula (A-2) (see
Table A-1). v

b) ¥or the shear-wall structure situated in zone 3 :

Z =3/4
I = 1.0
K =0.80
C = 0.051

T = 1.70 sec. \ ,)'
S =10 \//

W = 206731 KN
P

V =0.75 x 1.0 x 0.80 x 0.051 x 1.0 x 206731

LY
'

V =6325.97T KN

..V is distribnied along the height of the building according to formula (A-2) (see
Table A-2).

For the-‘building designed by NBCC, the lateral load is governed by the wind

load, whereas for UBC is governed the seismic load.

However, for sake of comparicon swind loads were assumed not to govern.
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TABLE A.l1 DISTRIBUTION OF BASE SHEAR OVER THE HEIGHT

OF THE FRAME BUILDING

Level | Height Weight Lateral Seismic Force
h  (m} W (KN) Fx (KN)
' NBCC-85 ,  UBC-82
Roof 82 10740 699.36 1296.86
2090 78 12530 478.18 468.68
19 74 12530 453.66 444.65
18 70 | 12530 429 .14 420.61
17 66 12530 404.61 39658
\\“16 62 12530 380.09 372.54
15 58 12530 355.57 348.57%
14 54 12530 331.05 324.47
13 50 13250 324,14 317.70
12 46 13250 298,21 292.28
11 42 13250 272.28 266.87
10 38 13250 246.35 241.45
9 34 13250 220.41 216.04
8 30 13250 194.48 190.62
7 26 13250 168.55 165.20
6 22 14300 "IIEE\fz 150..86 -
5 18 14355:// 125.94 123.43
4 14 14300 97.95 96.00
3 10 14300 69.96 68.56
2 6 15530 45,59 44.68
1 0 0 0.90 0.00
Total 263930 5749.44 6246.59
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~

TABLE A.2 DISTRIBUTION OF BASE SHEAR OVER THE HEIGHT

_OF THE SHEAR-WALL BUILDING

Level. Height ‘We:[ghtr\ Lateral Seismic Fo:;"ce
_h (m) W (KN) Fx (KN) \

| NBCC-85 _ UBC-82

Roof 82 ‘8996 841.6 1209.8

20 |© 78 10321 463.4 498.5

19 74 . 10321 1396 472.9

18 70 10321 41513 447.4

19 66 | 10321 392.1 421.9

16 62 10321 368.3 - 396.2

15 58 10321 | 344.6 370.7

14 54 10321 320.8 -~ 345.2

13; 50 . L0321 297.0 %9.6

12 46 10321 273.3 294.0

11 42 10321 2495 268.5

10 38" 10432 | 228.2 ' 245.5

9 34 *10432 204.2 219.6

: 30 10432 180.1 . 193.8

7 26 10432 '156..1 168.0

6 22 10432 132.1 142.1

5 18 10432 108.1 116.2

4 14 10432 84.1 £ 90.5

10 10432 60.1 64.6

6 L 11069 38.3 41.2

0 0 0.0 0.0

206731 | 5597.3 6326.2

7
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APPENDIX B

DESIGN CALCULATIONS.

B.l~ Design by CAN3-A23.3-MB4

'
i

No. . Laad Combinations:
1 1.25D+1.5L
2 1.25D+ 0:7(1.5L+l.5E)
3 0.85D+1.5E
4 1.25D¥I.5E

B.l.1- Design of First Storey Girders of the Frame Structure:

DESIGN MOMENTS (KN.m)

NBCC-85 & CAN3-A23,3-M84

Beam AB Beam BC
Joint |[Joint | mid Joint | Joint|mid
A B span B C span
1.25D+1.5L 338.5 428 210 408 399 (191
1.25D+0.7 (1.5L+1.5E) | 770.5' |. 843 , | 216 825 819 56
0.85D+1.5E 505 444 61 841 841 9
1.25D+1.5E 895 948 182 931 . 931 |130
Design Parameters: . i
by, = 500mm "
d = 650mm
{max = 0.025 (longitudinal steel)
fmin = 0.0035 (longitudinal steel)
. gt - -.ar —r
3.0 [
A B C b
6.0nm
—i" umg !v;‘ S !
4 b 7
. 8.0m . 8.0m 8.0m 7
1—-——-———ak——______;F_______ >

iy
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Girder Design Steps
1. Governing load combination 1.25D+1.5E
2. Design negative moment (KN.m) -948
3. Area of steel required, 5500
A_ (mm)
s
4. Design positive moment (KN.m) +216
5. Area of steel requifed, 1500 .
Al (mm?.)
s
6. Design nominal shear, ‘ 685
V_ (KN)
n
7. Shear cdrried by concrete Nil
V__ (KN)
c
8. Shear steel required (KN) 685
9. Lateral steel provided : _400nm3@ 125mm
total of 4 legs {(mm?) .

1
B.1l.2- Design of First Storey Columns of the Frame Structure

Design Parameters:

gmax = 0.06 {longitudinal steel)

fmin = 0.01 (longitudinal steel)
- P, = 12008 RN (exterior column)

P, = 11581 KN (interior column)

Cover= 90mm
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hnalysis Interior column load Exterior column.load

Results combination at 1lst fl.|combination at 1lst f£1.
1 2 3 4 1] 2 3| 4

Axial

load (KN) | 14838|14397|8987|13134|8734(10306/|7949 (10443

Moment 32.5| 1287|1806 1807} 113 1285|1742 1767

- (KN.m) : [

Column Design Steps
I'd

Interior Col.

Exterior Col.

Y
l. Governing load combination
for longitudinal steel

2. Percentage of longitudinal
steel provided

3. Confinement reinforcement
steel , total area (mm>)

4. Design shear, Ve (KN)

5. Shear carried by concrete

Ve {KN)

2
6. Shear reinforcement , (mm )

7. Total area of lateral ties

1.25D+1.5L
3.4

2
700mm @ 70m;\

393.5

1380

Nil

2
200mm @ 70mm

1.25D+1.5E

_500nm3@ 50mm

rd

369.9

1181
’

Nil

200m @ 50mm
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B.l.3- Design of First Storey Beam Column Joints of the
N
Frame Structure:

Joint Design Steps Interior Joint|Exterior Joint

1. Shear due to beam reinfor- 4500 3000
cement (KN) _ - : .

2. Shear from column above ' 906 604
connection (KN)

3. Net shear in connection 3594 -~ 2396

(KN)
4, Shear resistance of the 5915 5915

joint (KN) .

2 2 .

5. Total lateral reinforcement 700mm @ 70mm S500mm @ 50mm

{(mm?) 2

* .

6. Is the joint confined 2 No No

* A joint is considered confined if : Members frame into all
four sides of the joint and where each member width is at

least three-fourths of the column width.

B.1.4- Design of Shear-Walls of the ShearWall Structu{gj\

R
Unfactored Loads at First Floor Level
Seismic, E Dead, D | Live, L
Storey .
*
ME (KN.m) VE {(KN) PE(KN) PD {KN) PL {EN)
/
1 24445 /1231 6561 1124 761

* J factor and effect of accidental eccentricity included

** Tncludes live load reduction
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Load Axial. Bending Horizontal Axial Load
lead on boundary

combination| {KN) moment (KN.M)|{shear (KN) element (KN)

1 2546 ‘ nominal nominal 1273
'_ 2 9093 25667 | ' 1293 7755
| 3 10797 36668 - | 1847 9982
4 lll247 36668 1847 10207
Shear-Wall Design Steps
1. Governing load combination 1.25D+1.5E
2. Design moment (KN.m) ' 36668
3. Axial load on wall (KN) 11247
4. Axial load on boundary element (KN) 10207
5. Design shear at base (KN) 4495
6. Concentrated reinforcement (mm?) 10000
7. Percentage of distributed reinfocement 0.25%
8. Percentage of concentrated reinforcement 2.17%
9. Shear reinforcement (mmz) . ) 400
10. Shear resistance at base (KN) 5731

B.1.5- Coupling Beam Design for the Coupled Walls(g;/the Shear

N\
Wall Structure

=t

Design Moments (KN.m)
Leoad combination No. 1 2 3 4 -
at joint > 40 408 302 398
at midspan 20 15 18 10
[
v
e
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Design Steps
l. Governing load case 1;25D+l.SE
2. Design negative moment (XKN.m) -408
3. Area of stéel required.(mmz) 2435
4. Desigm positive moment (KN,m) +359
5. Area of steel required (mm?) 2336
6. Design shear (KN) ‘540
7. Shear c;rried by cSncrete (K1) Nil
8. Lateral reinforcement provided _ 400nm3@ 130mm
9. Maximum shear provided fKN) 810
(. .
B.2- Design by ACI-318.83
No. Load Combinations:

1 ll4D+l.7L

2 0.75(1.4D+1.7L+1.87E) -

3 0.9D+1.43E

B.2.1 -Design of First Storey Girders of the Frame Structure:

DESIGN MOMENTS (KN.m)

UBC-82 & ACI-318.83

1.4D+1.7L.

0.75(1.4D+1.71L+1.87E)

0.9D+1,.43E

Beam AB Beam BC
~— i ]
Joint | Joint | mid Joint | Joint | mid
A B span B C span
381 482 | 236 458 448 215
960 1021 214 1007 1000 161
855 888 142 878 878 94

-
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Design Parameters:

b, = 500mm °

d = 656mm . \

fmax = 0.025

fmin = 0.0034 .
Girder design steps *

1. Governing load combination | 0.75 (1. 4D+1.7L+1.87E)

2. Design negative momént (KN.m) . -1021

3. Area of steel required (mmz) 4957

4., Design positive moment (KN.m) +521

5. Area of stehel regquired (I:"lmz) 2136

6. Nominal design shear (KN) ‘\ 611

7. Shear carried by concrete (KN) 296

8. Shear steel requireg.(KN) 423

9. Lateral steel provided . 400mm2@‘}60mm

AN

B.2.2- Design of First Storey Columns of the Frame Structure:

"~

Design Parameters: -

fmax = 0.06 (longitudinal steel)

$min = 0.01 (longitudinal steel)
P = 12008 KN (exterior coclumn)
P = 11581 KN {(intericr column)

Cover= 90mm
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Analysis Interior column load |Exterior column load
Results combination at 1lst fl.|combination at 1lst fl.
1 2 3 1 2 3
Axial 16644 | 12647 | 9498 9795 | 9823, | 8137
locad (KN)
Moment 76 1715 {1722 242 12223 1666
(KN.m)
Column Design Steps Interior'col. Exterior col.
1. Governing load combination 1.4D+1,7L 0.75(1.4D+1.7L+1.87E)
for longitudinal steel '
2. Percentage of longitudinal 3.4 2.2
steel provided .
2 2 .
3. Confinement reinforcement 700mm € 102mm 500mm @ 102mm

steel . (mm?)

4. Design shear, v, (KN) ‘ 1714 1448
5. Shear carried by concrete 932 797
vV (XN) .
C
6. Shear reinforcement, (mm’) 1400 1000

7. Total area of lateral ties 200nm$@ 7 0mmy 200mm3@ 50mm
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B.2.3- Design of First Storey Beam Column~Joints of the

\
FPrame Structure:
\‘ [y B 3
Joint Design Steps Int. Joint | Ext, Joint
T D
1.Shear due to beam reinfor- 3750 2500
cement (KN)
2. Shear from column above o 379 -+ 238
connection (KN) -
3.Net shear in connection ' 3371 12262
(KN)
4. Shear resistance of the 5796 . 5796
joint (KN}
2 2
5. Total lateraf-reinfbrcement *700mm @100mm [S00mm @100mm
(mm?)
. _
6. Is the joint confined ? No | No

* A joint is considered confined if ; Members frame into all
four sides of the joint and where each member width is at

least three-fourths of the column width.

-

B.2.4- Design of Shear-Walls of the Shear-Wall Structure:

Unfactored Loads at First Floor Level

Seismic, E . Dead, D Live, L

Storey * * %
Mg (KN.m)| Vg (KN)|PL(RN) P (KN) | P, (KN)

1 35423 1391 7616 | 1124 761

* Includes effect of accidental eccentricity

** Tncludes live load reduction.
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-

-\

Load Axial Bending Horizontal Axialy Load
. Load moment shear ~4-~on boundary
combination| (KN) (KN.m) _ (KN) element (KN)
e
1 2866 nominal nominal 1433
2 12831 49681 1950 12626
3 11902 50655 1989 12283
:- ' j
;‘
‘ | 2.
e . - ¢
e
t
Shear-Wall Design Steps
N
)
1. Governing load combinations 0.75(1.4D+1.7L+1.87E)
0.9D+1.43E
2. Design moment (KN.m) . 59655
3. Axial load on wall (KN) 12831
4. Axial load on boundary element (KN) 12626
5. Design shear at base (KN) 5616
6. Concentrated reinforcement (mmz) 22000
7. Percentage of concentrated reinfor- .83%
cement
8. Percentage of distributed reinforc- 0.25%
ement ™~
9. Shear reinforcement (mm®) 400
10. Shear resistance at base (KN} | 10270
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. -
B.2.5- Coupling Beam Design for thB Coupled Walls of the

Shear Wall Structure:

; Design Moments (KN.m)
Load, combination 1 2 3
‘No.
‘at joint 45 435.5 | 431
at midspan 22. 17 11

Design Steps

. Area of steel required (mm")

Governing lcad case

Design negative moment (KN.m)
2

. Design positive moment (KN.m)

Area of steel required (mm?)

. Design shear (KN) ‘

Shear carried by concrete (KN)
Lateral reinforcement provided

Maximum shear provided (KN)

0.75(1.4D+1.7L+1.87E)
-435.5
2404
+389
2064
557
Nil
400mm> @ 130mm

810

d
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