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ABSTRACT: The seismic provisions of the 1997 Uniform Building Code (UBC) are examined from the per-
spective of achieving performance-based earthquake engineering of structural wall buildings. It is shown that
athough strain limits are present in the 1997 UBC, the drift ratio limits generally govern design. The conflict
between assumed force reduction factors and actual ductility demand at the design limit state controlled by drift
is aso explored. Through the use of design examples and dynamic inelastic time history analysis it is shown
that attempts to achieve performance-based engineering with a force-based approach such as that described in
the 1997 UBC will inevitably not be possible. As an alternative, it is shown that a simple and more rational
direct displacement-based approach would better achieve the objectives of performance-based earthquake en-

gineering.

INTRODUCTION

Since approximately 1990, a significant movement in the
earthquake engineering community has been directed towards
performance-based seismic design or limit-states design. The
philosophy has the simple aim of specifying structural perfor-
mance for one or more earthquake intensity levels.

The simple objective of specifying structural performance
has, however, been a significant source of discussion. As de-
fined by the SEAOC (1995) Vision 2000, performance-based
engineering contains severa facets, which include definition
of performance levels, conceptual design, structural design,
design verification, design review, and quality control. The ar-
eas that generate the majority of discussion are (1) definitions
of performance levels and performance indicators and (2)
structural design methods for achieving performance-based de-
sign.

For the last several decades, seismic design has been per-
formed with what is often termed ‘“ force-based design,” which
has worked well and generally met the objective of achieving
a safe design. However, with the increased interest in perfor-
mance-based earthquake engineering, the future of design
methods such as force-based design must be questioned.

Given that the primary objective of performance-based
earthquake engineering is achieving predefined levels of dam-
age for specified earthquake intensity levels, any design pro-
cedure used in the process must be capable of reliably con-
trolling damage. Due to the familiarity and relative simplicity
of force-based design, there have been attempts to achieve
aspects of performance-based earthquake engineering with
force-based design. One such example can be found in the
1997 Uniform Building Code (UBC) (ICBO 1997).

Due to the fundamental characteristics of force-based design
such as (1) use of simplified relations between elastic and in-
elastic displacements, (2) application of behavior modification
or force-reduction factors, and (3) assumption of strength in-
dependent of stiffness, it will be shown that efforts at achiev-
ing performance-based design with force-based methods are
essentially futile, unless combined with more rigorous analysis
methods. It is the objective of this paper to investigate the
implications of utilizing force-based methods as defined by the
1997 UBC for performance specification, and comparing the
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results to those obtained with a direct displacement-based
method. It will be shown that the displacement-based design
method achieves reliable designs while still retaining simplic-
ity in the design process.

EXAMINATION OF UBC SEISMIC PROVISIONS
APPLIED TO STRUCTURAL WALLS IN THE CONTEXT
OF PERFORMANCE-BASED DESIGN

Overview of Performance Criteria

The 1997 UBC seismic provisions provide significant im-
provements over previous editions of the code for the design
of structural wall buildings. For the first time, concrete com-
pression strain limits are utilized directly in the design process.
As stated in the code, a limit of €. = 0.015 is placed on the
extreme fiber compression strain. In addition to the strain-
based damage limit, interstory drift ratios are limited to avalue
of 6 = 0.02 or 0.025 depending on the period of the structure.
Since there are two distinct deformation limits, it is of interest
to determine when one limit state governs over the other. To
accomplish this, the concrete compression strain limit is con-
verted into a drift ratio limit as shown in the following.

The plastic rotation, 6,, of a wall can be expressed in the
following:

ep = (d)u - d)y)l-p (1)

where ¢, = ultimate curvature; ¢, = yield curvature; and L, =
plastic hinge length.

The elastic displacement profile, A., is given as a function
of the distance up the wall, h;, as shown in (2). Differentiation
of (2) results in the elastic rotation 6,, as a function of wall
height, as shown in (3). The largest elastic rotation is at the
top story, and substituting the total wall height, h,,, for h; re-
sults in (4). The total interstory drift ratio, 6, is then the sum
of (1) and (4) as shown in (5).

A, = d’y;‘z (1.5 - Zh_hw> )
=52 = an, - 2 ©

0, = 220 (@
0= (by — DL, + 2 ©®)

2

The UBC code utilizes (6) for estimation of yield curvature
and (7) for plastic hinge length. It is noted that more reliable
expressions are available elsewhere, however, for the purposes



of this paper the UBC recommendeations were followed exactly
such that a meaningful assessment is possible. Assuming com-
patibility of deformation along the member cross section, the
ultimate curvature can be expressed as a function of the con-
crete compression strain and neutral axis depth asin (8). Sub-
stituting (6)—(8) into (5) and introducing the variable A, asthe
wall aspect ratio, given by (9), results in an expression for the
drift ratio as a function of concrete compression strain, aspect
ratio, and neutral axis depth [(10)]

$, = 0.003/,, (6)
L, = 1,/2 (7)
by = eqlC, = golal, (8
A, = hyl, 9
1 (eq
0==2 <— - 0.003> + 0.0015A, (10)
2\ a
a=2 11)
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In (10), the UBC concrete compression strain limit of €, =
0.015 can be inserted to obtain an expression for drift ratio as
a function of aspect ratio, A,, and neutral axis depth/wall
length ratio, o. Previous research (Priestley and Kowalsky
1998) has shown that « is essentially constant for a given
strain limit state defined by both concrete compression and
steel tension strain limits. For example, if €, = 0.018 and &
= 0.06, « = 0.20 (Priestley and Kowalsky 1998). However,
the UBC code does not place any limit on steel tension strain.
Therefore, consider two extreme conditions to determine the
range of the variable « for atarget concrete compression strain
of &, = 0.015. In one case, let the longitudinal steel ratioin a
wall equal 0.0025, and the axial load ratio equal 0. In the other,
the longitudinal steel ratios equals 0.025 and the axia load
ratio is 0.10. Conducting moment curvature anaysis on the
wall section with a computer program developed by King et
al. (1986), which utilizes the Mander et al. (1988) constitutive
relation, results in « = 0.33 a a concrete compression strain
of 0.015 (steel tension strain of 0.03) for the wall with 2.5%
steel. The wall with 0.25% steel cannot achieve a concrete
compression strain of 0.015 as the steel strain is well beyond
the useable range (0.16) at a compression strain of only 0.008.
Increasing the axial load ratio to 0.05 while keeping the steel
ratio at 0.0025 results in a value of a = 0.11 at a concrete
compression strain of 0.015 (the steel tension strain is 0.12).
Considering the steel tension strains developed in these two
extreme examples, it can be argued that a suitable range for
o would be from 0.10 to 0.30. Substituting €., = 0.015, and
a = 0.10, o = 0.30 into (10) results in (12) and (13), respec-
tively, which represents the drift ratio limits based on the pre-
scribed concrete compression strain limit.

6 = 0.0735 + 0.0015A, (o = 0.10) (12)
6 = 0.0235 + 0.0015A, (o = 0.30) (13)

Fig. 1 represents a plot of (12) and (13), along with the
absolute drift ratio limits of 0.020 and 0.025 and the elastic
drift of the wall. From this figure, it is apparent that the struc-
tural capacity limit state as defined by a concrete compression
strain of 0.015 will rarely govern the design of a structural
wall with the exception of walls of aspect ratio less than one.
Given that absolute drift ratio limits will usually govern de-
sign, and that for dender walls the allowable drift will be
accommodated largely by elastic response as shown in Fig. 1,
it is clear that the ductility demand at the drift ratio limits will
be highly variable, and in some cases less than one. Consider
the following scenario.

If o = 0.10, the curvature ductility as calculated by (14) is
50 for a concrete compression strain of 0.015. If o = 0.30, the
curvature ductility from (15) is 16.7 for a concrete compres-
sion strain of 0.015. The displacement ductility at an effective
height of 2/3 the total wall height can be shown to be related
to the curvature ductility through (16) (Priestley and Kowal sky
1998)

_ ¢, _ 0.015/0.10l,, _

=S =50 14
He = 4, = 0.003/, (14)
&, _ 0.015/0.301,,
=P 2R _ 167 15
He = &, = 0.003/1, (15)
3 3

=1+ — _

pa =1+ (e — 1) A (1 8 Ar> (16)

Plotting (16) with w, = 50 and w, = 16.7 results in Fig. 2,
which illustrates the variation in ductility demand for different
wall configurations. However, since the drift ratio based on
the concrete compression strain of 0.015 will rarely govern the
design, displacement ductility demand must also be calculated
based on the maximum allowable drift limits of 0, = 0.02
and 0.025.

Displacement ductility demand based on a maximum allow-
able drift ratio is obtained by subtracting the top-story yield
drift ratio from the total alowable drift ratio. The remaining
drift ratio is then the plastic drift ratio that can be expressed
as a plastic curvature. The curvature ductility factor can then
be expressed as a function of the maximum allowable drift
ratio and the aspect ratio as in (17). Substituting (17) into (16)
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results in the displacement ductility factor based on the max-
imum allowable drift ratio [(18)]

My = 1 + 6676 — 0.0015A,) 17)

3 3
pa =1 + 3[667(6,x — 0.0015A,)] A (1 8Ar> (18)
Eq. (18) can be plotted versus aspect ratio for the two values
of maximum allowable drift ratio as shown in Fig. 3. Also
shown in Fig. 3 is the assumed value of the force reduction
factor for structural wall buildings multiplied by the UBC
specified 0.7 factor. First, note that the range of ductility de-
mand varies from a high of 20 for an aspect ratio of 1 to a
value less than 1 for aspect ratios greater than 13. Given that
the UBC code assumes a constant force reduction factor of
4.5, and an implied ductility demand of 3.15, it is clear that
significant deviations between assumed and actual behavior
will occur. The following summarizes the results of this por-
tion of the paper:

1. The absolute drift limit employed by the UBC code for
structural wall buildings will almost always govern the
acceptance of a design as opposed to the concrete com-
pression strain limit of 0.015.

2. The ductility levels based on the absolute drift limits as
well as those based on the concrete compression strain
limit vary greatly with aspect ratio, and a constant force
reduction and hence ductility factor does not accurately
represent the behavior of walls with an aspect ratio that
deviates from a value of 8.

UBC Seismic Design

To understand the implication of this result on UBC seismic
design, it isimportant to first discuss the basic steps that would
be employed in a UBC design. The 1997 UBC design pro-
cedure utilizes force-based design concepts while performing
a check on the deformations. In the equivalent lateral force
procedure, the first step involves discretization of the structure
and estimation of elastic period. The elastic period can be cal-
culated with a simplified method or the more rigorous Ray-
leigh method. Once established, the design base shear is cal-
culated along with minimum and maximum base shear values.
The base shear is then distributed in plan to each wall based
on wall stiffness and vertically within each wall according to
wall height. A structural analysis is then performed to deter-
mine design base moments. In calculating the base shear force,
a force reduction factor of R = 4.5 is utilized.

Acceptance of the resulting design is judged based on two
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deformation criteria, as previously mentioned. The first crite-
rion requires that the compression strain in the extreme con-
crete fiber be less than 0.015 under the applied loading. The
second criterion requires that the interstory drift ratio in any
given story under the applied loading be less than 0.025 if the
elastic period islessthan 0.7 s, or less than 0.020 if the elastic
period is greater than 0.7 s. As previously noted, the second
criterion generally governs the design. Estimation of maxi-
mum deformation under the applied loading is performed by
one of two methods.

1. The first method evaluates the maximum deformation by
multiplying the elastic deflections by 0.7 R, where R is
the assumed force reduction factor. The elastic deflec-
tions are obtained by applying the lateral force vector to
a suitable analytical model that considers the effect of
cracked sections or by conducting a dynamic analysis.
The dynamic analysis procedure follows the traditional
modal analysis method.

2. The second method utilizes dynamic inelastic time his-
tory analysis.

In this paper, both of these methods are utilized to determine
acceptance of a series of structural wall buildings. For method
1, analysis is conducted using the same analytical model em-
ployed in estimating the fundamental period. As a result,
cracked section stiffness is considered in the analysis. Elastic
deflections for method 1 are obtained using the equivalent lat-
eral force method. For method 2, the computer program Ruau-
moko (Carr 1998) is utilized. Three separate analyses are per-
formed under three different time histories that were generated
to fit the design spectrum through the use of the computer
program Simgke (Vanmarke 1976).

Based on the analysis results, if the largest calculated inter-
story drift ratio, which occurs at the top story, is higher than
the limiting value of 0.02 or 0.025, then the structure would
require modification though an increase in stiffness.

Direct Displacement-Based Design

In addition to investigating the UBC seismic design method,
direct displacement-based design (DBD) is also applied to the
same series of structural wall buildings. Given such a specific
title as ** displacement-based design’ the variation in proposed
approaches over the preceding 8 years is significant. Concen-
trating on design of new buildings only, the following obser-
vation can be made. The primary difference between the pro-
cedures known to the writer is the role that displacement, or
deformation, plays in the design process.

In some cases, structural design is performed using current
force-based approaches where base shear is obtained based on
an estimate of the elastic period and application of force-re-
duction factors. Displacements under the forces obtained are
then estimated using elastic analysis and deformation capacity
is provided in the form of confinement reinforcement. Such an
approach is an improvement over existing methods as defor-
mation demand and deformation capacity are considered and
transverse reinforcement sized accordingly (Moehle 1992;
Wallace and Thomson 1995). A thorough review of displace-
ment-based design methods was recently conducted by Priest-
ley (2000).

A more direct interpretation of DBD for building structures
was offered by Priestley (1993) and has been recently ex-
tended to the design of structural wall buildings (Priestley and
Kowalsky 2000). The DBD approach utilizes as its starting
point atarget displacement that can be obtained with reference
to damage-based (strain) or drift-based criteria. For astructura
wall building, this consists of selection of a target displace-
ment profile [Fig. 4(a)]. The DBD approach utilizes the sub-
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stitute structure approach (Gulkan and Sozen 1974; Shibata
and Sozen 1976) to characterize the nonlinear behavior of an
inelastic system with equivalent effective properties of effec-
tive stiffness [Fig. 4(b)] and effective damping. The effective
damping characteristics for a particular hysteretic behavior can
be obtained by employing Jacobsen’s (1930) approach with
the results expressed as a damping versus ductility relationship
[Fig. 4(c)].

Once the target displacement profile is obtained and the
yield displacement estimated, the ductility demand and hence
effective damping is readily obtained [Fig. 4(c)]. The displace-
ment response spectra, which represents the demand for the
DBD approach is then entered with the target displacement.
By reading across to the appropriate response curve given by
value of effective damping previously calculated, the effective
period at maximum response is obtained as shown in Fig. 4(d).
The effective period is then expressed as an effective stiffness
from consideration of a single-degree-of-freedom (SDOF) os-
cillator. The design base shear is then obtained by the product
of the effective stiffness and target displacement [Fig. 4(b)].
Longitudinal reinforcement is then designed to resist the base
shear demand, and confinement details provided to resist the
target deformation demand. The reader is referred to Priestley
and Kowalsky (2000) for more details.

DESIGN CASE STUDIES

To further explore the implications of using force-based
methods to achieve deformation and hence performance con-
trol, a series of structural wall building design examples were
considered. The basic structure is shown in Fig. 5. Six walls
of equal length carry the lateral loads. In order to consider a
reasonable range of wall aspect ratios, buildings of 2, 4, 8, 12,
and 16 stories were considered. Each story was 3 m tall, and
each wall resists 1% axia load ratio per story, and the story
inertia weight is 5,000 kN/story. For each of the five different
building heights, three different wall lengths were considered.
In each case, the wall lengths are such that the required steel

Six walls of equal length,
250mm in thickness

Earthquake

A
A

T,
DR

IR T
LE F

A

Neglect contribution of 3
perpendicular walls

Storey weight = 5000 kN each Walls respond as linked cantilevers

Wall axial load ratio = 0.01/storey

2,4, 8, 12, and 16 storeys at 3m each

Rigid foundation beam (b)

FIG. 5. Sample Building: (a) Plan View; (b) Elevation View

ratio falls between a minimum value of 0.25% and a maximum
vaue of 2.5% for the UBC designed structures. The lower
limit is required by the UBC code, while the upper limit was
placed to avoid unreadlistic designs as well as unrealistic com-
parisons. Walls were uniformly 250 mm thick. Concrete com-
pression strength was selected as 27.5 MPa, while steel yield
stress was selected as 400 MPa. Longitudinal bars were of 30
mm in diameter.

UBC provisions were followed exactly with the following
interpretations: (1) cracked section stiffness for estimation of
structural period and equivalent lateral force anaysis was ob-
tained in accordance with the recommendations of Paulay and
Priestley (1992) (Eg. 19); (2) period calculations were per-
formed using the Rayleigh method with the provision that the
period would not exceed the simplified calculation method,
given by (20), by more than 30%, as required by the UBC. In
(20), the length of thewall is|,,, the width isb,,, and the height
is hy.

In accordance with the UBC provisions, the base shear is
obtained with (21). In addition, a cap on the base shear is
placed by (22), and the minimum base shear is given by (23).
The buildings considered were designed for seismic zone 4,
Sd type soil (C, = 0.64N,; C, = 0.44N,; Z = 04; N, =
N, = 1). An importance factor of | = 1 was used, and a force
reduction factor of R = 4.5, in accordance with UBC require-
ments for structural walls, was employed

100 P,
Il = (f_ + A ) ly (19)
y cMyg
7= 0.0743 e
2 w
\/ D) b b (20)
w Mw hW
C.I
Vb = ﬁ W (21)
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Vomax = w (22)
R
0.8ZN, 1
bmin = R - W (23)

As part of the UBC design process, maximum deflections
were calculated with both an equivalent lateral force anaysis
and dynamic inelastic time history analysis. It is recognized
that the overwhelming majority of cases will involve defor-
mation calculation with the equivalent lateral force method,
and that dynamic inelastic time history anaysis will rarely be
performed. However, it was felt to be worthwhile to consider
both since they are each acceptable methods for deformation
calculation according to the UBC code. Furthermore, the dy-
namic inelastic time history analysis provides a point of com-
parison for the equivalent lateral force method.

In addition to designing the structures with the UBC force-
based method and conducting two analyses on the resulting
designs, the same buildings were designed with the DBD pro-
cedure previously described. The seismic input for DBD is
expressed in the form of a displacement response spectra
(DRS). The spectral values for the DRS were obtained by mul-
tiplying the ARS values by T ?/4w2. A long-period modification
was introduced for T > 4 s such that the DRS plateaus beyond
4 s. The effect of this modification on the UBC spectrum is
minimal, and is shown in Fig. 6. Also shown in Fig. 6 is the
design DRS for 5% damping. For displacement-based design,
response spectra for damping values greater than 5% are re-
quired. These are obtained by utilizing the EuroCode 8 (CEC
1988) relation shown (24), which relates the spectral displace-
ment response, A,, a a damping value of { to the spectral
displacement response at 5% damping, Asy. In (24), C is ex-

pressed in percent
1/2
7
A= Agy <2T§> (24

The base shear for displacement-based design can be ex-
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FIG. 6. Design Spectra: (a) Acceleration Response Spectrum for 5%
Damping; (b) Displacement Response Spectrum for 5% Damping
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pressed by (25) (Kowalsky 2000) if a linear displacement re-
sponse spectrum is assumed. From Fig. 6(b), it is clear that a
linear assumption is reasonable, as the only nonlinearity occurs
in the extreme-short-period range.

4’1T2meff As 7
Vo=, T2+
sys c gdf

(25)

In (25) the response spectrum shape is characterized by the
variables T, and A, as shown in Fig. 6(b). The variable m
represents the effective mass and is given by (26) where A,
represents the target displacement profile as a function of story
number i, m; represents the mass of each story, and ns is the
number of stories. The variable A, represents the system tar-
get displacement and is given by (27), while the variable {«
represents the percentage of equivalent viscous damping for
the building and is given by (28) (Kowalsky et a. 1995) where
w4 is the displacement ductility demand. Eq. (28) is based on
the Takeda (1970) degrading stiffness hysteretic response and
includes a 5% viscous damping component and the effective
damping component based on the hysteretic energy dissipa
tion.

For buildings with equal length walls, the effective damping
of the building is the effective damping of any given wall,
which is the case for the sample structure discussed here. For
buildings with unequal wall lengths, the ductility and hence
damping will vary for each wall. As a result, the effective
damping for the building is obtained by combining the indi-
vidual wall effective damping values in proportion to the work
done by each wall.

ns

A|
Mer = 2 A m; (26)
i=1 sys
E m;A?
Ay =5 (27

Vit

s

0.95
1-— — 0.05V pa o8
L« =100 |\ 0.05 + (28)

The target displacement profile for the displacement-based
design procedure is based on the UBC drift limit of 6,,,, = 0.02
or 0.025, depending on the fundamental period of vibration of
the building. The displacement profile, A;, is obtained by (29)
where the elastic profile, Ae;, is given by (30), and the plastic
profile, Ap;, is given by (31). In (30), ¢, is the wall yield
curvature and is given by (32) Priestley and Kowalsky 1998)
where ¢, is yield strain of the longitudinal reinforcement. In
(31), 6., isthe top-story elastic rotation which is shown as (33).
Also, the plastic hinge length, L,, in (31) is given by the
greater of the values of (34) (Paulay and Priestley 1992) where
dy and f, are the longitudina bar diameter and yield stress,
respectively. In this paper, buildings have equal wall lengths.
If the wall lengths vary, the displacement profile for the build-
ing should be based on the profile for the longest wall

A; = Ae; + Ap; (29)
e
Ae; = 3 (1.5 2hw> (30)
L,
Ap; = (Biim — 6e) <h| - E) (3
by = 2¢,/1, (32)



hw
0 = ‘*’VT (33)
2
L, = 0.2, + 0.044 (5 hw> (343)
2
L, = 0.08 (5 hw> + 0.022f,d, (34b)

Dynamic inelastic time history analyses were also con-
ducted on these designs in order to assess performance of the
design procedure for deformation control. The 5% damped re-
sponse spectra for the generated earthquakes are compared to
the target design spectra in terms of acceleration, velocity, and
displacement in Fig. 7. Although the overal agreement is
good, there is some scatter. This should clearly translate into
proportional scatter in terms of the dynamic analysis results.
The analytical model in the time history analysis utilizes
cracked section gtiffness properties and the Takeda et al.
(1970) degrading hysteretic model (second slope stiffnessratio
of 0.05, unloading factor = 0.50, reloading factor = 0, and
Emori unloading). Tangent stiffness Rayleigh damping in the
amount of 5% in the first and third modes was assumed in the
analysis. This is consistent with the 5% viscous damping as-
sumed in design [first term in (28)] and should not be confused
with the hysteretic damping component (second term) of (28).

1.60

Acceleration (g)
[=3
®©
(=3
i

0.0 T——7F—T T T 7T 71—
00 05 1.0 15 20 25 3.0 35 40
(a) Period (sec)
1600
= 1200
g ] L WA o __Z
g
> 800
2
8 ]
Q
> 400 Target Spectrum
0 T T T T T

y —— T T ——
00 05 10 15 20 25 30 35 40

(b) Period (sec)
800
E 600 o
£ Target Spectrum .
2 400
o ®
8 R
A 200 5
0+
00 05 10 15 20 25 3.0 35 40
(c) Period (sec)

FIG. 7. Comparison of Spectra from Generated Earthquake and Target
Spectrum: (a) Acceleration Response Spectrum, 5% Damping; (b) Veloc-
ity Response Spectrum, 5% Damping; (c) Displacement Response Spec-
trum, 5% Damping

Design and Analysis Results

Comparison of Design Base Shear

In this section, the design base shear force obtained with
the UBC approach and the DBD procedure are compared for
each of the building configurations. Fig. 8 illustrates the re-
sults. From Fig. 8(a), note that the UBC base shear remains
constant regardless of wall aspect ratio for the two-story build-
ings. This occurs as a result of the maximum base shear ex-
pression [(22)] controlling the design. In contrast, the base
shear from the displacement-based design procedure varies
slightly with increasing aspect ratio recognizing that the more-
slender walls will require slightly higher strengths to meet the
same target drift ratio.

In the case of the four-story buildings [Fig. 8(b)], the UBC
approach aways required much higher base shear capacity
than that required with displacement-based design. Also, the
base shear is constant for the UBC approach as was the case
for the two-story buildings, while a slight trend towards in-
creasing strength requirements with increased flexibility is
noted in the displacement-based design results.

The required base shear forces for the eight-story buildings
are shown in Fig. 8(c). Note that unlike the two- and four-
story buildings, the UBC base shear force now decreases as
the stiffness decreases. This is in direct contrast to the dis-
placement-based design results that indicate higher base shear
force requirements as the stiffness decreases. This result is
expected since displacement-based design considers inelastic
response, and hence ductility directly while the UBC approach
utilizes a fixed force-reduction factor. As the wall aspect ratio
increases, displacement-based design recognizes the increased
elastic deformation and hence reduced overal ductility de-
mand. Meanwhile, the UBC force-based approach assumes
that strength is independent of stiffness and that ductility, and
hence force reduction is constant. As aresult, elastic base shear
is ssimply divided by the force reduction factor to obtain the
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design base shear and since elastic base shear will reduce with
decreased stiffness [see ARS of Fig. 5(3)], the result of Fig.
8(c) is expected. Similar results are apparent for the 12- and
16-story buildings in Figs. 8(d and €), respectively.

Comparison of Deformation Demands—UBC Analysis

In this section, the deformation demands as calculated using
the UBC equivaent lateral force method are compared to the
dynamic inelastic time history analysis. Results for the two-
story buildings are shown in Fig. 9(a) where it is apparent that
a significant disparity exists between the two analysis ap-
proaches. Of significance here is that al three designs would
be deemed acceptable if dynamic inelastic time history anal-
ysis were conducted, however, only two are acceptable with
the equivalent lateral force analysis method. In the case of the
larger aspect ratio, the equivalent lateral force analysis would
send the designer into an unnecessary loop of increasing the
stiffness of the structure.

At the other extreme is the building with a wall aspect ratio
of 2.4 where the equivalent lateral force method implies lim-
ited inelastic response with a maximum drift ratio of 0.006.
In this case, the equivalent lateral force method provides a
nonconservative result in addition to contradicting the as-
sumptions made during the design of the structure. First, as
noted in Fig. 9(a), the results of the time history analysis in-
dicate that the maximum displacement, and hence damage
would be much higher than expected from the equivalent |at-
eral force procedure (although less than the alowable level).
Second, the equivalent lateral force analysis indicates essen-
tialy elastic response while a force reduction factor of 4.5,
which implies much greater damage, was assumed in design,
as well as in the equivalent lateral force analysis. This result
should be very troublesome to an astute engineer who would
recognize that the assumptions made in the design (force re-
duction factor of 4.5) and the analysis (inelastic displacements
= elastic displacements multiplied by 0.7 R) are invalidated
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by the results of the analysis themselves, which indicate es-
sentially elastic response. Although this design would be ac-
ceptable as withessed by the time history analysis, much con-
fusion regarding the performance is prevalent, unless a more
detailed analysis is performed which would rarely be the case.

Results for the 4-, 8-, 12-, and 16-story buildings are shown
in Figs. 9(b—e). The same trends observed for the two-story
buildings are apparent for the other buildings as well. How-
ever, for al of the 8-, 12-, and 16-story buildings, the equiv-
alent lateral force analysis resulted in larger deformations than
the dynamic inelastic time history analysis. Also, most of the
equivalent lateral force analysis indicated maximum interstory
drifts that exceed the alowable level, while the dynamic in-
elastic time history analysis indicated that all of the designs
are satisfactory.

Target and Analysis Displacements—DBD Approach

The same structures were designed with displacement-based
design where the target drift ratio was selected based on the
cracked section period. In the case of the two- and four-story
buildings, this resulted in a target drift ratio of 0.025. For all
other buildings, the target drift ratio was selected as 0.020.

The maximum interstory drift ratios are shown versus aspect
ratio in Fig. 10(a) for the two-story buildings. Unlike the
force-based design procedure, displacement-based design pro-
vides three acceptable design results for three different wall
lengths. Furthermore, in the displacement-based design ap-
proach, the designer has knowledge of the deformations with
much greater accuracy than the UBC equivaent lateral force
approach, while still retaining simplicity in the design process.
Similar results for al building configurations are shown in
Figs. 10(b—e).

An interesting observation can be made by analyzing the
results of the 8-, 12-, and 16-story buildings. Recall from Fig.
9 that the UBC equivaent lateral force method would not a-
low a wall aspect ratio greater than 4, 4.5, and 4.75 for the
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8-, 12-, and 16-story buildings, respectively. However, when
considering the DBD resullts, it is noted that much larger as-
pect ratios (smaller wall lengths) are acceptable while still
meeting the drift criteria.

Displacement Envelopes

Displacement envelopes for al analysis results are shown
in Figs. 11-15. Fig. 11 represents the results for the two-story
buildings. Note that the results of the anaysis on the UBC
structure with awall length of 1.5 m [Fig. 11(a)] indicates that
the equivalent lateral force analysis provides acceptable agree-
ment between expected and actual displacements. Increasing
the wall length to 2 m has a dramatic effect on the results of
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the equivalent lateral force analysis [Fig. 11(b)], as they are
now much less in magnitude than the results of the time his-
tory anaysis. The trend is even more dramatic for the 2.5-m-
long walls in Fig. 11(c). An interesting point to note is that
increasing the stiffness of the walls by increasing the wall
length has little effect on the results of the time history analysis
while having a significant effect on the equivalent lateral force
analysis.

The displacement envelopes as a function of wall height are
shown in Fig. 12 for the four-story buildings. The same trends
as observed for the two-story buildings are evident for the
four-story buildings. As the wall stiffness is increased, the
equivalent lateral force anaysis results are effected signifi-
cantly [Figs. 12(a—c)]. Also, in al three cases there is some
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deviation between the time history anaysis and the lateral
force analysis in terms of magnitude and shape. The displace-
ment-based design results are more consistent as shown in
Figs. 12(d—f). Similar results are noted for the 8- and 12-story
buildings in Figs. 13 and 14, respectively.

Results for the 16-story buildings are shown in Fig. 15. Note
the very large difference between the equivalent lateral force
method and the time history analysis in Figs. 15(a—d). The
displacement-based design results provide good agreement as
shown in Figs. 15(e—h). However, for the first time, the shape
of the target displacement profile varied from that of the time
history analysis, indicating that higher mode effects captured
in the time history analysis should be explored in establishing
the target displacement profile for design.

CONCLUSIONS

Given the current interest in performance-based earthquake
engineering, the 1997 UBC seismic provisions for structural
wall buildings were examined for their ability to specify and
control damage in the design process. It was noted that the
UBC places two distinct deformation limits for structural wall
design: (1) a maximum extreme fiber concrete compression
strain of 0.015 and (2) a maximum interstory drift ratio of
0.02 or 0.025, depending on the first fundamental period of
the building.

These two limits were compared and it was concluded that
the drift limit generally governs the design. It was further
shown that displacement ductility levels at the allowable drift
ratio limits very greatly, and for walls with large aspect ratios,
the drift limit could be accommodated with essentially elastic
response. A significant inconsistency was then noted as con-
stant force reduction, and hence ductility factors are assumed
in the UBC force-based design, which have the potential for
introducing gross errors in deformation estimation for build-
ings whose actual ductility levels are different.

To assess the implications of utilizing a force-based design
procedure to achieve the objectives of performance-based
earthquake engineering, a series of designs and analyses were
performed on structural wall buildings ranging from 2 to 16
stories. The buildings were designed using the UBC force-
based method, as well as an alternative displacement-based
design procedure. The following statements summarize the re-
sults:

1. Assessment of peak inelastic deformation through appli-
cation of elastic analysis and displacement amplification
factors can result in gross errors that will in turn lead the
designer down an unnecessary path of stiffening or soft-
ening the structure.

2. Control of performance is not possible when the analysis
method employed yields gross errors in deformation as-
sessment.

3. The UBC design method, and force-based design in gen-
eral assume that strength is independent of stiffness. As
a result, when applying the UBC design approach with
the equivalent lateral force method of analysis, there will
be only one wall configuration that will achieve a preset
deformation limit. In the displacement-based design
method, it is recognized that strength and stiffness are
dependent on each other and any wall length can be de-
signed to reach a preestablished displacement target,
within the bounds of what is practically possible with
regards to reinforcement content.

4. Inthe UBC design procedure, the prescribed deformation
limits are not consistent with the prescribed force reduc-
tion factors, and hence ductility factors. Furthermore, ap-
plication of the equivalent lateral force method for anal-
ysis of the resulting design utilizes displacement

amplification factors that are then invalidated as a result
of the analysis itself. As a consequence, an astute engi-
neer is left with an acceptance analysis that is based on
inaccurate assumptions and a structure whose actual per-
formance is unknown unless a more detailed analysisis
performed.

5. For UBC force-based design, the required base shear ca-
pacity reduces with reduction in stiffness due to the use
of constant force reduction factors and the reduced re-
sponse acceleration. In contrast, displacement-based de-
sign recognizes that decreased stiffness results in larger
elastic deformation and hence reduced ductility and ef-
fective damping for the same target drift ratio. As are-
sult, the required base shear capacity for displacement-
based design increases as the stiffness decreases.

6. The use of strain limits in the UBC in principal are val-
uable for control of damage. However, the drift ratio lim-
its were shown to generally govern the design and are
probably too restrictive. Furthermore, in order to meet
the spirit of strain as a damage control limit state vari-
able, it is essential that the design procedure employed
be able to reliably control and predict inelastic defor-
mation response.

7. For the cases considered, UBC designs are generdly
very conservative and will meet the specified limit states
as defined by drift and strain limits based on the results
of dynamic inelastic time history analysis. However, if
the more common equivalent lateral force analysis
method is utilized for acceptance, the perceived struc-
tural performance will in some cases be very different
from reality and as a result actual structural performance
will be largely unknown.

8. The force-based method could be improved by providing
more rigorous guidelines for cracked section stiffness
and force reduction factors that consider the actual struc-
tural behavior rather than ssmply using constant reduc-
tion factors and allowing the engineer to estimate stiff-
ness.

9. A comparatively simple displacement-based design
method could be utilized to achieve performance-based
earthquake engineering where limit states are defined by
reasonable drift ratio limits as well as damage based
strain limits. In such an approach, the performance of the
structures is well established during the design process
without the need for further analysis and verification.
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