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ABSTRACT

This report presents a method to assess the actual seismic performance of code-designed
structures, in particular, shear wall structures. A probabilistic approach is used so that
uncertainties in earthquake ground motions, structural responses, and structural capaci-
ties can be taken into consideration. Uncertaintiy in earthquake ground accelerations is
explicitly accounted for by generating an ensemble of acceleration time histories from ap-
propriate power spectral density functions and duration of strong motion. The modified
Takeda hysteretic model is utilized to describe the nonlinear behavior of structures. The
nonlinear seismic analyses are preformed to obtain the structural responses, which are then
statistically analyzed. The statistics of the structural capacities can also be established
based on the defined limit states. The performance of structures is measured in terms of
the limit state probability, i.e., the probability that the structural response exceeds the
structural capacity. The proposed method may be applied to various types of structures
to evaluate the limit state probabilities. Given the limit state probabilities, the authority
can consider the societal risk due to the occurrence of earthquakes and make decision on

the appropriate level of earthquake protection.
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SECTION 1
INTRODUCTION

The seismic performance of building structures is one of the main concerns in the design of
structures. Conventional structures, in particular, low-rise buildings are usually designed
according to provisions specified in building codes and standards such as Uniform Build-
ing Code (UBC) [1], Standard Building Code (SBC) [2] and American National Standard
ANSI A58.1 [3]. The code provisions are intended to achieve satisfactory performance of
buildings under various loads imposed by users or nature such as earthquakes during the
lifetime of buildings in service. The satisfactory performance of buildings under earth-
quake loads means that buildings, designed according to the code provisions, will (1) resist
minor earthquakes without any damage; (2) resist moderate earthquakes without signif-
icant structural damage, and (3) resist severe earthquakes without collapse. The above
statement on seismic performance is described in a qualitative manner and the codes do

not provide quantitative measure of the actual performance of the code-designed buildings.

Building codes usually employ simplified formulas in the provisions in order to facilitate
the design process. For example, the equivalent static design forces are stipulated in
building codes to represent the seismic forces which are dynamic and random in nature.
Similarly, nominal structural capacity (resistance) is also specified by simplified formulas.
The single design values determined by simplified formulas in building codes are for the
design purpose. In reality, the actual structural capacity and loads imposed on structures
are random in nature and involve other uncertainties. For example, we not only cannot
predict the occurrence of an earthquake in advance, but also cannot precisely estimate
its intensity and duration. In addition, structural responses are evaluated with idealized
structural models. Thus, the structural responses computed under such conditions may
exhibit{ considerable deviations from the actual siructural responses. Furthermore, the
structural capacity cannot be accurately determined since the basic parameters such as
material strength always exhibit statistical variation. In view of uncertainties in loads,
structural responses and structural capacities, it is of importance to evaluate the adequacy
of these simplified formulas and their impact on the actual performance of code-designed

buildings under earthquakes.

The objective of this study is to establish a genéral method to quantitatively assess the

actual seismic performance of buildings which are designed according to the provisions of a
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building code. The probabilistic approach is used so that the randomness and uncertainty
in loads, structural responses and structural capacities can be taken into consideration.
The performance of structures is measured in terms of the limit state probability, i.e., the
probability that the structural response due to earthquakes exceeds the structural capacity
which is established based on a defined failure criterion or limit state. This probability is
called the limit state probability. Section 2 describes a general methodology for evaluating
actual performance of code-designed structures under earthquakes, while Section 3 gives

an example to illustrate the methodology. Then, Section 4 presents the summary and

conclusions
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SECTION 2
METHODOLOGY FOR ASSESSING SEISMIC PERFORMANCE

2.1 Design of Buildings

Most of the conventional buildings are designed according to provisions specified in a
building code which is issued by a local authority. The local building code usually refers
to a model building code with or without modifications. At present, there are four major
model building codes in the United States: The BOCA/Basic Building Code [4], The
National Building Code [5], The Standard Building Code [2], and Uniform Building Code
[1]. All of these documents stipulate design requirements based on collective judgement of

code committees.

In addition to these model codes, American National Standard ANST A58.1 (3] considers
only requirements for loads, not for structural capacity. Currently, ANSI A58.1 is being
updated by a code committee organized by American Society of Civil Engineers (ASCE).
Furthermore, AT(C3-06 [6] is a proposed seismic design criterion developed by the Applied
Technology Council. After an extensive trial design and modification process conducted by
Building Seismic Safety Council (BSSC), ATC3-06 has become a recommended NEHRP
seismic design provisions [7]. At present, the NEHRP provisions is being updated by BSSC
for Federal Emergency Management Agency (FEMA). For designers and researchers as
well, it is very difficult to understand the difference of these codes and to keep update with
all the modifications. Thus, this leads to the debate on whether or not to have a model

code for the entire United States [8)].

In this study, the purpose of designing a structure is to evaluate the adequacy of the
building code. Thus, a code-designed structure actually represents a class of structures
located at sites where the building code has authority. For example, a 3-story shear
wall building may represent many low-rise shear wall buildings designed under similar

conditions.
2.2 Reliability Analysis of Buildings

Once a building has been designed according to an appropriate building code, a probabilis-

tic approach is utilized to assess the actual structural performance under earthquakes so
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that uncertainty in ground earthquake acceleration, structural response and structural ca-
pacity can be taken into consideration. Under severe earthquakes, the structural responses
are usually in the nonlinear range. In order to realistically establish the statistical charac-
teristics of nonlinear structural responses, the Monte Carlo simulation and nonlinear time
history analysis are utilized in the reliability analysis. Figure 2-1 outlines a flow chart for

the proposed reliability analysis method. The important features of the proposed method

are described in the following sub-sections.

2.3 Nonlinear Seismic Analysis of Structures

A building is represented by a multi-degree-of-freedom (MDF) stick model fixed at the
base as shown in Fig. 2-2. Each mass is assumed to have one degree of freedom, i.e., the
horizontal displacement in the direction of earthquakes. The equations of motion for such

an MDF system subjected to a horizontal earthquake ground acceleration is

[MI{X} + [CHX} + {F.} = —[MI{T} q, (2.1)

where

[M}: mass matrix

[C]: damping matrix

{I}: identity vector
{X}: nodal displacement vector relative to the fixed base
{F,}: restoring force vector

a,: earthquake ground acceleration

The mass of the building is discretized at the mid-height of each story and lumped at the
floor level. Thus, the mass matrix [M] is a diagonal matrix. The damping matrix [C] is
taken as the Rayleigh damping matrix, which is the combination of the mass matrix [ M)

and the initial stiffness matrix [K,] of the building system

[C] = ao[M] + a1 [K.] (2.2)

where
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Fig. 2-1 Reliability Analysis Procedure
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Wy +(JJ2

and

a = —2 _ (2.3)

wy + wa

in which ¢ is the critical damping ratio; w; and w; are the first two natural circular
frequencies of the structural system. From the free vibration analysis of the system, w; and
wy are determined. The restoring force vector {F,} can be expressed in terms of the shear
forces acting on the beam elements. The derivation of the restoring shear force is described
in Section 2.4. In this study, the artificial earthquake time histories are utilized as seismic
input and applied at the base of the structure. The generation of artificial earthquakes is
discussed in Section 2.5. For a given earthquake time history, the Newmark’s beta method
with beta equal to 1/4 is utilized to integrate the equations of motion in the time domain

to obtain structural responses.
2.4 Hysteretic Behavior

The restoring shear force acting on a beam element is related to the relative displacement
between the two adjacent masses. This displacement is denoted as the inter-node displace-
ment. The response of a structure to severe earthquake may be in the nonlinear range.
Under this situation, it is generally recognized that the degradation of structural stiffness
and the pinching phenomenon, which are caused by the opening and closing of the shear
cracks during the cyclic loadings, present in the hysteretic curves. In this study, the modi-
fied Takeda model [9] as shown in Fig. 2-3 is used to describe the hysteretic characteristics
of the restoring shear force and inter-node displacement. This modified Takeda model has

a bilinear skeleton curve and includes both stiffness degrading and pinching effects.
2.4.1 Skeleton Curve

The hysteretic curve resulting from static monotonic increasing loading is called the skele-
ton curve. The shear force-displacement relationship under cyclic loads is usually enveloped
by this curve. In this study, a bilinear skeleton curve shown in Fig. 2-4 is adopted for

each beam element. In Fig. 2-4, (Uy, @) is the idealized yielding point at which rebars

2-5



o |

Fig. 2-3 Hysteretic Diagram




AD

QA

-] Qy

Skeleton Curve

Fig. 2-4



begin to yield. Furthermore, k. and k, represent the initial and post-yielding stiffness,

respectively. The initial stiffiness k. is

ke = Qy/U, (2.4)
and the post-yielding stiffness k, is expressed as

kp et a,ke (2.5)

where a, is the post-yielding slope factor.
2.4.2 Hysteretic Rules

The modified Takeda model is essentially governed by the following five rules:

Elastic loading and unloading with initial stiffness.
Inelastic loading with post-yielding stiffness.
Inelastic unloading with degrading stifiness.

Inelastic pinched reloading.

ANl

Peak oriented inelastic reloading.

These five rules result in five possible paths in the hysteretic diagram as identified in Fig.

2-3 by corresponding numbers in circles.
1) Elastic loading and unloading with initial stiffness
If the shear force (absolute value) never exceeds the yielding shear strength Qy, then,

Q=kU (2.6)

where k; is equal to k..
2} Inelastic loading with post-yielding stiffness

If the shear force (absolute value) exceeds the yielding shear strength for the first time or
exceeds the maximum inelastic shear force reached in any previous cycles, furthermore,

if the shear force (absolute value) is still increasing, then,
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Q = kaU +(Qy — k2Uy) (2.7)

where kg is equal to k,.
Inelastic unloading with the degrading stiffness

If the yielding limit has been exceeded in previous cycles, and if the absolute value of

the shear force is decreasing and the sign of shear force does not change, then,

where (Umc, @me) is the maximum point reached during the current loading cycle. The

determination of k3 is illustrated in Fig. 2-5.

ka = Fr — (2'9)

The residual inter-nodal displacement at the zero shear force U, can be determined as

Qo

g _ % 2.1
Up = Us = 1 (2.10)
and
Qm - QO
= ¥m & 2.11
k U U, (2.11)

where k,, is the stiffness of the reversed loading branch without considering pinching
effect, and (U,,,, @) is the maximum point reached during any of the previous loading
cycles in the reversed loading direction. (Uy,Qg) is located at the intersection of two
straight lines: one line passing through (Usuc, @me) with the slope of ke, and the other
line passing through the origin with the slope of k,. Hence, the coordinate (U, Qy)

can be expressed as

Up = 5 _}a,(Umc - Qk’:°) (2.12)
QO = 1 i‘sa (Umcke - ch) (213)
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Fig. 2-5 Unloading and Reloading Stiffness




4)

5)

It is noted that k3 is smaller than k. if a, is larger than zero. Thus, k3 represents the

degrading stiffness during the unloading cycles.
Inelastic pinched reloading

The opened shear cracks tend to close under reversed loading and it causes a significant
increase in stiffness. This leads to a “pinched” shape of the hysteretic curve. In a
reversed loading cycle, if the absolute value of the shear force is increasing but less

than a pinching value, then

Q = ksU + (—ksU;) (2.14)

The stiffness k4 can be expressed as

-Qp
ky = —— 2.15
CA A (219
where (Up, Q,) represents a pinching point and is defined as
Up = aplUs (2.16)
Qp = apln (2.17)

in which a, is a pinching factor and (U,, @) represents a point with no pinching effect.

ks
kn-ke)

Un = U (2.18)

Qn = kUn (2.19)

Peak oriented inelastic reloading

In a reversed loading cycle, if the shear force (absolute value) is increasing and exceeds

the shear force at the pinching point defined by Eqs. 2.16 and 2.17, then

Q = ksU + (Qp — ksUp) (2.20)
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where

R Ui (221

As shown in Eqs. 2.6-2.8, 2.14 and 2.20, the restoring shear force ¢} can be expressed in

terms of the inter-node displacement U. In general, these equations can be written as “

Q=kU+s C(2:22)

where 2 is the expression in the parenthesis in those equations. For an MDF system, the

restoring shear force for the i-th element (); can be written in the same way as Eq. 2.22.

Qi = kUi + s (2.23)

where

Ui = Xi — Xiy (2.24)

in which X; is the i-th nodal displacement relative to the fixed base. The restoring force
vector {F,} is

@1 - Q2
Q2 —~ Qs
: (2.25)

{F.} =
@n
where @, is the restoring shear force acting on the beam element 7. Substituting Eqs. 2.23
and 2.24 into Eq. 2.25, {F,} can be expressed as

{F.} = [K{X} + {5} (2.26)

in which the tangential stiffness [K] is formed by the summation of the appropriate k;, and

the vector {5} is
81 — 82
83 — 83

(sy=| "] (2.27)

Sn




2.5 Artificial Earthquake Time Histories

Two basic approaches are generally utilized to represent ground motions. One approach is
to use recorded ground accelerograms to represent earthquakes that may be expected at
a site. Although the number of records has increased in past decades, there is a scarcity
of strong motion records for some regions, for example, the eastern U.S. Aside from the
lack of records, this approach does not grasp the variation of future earthquakes and
reflect the local site conditions. These concerns give rise to the use of simulated artificial
earthquake time histories to represent ground motions. Many methods for generating
artificial earthquakes have been proposed [10-14]. In this study, the approach to generate
artificial earthquake time histories is based on a specified power spectral density function

(power spectrum) and duration of strong motion.

The stationary acceleration time history a(t) is simulated by the following expression [12].

Ny
a(t) = \@Z v/ Se{wi)Awecos(wit + ¢1) (2.28)
k=1

Sg(w): one-sided earthquake power spectrum

Ng:  number of frequency intervals

Aw: w, [/ Ny
wy:  cutoff frequency
wr: kAw

¢r: random phase angle uniformly distributed between 0 and 2

The power spectrum used in this study is a Kanai-Tajimi power spectrum [15].

1+4¢2(2)°

Sg(w) = 5o ] )
(1= (2)7 +4¢2(2)

(2.29)

where 5 is the intensity of the spectrum which is related to the peak ground acceleration
[16]. Parameters w, and {, are the dominant ground frequency and the critical damping,

respectively, which depend on the site soil condition.
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The normalized nonstationary time history a,,(t) is obtained by applying an envelope
function f(t) to a stationary time history a(t), and then divided by the maximum value
of the time history a,,q42-

a(t)f(t)

ammm

am(t) = (2.30)
The artificial nonstationary time history ag(t) is the product of a specified peak ground

acceleration PGA and & normalized nonstationary time history am(t).

ag(t) = PGA x am(t) (2.31)

The peak ground acceleration has been commonly used as the parameter to characterize
ground motion in seismic hazard study. Seismic hazard at a site may be described in terms
of the probability distribution of peak ground acceleration. This study suggests to check
the actual performance of structures at two PGA levels. For the lower level, the PGA value
with 10 percent exceedance probability in 50 years is selected and denoted as the maximum
probable earthquake. For the higher level, the PGA value with 10 percent probability of

being exceeded in 250 years is selected and denoted as the maximum credible earthquake.
2.6 Uncertainty Analysis

As described in Section 1, uncertainties exhibit in earthquake ground motion and structural
system. An attempt to deal with all uncertainties using a Latin hypercube simulation
technique is described in Ref. 17. In this study, uncertainties in structures are not included
and best estimated values are used for structural properties. On the other hand, given a
PGA level, uncertainties in earthquake ground acceleration is quantified by random phase
angles and power spectral density functions. In this study, from each power spectrum, a

set of acceleration time histories are generated using random phase angles.
2.7 Probabilistic Structural Responses

For each artificial earthquake, the nonlinear seismic analysis method described in Section
2.3 is utilized to evaluate the responses of the building, e.g., the story ductility ratios of
all stories. The story ductility ratio of i-th story is defined as the ratio of the maximum

absolute inter-story displacement U,,,4,; to the yielding displacement U, ;.
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MHi = ma.z,i/U ' (2.32)

The maximum ductility ratio of the structure pg is the largest value chosen among all

story ductility ratios

pg = maz(u;) (2.33)

The values of ug obtained under all artificial earthquakes exhibit variations. It has been
suggested that the peak responses are fitted well by an extreme Type I distribution [18].
Thus, in this study, the maximum ductility ratio is assumed to be extreme Type I dis-
tributed. The cumulative distribution function of the extreme Type I variable § can be

expressed as

Fs(s) = exp[—ezp{—a(s — u))] (2.34)

where a and u are constants and determined by the following formulas [19].

u=25—05772/a (2.35)

o =r/(Vées)

where § and o5 are the sample mean and the sample standard deviation of S, respectively.
2.8 Limit States and Structural Capacities

A limit state generally represents a state of undesirable structural behavior, for example,
structural collapse or instability. For a structural system, it is likely that more than
one limit state has to be considered. Damage of a structure due to earthquakes may
be measured by a single large nonlinear excursion undergone by the structure (brittle
structure) or by the amount of energy dissipated during inelastic cycling (ductile structure).
The presence of nonlinear behavior makes it difficult to formulate limit states based on
strengths of the structure. Seismic limit states of a structure should reflect nonlinear

dynamic behavior and damage incurred in a structure.
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Various damage models which incorporate maximum deformations and/or energy dissipa-
tion have been proposed [20]. However, the use of energy-related damage model to define
limit states sometimes is difficult due to the lack of experimental data. Traditionally, the
ductility ratio is used to characterize inelastic structural responses. It can be used to
correlate the levels of structural damage and thereby define limit states. Two limit states
representing moderate structural damage and collapse of the structure are considered in
this study. For each limit state, a corresponding capacity in terms of maximum ductility
ratio can be established. The structural capacity R is usually modeled by a lognormal
distribution [21].

R =LN(R,BR) (2.36)

where LN stands for the lognormal variable; R is the median value and Bp is the logarith-
mic standard deviation, i.e., the standard deviation of InR, respectively. Usually, ig and

Br are determined by analyzing approximate data.
2.9 Limit State Probability

The limit state probability is used as a measure of structural performance in this study.
The limit state probability Py is defines as the probability of structural response S exceeds
structural capacity R. It can be shown [19] that the limit state probability may be written

as:

o0

P;=P(R<8)= [ (1 — Fs(v))fr(r)dr (2.37)

r=0

where Fs(-) is the cumulative probability distribution of § and fg(:) is the probability
density function of R. In this study, § and R are assumed to be extreme Type I and
lognormal distributed, respectively. Thus, no closed-form solution for Py is available and
it is necessary to perform numerical integration on Eq. 2.37 in order to evaluate limit state

probability.
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SECTION 3
ILLUSTRATIVE APPLICATION

A three-story office building assumed to be located in Memphis is chosen to demonstrate
the general methodology described in Section 2. A typical floor plan and section is shown
in Fig. 3-1. A steel frame system is used to resist gravity loads, i.e., dead and live loads. In
order to resist seismic forces, four bays at corners of the building in the east-west direction
are braced, while two reinforced concrete shear walls are used in the north-south direction
as shown in Fig. 3-1. It is noted that, for such a structural system, the damage incurred
in shear walls represents the similar damage of the entire building. Thus, this report is

focused on the design and the assessment of these two shear walls.
3.1 Structural Loads

Three types of loads, i.e., dead, live and earthquake loads are considered to act on the
building. The design values of dead and live loads are tabulated in Table 3-1. The tributary
area for each shear wall is 30 ft. x 50 ft. Thus, the dead and live loads acting on each

shear wall are calculated and shown in Table 3-1I and 3-III, respeciively.
The design seismic base shear V specified in ANSI A58.1-1982 is as follows:

V = ZIKCSW (3.1)

where

total shear force at the base
zone factor

importance factor

building system factor
numerical coefficient

soil factor

total dead load of the building

According to the map for seismic zones in ANSI A58.1-1982, Memphis is located in seismic
zone 3 and thus Z is equal to 3/4. The importance factor I and building system factor K
are taken to be 1.0. The coeflicient C is determined by
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Table 3-1 Unit Dead and Live Loads

Dead Load :

Roof ( 4" slab and insulation ) 52  psf
Floor ( 5" slab and ceiling ) 67 psf
Girder { W18 x 86 ) 86 plf
Beam ( W18 x 60 ) 60 plf
Column ( W14 x 90 ) 90 plf
Exterior Wall ( curtain wall ) 8 psi
Interior Partition ( 4" gypsum block ) 13 psf
Shear Wall ( 5" reinforced concrete ) 62.5 psf
Live Load :

Roof* 25 psf
3rd and 2nd Floor 50 psf

*Live load for roof is assumed to be one-half of the value specified for office area.
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Table 3-IT Dead Load for Each Shear Wall

Roof:
Roof Slab
Girder

Beam

Subtotal

2nd and 3rd Floor:

Floor Slab
Girder

Beam

Interior partition

Shear wall

Subtotal

1st Floor:

Shear wall

Total Dead Load

52 x 30 x 50
86 x 30 x 2
60 x (50 x 2+ 15 x 2)

67 x 30 x 50

86 x 30 x 2

60 x (50 x 2+ 15 x 2)

13 x 30 x 15

((18 x 12 x 2} + (5 x 216))
X150 x 15 x 1/144

((18 x 12 x 2) + (5 x 2186))
x150 x 2 x 10 x 1/144

Weight ( Ibs )
78000

5160

7800

90960

100500
5160
7800
5850

23625
285870

31500
408330 = 408 kips
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Table 3-II1 Live Load for Each Shear Wall

Weight (Ibs)

Roof 25 % 30 x 50 37500
2nd and 3rd Floor 50 x 30 x 50 75000
Total Live Load 187500 = 187.5 kips

3-5



1

C= 7 (3.2)

in which T is the fundamental period of the building in seconds. For a building with shear

walls, T can be computed by the following formula

0.05h.,
vD

T =

(3.3)

where h, is the building height from the base and D is the dimension of the building in
the direction parallel to the applied seismic forces. Referring to Fig. 3-1, h, is 50 ft and
D is 80 ft. Thus, T is determined as 0.28 sec. and C is equal to 0.126. The soil condition
at the site of this office building is assumed to be classified as §,. Thus, the soil factor §
is 1.2, The product of numerical coeflicient C' and soil factor S is equal to 0.15. However,
the ANST A58.1-1982 specifies that the product C'S need not exceed 0.14. Hence, CS5 is
taken as 0.14 instead of 0.15. The total dead load of the building W is 2609 kips as shown
in Table 3-IV. Thus, the seismic base shear V, determined from Eq. 3.1, is 273.95 kips.
The base shear is distributed over the height of the structure.

o _ (V= F)W.h,
£ Wik

(3.4)

where

F,: lateral force applied at level =
F;: additional concentrated lateral force at the top of structure
hz,h;: height from the base to level = or i, respectively
Wz, W;: weight located or assigned to level z or i, respectively

n: number of stories

According to ANSI A58.1-1982, F; may be considered as zero when T is 0.7 sec. or less. In
this case, T is 0.28 sec., thus, F}; is equal to zero. The calculation of F, is shown in Table
3-V. From these lateral forces, the shear force and overturning moment at each floor level
can be determined. The story shear and overturning moment at the base of the shear wall

are 136.9 kips and 5168 ft-kips, respectively.
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Table 3-IV Calculation of Total Dead Load

Roof:

Roof

Girder

Beam
Column
Exterior wall

Interior partition

Shear wall

Subtotal

3rd Floor:

Floor

Girder

Beam

Column

Exterior wall
Interior partition

Shear wall

Subtotal

52 x 120 x 80

86 x 120 x 4

60 x (11 x 80 + 4 x 30)

90 x 16 x 7.5

8% (120 x 2480 x 2) X 7.5
13 x (120 + 80) x 7.5

((18 x 12 x 2) + (5 x 216))
x150 x 2 x 7.5 x 1/144

67 % 120 x 80
86 x 120 x 4

60 x (11 x 80 + 4 x 30)

90 x 16 x 15

8 % (120 x 2 4+ 80 x 2) x 15
13 x (120 4 80) x 15

((18 x 12 x 2) + (5 x 216))
%150 x 2 x 15 x 1/144

Weight ( 1bs )
499200

41280

60000

10800

24000

19500

23625
678405

643200
41280
60000
21600
48000
39000

47250
900330
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Table 3-IV (Continued)

2nd Floor:
Floor

Girder

Beam
Column
Exterior wall

Interior partition

Shear wall

Subtotal

1st Floor:
Column

Exterior wall
Interior partition

Shear wall

Subtotal

Total Dead Load

67 x 120 x 80

86 x 120 x 4

60 x (11 x 80 + 4 x 30)
90 x 16 x 17.5

8 x (120 x 24+ 80 x 2) x 17.5

13 x (120 4 80) x 17.5
((18 x 12 x 2} + (5 x 216))
x150 x 2 x 17.5 x 1/144

90 x 16 x 10

8 x (120 x2+80 x2) x 10
13 x (120 + 80) x 10

((18 x 12 x 2) + (5 x 216))
x150 x 2 x 10 x 1/144

Weight ( Ibs )
643200

41280

60000

25200

56000

45500

55125
926305

14400
32000
26000

31500
103900
2608940 = 2609 kips
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Table 3-V Distribution of Seismic Forces

Level
Roof
3rd Floor
2nd Floor

1st Floor

Y

Wa( kips )
678.4
900.3
926.3
103.9

2609

ha( £t )

50

35

20

Wb,

33920

31510.5

18526

83956.5

F( kips )
110.6
102.8

60.4

273.8

F-/2( kips )
55.3
51.4

30.2

136.9
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3.2 Combination of Loads

A structure should be designed to provide sufficient resisting capacity against the forces
resulting from the combinations of loads acting on a structure. The load combinations
specified in ANSI A58.1-1982 are

1.4D

1.2D +1.6L

1.2D +6.5L + 1.5E
09D - 1.5F

OR, > (3.5a — 3.5d)

where

dead load effect
live load effect

load effect due to earthquake

s B el

strength reduction factor

R,: nominal capacity

It is assumed that the thickness of the wall is constant, thus, the cross section near the
base of the shear wall is the critical section to be designed. On the basis of the individual
loads described above, the factored axial force P,, shear force V,,, and moment M, at base

of the shear wall due to various loading combinations are shown in Table 3-VI.
3.3 Design for Shear Force

The shear wall is designed according to ACI 318-83 [22]. Since there is no shear force

resulting from gravity loads, Eqs. 3.5¢ and 3.5d can be rewritten as

¢Va 2 Wy (3.6)

where V,, is the design shear force at the base of the shear wall. As shown in Table 3-VI,
Vy is equal to 205.4 kips. The nominal shear capacity V,, specified in ACI code is

Va=V.+V, (3.7)

where V., and V, are the shear strength provided by concrete and shear reinforcement,

respectively;
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Table 3-VI Combinations of Load Effects

Case | Equation | P, {kips) Vau (kips) | M, (ft-kips)
1 3.5a 571.6 0 0
2 3.5b 790.0 0 0
3 3.5¢ 583.7 205.4 7752
4 3.5d 367.5 205.4 7752

3-11




Ve =241 td (3.8)
V, = Ay fyd/s2 (3.9)

where A, is the area of horizontal shear reinforcement within each vertical distance s;; ¢ is
the thickness of shear wall; d is the distance from the extreme compressive fiber to center

of tensile reinforcement and is equal to 0.8 £,,, in which £,, is the length of shear wall.

In this study, the compressive strength of concrete f. and the yield strength of reinforce-
ment f, are specified as 4000 psi and 60000 psi, respectively. Assuming the wall thickness is
5 in, the nominai shear strength provided by concrete is 121.4 kips (Eq. 3.8). As stated in
ACI 318-83, the minimum horizontal reinforcement ratio pj is 0.0025. For one layer of #3
rebars {4, = 0.11 in?), the maximum spacing s maz to meet this minimum reinforcement

ratio requirement is determined by

1. 82,maz = Av/tph = 8.8"
2- 821ma,z - zw/s — 48"
3. 53,mas = 18"

4. 82, maz = 3t = ].5”

On the basis of these requirements, s, is set to be 8.5 in. and this produces a shear
strength of 149 kips provided by shear reinforcement (Eq. 3.9). Therefore, the nominal
shear capacity of the shear wall V,, is equal to 270.5 kips. The strength reduction factor
¢ for shear is 0.85 and thus ¢V, is equal to 230 kips which is greater than the factored
design shear force 205.4 kips.

With reference to ACI 318-83, the vertical shear reinforcement ratio p,, shall not be less
than

pr = 0.0025 + 0.5 x (2.5 — hy,/Ly,) X (p1, — 0.0025) (3.10)

where

pr: horizontal shear reinforcement ratio
£y: horizontal length of wall
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hy: total height of wall from base to top (Note : h,, is the same as h,)

From Eq. 3.10, p, is determined as 0.0025. Also, the maximum spacing $; maz in the
horizontal section of the shear wall must meet the same requirements as for 33 ,405. Thus,

one layer of #3 rebars with spacing of 8.5 in is used as vertical shear reinforcement.
3.4 Design for Axial Force and Moment

For members subjected to axial force with flexure, the strength reduction factor ¢ is 0.7
as specified in ACI code. The design for each case shown in Table 3-VI is described in the

following.
1) Case 3: P, = 583.7 kips, M, = 7752 ft-kips

In this case, the required nominal axial strength P, and the nominal flexure strength M,

are given as

P, = % = 834 kips

M,
M, = == 11074.3 ft — kips

Thus, the eccentricity e = M,,/P, is 13.3 ft. The location of neutral axis is determined

from the equilibrium of forces acting on the cross section of shear wall.

P,=C.4+C,—T (3.11)

where

C.: Compressive force due to concrete
C,: Compressive force due to steel reinforcement

T: Tensile force due to steel reinforcement
It is assumed that both tensile and compressive reinforcements yield. Thus,

T = A,fy | (3.12)
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C,=Af, (3.13)

in which A, and A are the area of the tensile and compressive reinforcement in the flange.
To encounter reversal of loads, 4! is set to be equal to A,. The compressive force C.

consists of two parts

C.=C. +Cg (3.14)
and
Cu = 0.85f£ X (bf — t) Xty
Ccz = 085f::,31 ct
where

c: distance from the extreme compressive fiber to the neutral axis
B1: 0.85 for f. = 4000 psi

t: thickness of wall
be:  width of flange; by is taken as 18 in
ty:  thickness of flange; ¢ is taken as 12 in

Substituting Eqs. 3.12-3.14 into Eq. 3.11, c¢ is determined as 21.0 in. Taking moments
about the center of tensile reinforcement, the equilibrium of moment results in the following

equation.

Bic

d—ts/2
P.(e+ —f/) = Ceo(d—1t/2) + Cea(d - o

2 )+ C,(d —t:/2) (3.15)

where d is the distance from the extreme compressive fiber to the centroid of tensile
reinforcement. Solving Eq. 3.15, the required tensile reinforcement area A, is 7.6 in?.
Thus, 8-#9 rebars (4, = 8.0 in?) are used.

2) Case 4: P, = 367.5 kips, M, = 7752 ft-kips

The required nominal axial strength P, and the nominal flexure strength M, are
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P, = % = 525 kips’

M,
Mn = "'(;S" = 11074.3 ft — kips
Thus, the eccentricity is determined as 21.1 ft. It is assumed that the compressive rein-

forcement does not yield, while the tensile reinforcement has yielded. Thus,

T = A,f,
C, = E,c' A, (3.16)

Furthermore, it is assumed that the neutral axis is located within the flange.

C. = 0.85f'b By c (3.17)

Substituting Fqs. 3.16 and 3.17 into Eq. 3.11, A, can be expressed as

_ 525¢ — 52¢?

A, = 3.1
27c — 525 (3.18)

Taking moments about the center of tensile reinforcement and using Eq. 3.18, ¢ is deter-
mined as 11.85 in. Substituting ¢ into Eq. 3.18, A, is determined as 5.3 in? which is less
than 7.6 in? required by case 3. Thus, 8 — #9(A4, = 8.0 in?) provide enough resistance.

3) Cases 1 and 2

For cases 1 and 2, the shear wall is subjected to axial force only. As shown in Table
3-VI, the maximum factored axial force P, for cases 1 and 2 is 790.0 kips. The ACI code
specified that the required axial force strength P, is

P = 2210857 (4y — Aus) + £, Aui] (3.19)

where

¢: strength reduction factor; ¢ = 0.7
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Ag:  gross area of wall section

Ag: total area of longitudinal reinforcement

It can be easily shown that the shear wall designed for cases 3 and 4 has much larger axial

strength than that required by cases 1 and 2. The detail of shear wall and the arrangement

of reinforcement are shown in Fig. 3-2.
3.5 Ground Motion Characterization

The shear wall structure is evaluated at two PGA levels. The seismic hazard curves for rock
sites in the Memphis area are shown in Ref. 23. From these curves, the PGA value of the
maximum probable earthquake is determined as 0.18 g, while the PGA of the maximum
credible earthquake is 0.32 g. However, Memphis is located in Mississippi Embayment and
thus the PGA value obtained under rock condition needs to be modified to include soil
effects. The soil amplification factor for Memphis may range from 1.4 to 2.2 [24]. Thus,
the PGA of the maximum probable earthquake may become 0.32 g if the soil effects are

included.

The earthquake ground motion used in this study is represented by an ensemble of artificial
time histories generated from two Kanai-Tajimi power spectra. Two parameters of each
Kanai-Tajimi power spectrum, namely wy, and (; in Eq. 2.29, need to be determined in
order to simulate earthquakes. These two parameters depend on the site soil conditions.
In this study, we do not focus on a structure at a specific site. Rather, our attention is to
a class of structures which may be located at differeni sites within the region considered.
Thus, general understanding of soil conditions in the region is sufficient for this study.
Memphis is known as part of the Mississippi Embayment. The soil deposits in Memphis
range from soft to stiff soil. Therefore, two power spectra are utilized in this study; one
represents stiff soil, while the other represents soft soil. For stiff soil, w, and (; are taken
to be 57 rad/sec and 0.6, and for soft soil, w, and {; are chosen to be 2.47 rad/sec and 0.85
[25]. The two power spectra in accordance with these two soil conditions are shown in Fig.
3-3. From each power spectrum, stationary time histories are generated first by using Eq.
2.28 in which different random phase angles are used. The envelope function used in Eq.
2.30 is assumed to be a trapezoidal shape with total duration of 15 sec as shown in Fig.
3-4. The nonstationary time histories are then obtained from the product of the envelope

function and stationary time histories. A sample of nonstationary acceleration iime history
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is shown in Fig. 3-5. For each PGA level, 25 artificial earthquakes are generated for each
power spectrum. Thus, a total of 50 earthquakes are obtained for each PGA level.

3.8 Structural Modeling

The shear wall structure is idealized as a stick model with fixed base as shown in Fig.
2-2. The stick model consists of story masses concentrated at nodes connected by shear
beam elements. The story mass My, M;, and Mz are 1.199, 1.165 and 0.878 kips-sec?/in,
respectively. The shear force-displacement relationship of each element follows the modified
Takeda hysteretic rules. The parameters defining the hysteretic model are initial stiffness

k., post-yielding stiffness k,, yielding displacement U, and pinching factor op.

The initial stiffness k. is less than so-called uncracked shear stiffness k, due to the existence

of shear cracks. For each element, the initial stiffness is determined as

_GA,
~h

k. (3.20)

where

G: cracked shear modulus
A,: effective shear area

k: height of beam element

For a shear wall with two boundary columns, the effective shear area is the area of the
web. The height and effective shear area of the beam elements are shown in Table 3-VII.

The cracked shear modulus 7 is expressed as

G = ayG’o (321)

in which Gy is the uncracked shear modulus of the beam element.

E.

“o=3-n

(3.22)

where E, is the Young’s modulus of concrete. For f. = 4000 psi, E, is equal to 3.6 x 108
psi. The Poisson’s ratio v is assumed to be 0.2 in this study. Thus, G is 1.5 x 10° psi
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Table 3-VII Height and Shear Area of Elements

Element No. h (in) A,(in?)

3 180 1080
2 180 1080
1 240 1080
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(Eq. 3.22). In this study, a, is taken as 0.15 and thus. @ is determined to be 2.25 x 10°
psi. The post-yielding stiffness is expressed as a product of post-yielding slope factor a,
and initial stiffness k.. The post-yielding slope factor of the beam element is 0.04 from
load-deformation curves of shear walls under cyclic loads [26]. The yielding shear strain
is taken as 0.002. Thus, the yielding displacement U, of the element can be determined
from multiplying yielding shear strain by element height h. Given Uy, the corresponding
yielding shear strength @, is derived from Eq. 2.4. Furthermore, the pinching factor
ap needs to be determined in order to complete the hysteretic model. By comparison
of simulation and experimental results, Tohma and Hwang [9] suggested that a pinching
factor of 0.3 would be an appropriate value to account for pinching phenomenon. Thus,
the pinching factor a, is set to be 0.3 for all elements for this study. The parameter values

of the hysteretic model are summarized in Table 3-VIII.

The damping of structure is assumed to be the Rayleigh damping as described by Eq. 2.2.
From the modal analysis of the structural system, the natural frequencies of the first two
modes are 14.80 rad/sec and 42.26 rad/sec, respectively. The critical damping ratio ¢ for
these two modes are assumed to be 4 percent. The coeflicients of the damping matrix, ap

and a; in Eq. 2.3 are determined as 0.88 and 0.0014, respectively.
3.7 Response Statistics

For each artificial earthquake, a nonlinear seismic analysis of the structure is performed.
It is observed from the results of these nonlinear seismic analyses that the shear wall
structure under severe earthquakes exhibits nonlinear behavior in element 1 (first story),
while the second and third elements still remain elastic. Tables 3-IX and 3-X present the
50 maximum ductility ratios for PGA of 0.18 g and 0.32 g, respectively. For PGA of 0.18
g, the maximum ductility ratios range from 0.75 to 2.04 with the mean value equals 1.1
and coeflicient of variation (COV) is 0.24. The maximum ductility ratio pg is assumed to
follow the extreme Type I distribution. The parameters o and « which define the extreme
Type I distribution can be determined from the statistics of maximum ductility ratios (Eq.
2.35). For PGA of 0.18 g, o and u are determined as 4.8442 and 0.98235, respectively. For
PGA of 0.32 g, the maximum ductility ratios vary from 1.46 to 3.69. The mean value is
determined as 2.27 and COV is 0.25. The extreme Type I distribution parameters o and
u are determined to be 2.2691 and 2.0182, respectively.
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Table 3-VIII Parameter Values of Hysteretic Model

Element No. | U, (in) | k. (kips/in) | ky(kips/in) | a,
3 0.36 1350 54 0.3
2 0.36 1350 54 0.3
1 0.48 1012.5 40.5 0.3
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Table 3-IX Maximum Ductility Ratios for PGA = 0.18g

0.9604
1.4417
1.0688
0.8688
0.7604
0.8292
1.5020
0.7550
1.2375

0.9979

0.9750

1.4125

0.8938

1.6208

1.0021

1.5333

0.9229

1.4625

1.0625

1.1688

1.0583
0.8854
1.3000
0.9188
1.1833
1.1729
1.0417
1.1000
0.8063

0.7854

1.4167
1.1667
1.0270
1.3333
0.8125
0.8354
0.9063
1.1042
0.9021

0.8646

1.3958

2.0438

1.0792

0.7500

1.2521

0.9229

1.2333

1.0438

1.2125

1.0250
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Table 3-X Maximum Ductility Ratios for PGA = 0.32g

2.1083
2.3146
2;7438
1.8792
1.4583
1.6250
1.5833
1.8771

3.2375

1.7042

1.7563

2.1188

2.1292

2.4688

2.1229

2.4146

3.6854

3.3833

2.8292

2.2188

2.4875
2.1688
3.3500
2.0917
1.9563
2.5979
2.2979
1.9229
1.5521

3.6604

1.8000

2.2938

2.8875

2.2771
1.9813
1.5542
1.5000
2.2854
3.0125

2.0354

2.0938
2.6479
1.7688
1.4979
2.2833
1.8708
2.9104
2.1958
2.8250

2.1625
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3.8 Seismic Performance Assessment

In the event of earthquakes, damage of buildings is observed to vary from no damage
to collapse. In the present study, two limit states representing the moderate structural
damage and collapse of structure are established. The ductility capacity pr associated
with a particular limit state is assumed to be lognormally distributed. For the limit
state corresponding to collapse of structure, the median capacity fip and the logarithmic
standard deviation Gg are determined as 7.5 and 0.3, respectively, using test data of shear
wall specimens [27]. For the limit state representing moderate structural damage, the
median capacity iz of 4 and Gp of 0.3 are assigned based on the engineering judgement.
The conditional limit state probabilities for these two limit states are computed using Eq.
2.37 and tabulated in Table 3-XI.

On the basis of the limit state probabilities listed in Table 3-XI, the following observations
are made. Given the occurrence of an earthquake with PGA of 0.18 g, the probability
of collapse of shear wall struciure is very small. Although the probability of moderate
structural damage is about three orders larger than the probability of structural collapse,
the chance for the structure to incur moderate damage due to a 0.18 g earthquake is still
very slim. However, if an earthquake with PGA of 0.32 g occurs, it is expected that one
out of one thousand low-rise shear wall structures will collapse and about six percent will
sustain moderate damage. With these limit state probabilities available, the authority
can evaluate the societal risk due to earthquakes and make decision on which level of

earthquake protection is appropriate.
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Table 3-XI Limit State Probabilities

PGA Moderate Structural Damage Collapse
0.18 g 4.0 x 1071 5.4 % 1077
0.32¢g 6.2 x 1072 1.0 x 1072
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SECTION 4
SUMMARY AND CONCLUSIONS

This report presents a method to assess the actual seismic performance of code-designed
structures, in particular, shear wall structures., For illustration, a three-story shear wall
building located in Memphis is designed according to the seismic provisions stipulated
in ANSI A58.1-1982 and ACI 318-83. For assessing seismic performance of structures, a
probabilistic approach is used so that uncertainties in earthquake ground motions, struc-
tural responses, and structural capacities can be taken into consideration. Uncertainty in
earthquake ground accelerations is explicitly accounted for by generating an ensemble of
acceleration time histories from appropriate power spectral density functions and duration
of strong motion. Two power spectra are employed in this study to represent variation of

earthquake frequency contents due te local soil conditions.

The hysteretic relationship between the restoring force and inter-node displacement is es-
tablished to describe the nonlinear structural behavior. In this study, the modified Takeda
hysteretic model is utilized and the model includes a bilinear skeleton curve, degradation
of stiffness and pinching effect. The structural responses are obtained from time history
analysis and Newmark’s beta method is utilized to integrate the equations of motion. The
maximum ductility ratios obtained from time history analyses are then analyzed statisti-
cally. In this study, two limit states in terms of the maximum ductility ratio are established.
One limit state represents the collapse of structures while the other represents the mod-
erate damage of structures. The probabilistic distribution of the structural capacities can

be established based on the defined limit states.

The performance of structures is measured in terms of the limit state probability, i.e., the
probability that the structural response due to earthquake exceeds the structural capacity.
It is noted that the methodology may be applied to various different types of structures
to evaluate the limit state probabilities which are used to assess the actual performance of
structures under earthquakes. Given the limit state probabilities, e.g. those shown in Table
3-XI, the authority can consider the societal risk due to the occurrence of earthquakes and

make decision on which level of earthquake protection is appropriate.
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