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ABSTRACT

A new version of a simple "single-degree" model (called the Q-Model)
is used for approximate di sp 1acement response hi story cal cul ati on of
irregul ar planar rei nforced concrete frames subjected to earthquakes.
Nonl i nearity of the response is accounted for at an ideal i zed base
spring with a set of simple hysteresis rules. The model is evaluated
for four small-scale physical model structures and a full-scale hypo­
thetical frame. Irregularity of stiffness in small-scale structures was
provided by "soft" story and discontinued shear \lJalls. In the full­
scale frame, irregularity was due to 67 percent setbacks. It is shown
that the new version of the Q-Model led to an acceptable displacement
estimate for these structures.

The mode 1 is used to study the effect of a few parameters on the
sei smi c response. Effect of different earthquakes with the same spec­
tral intensities (SI) on two structures are described. It is shown that
neither SI nor peak ground acceleration are adequate to signifiy the
expected structural response. Study of effect of different wall cutoff
points is discussed. Walls of only a few stories high are found to
provide sufficient resistance against excessive story drifts. Influence
of wall stiffness on the displacement response is also demonstrated.
The results of the study indicate that it is possible to obtain an
optimal wall stiffness such that displacements and story drifts are
minimal.
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CHAPTER ONE

INTRODUCTION

1.1 Object and Scope

Researchers and design engineers in the field of earthquake engi­

neering generally agree that reinforced concrete structures are nonlin­

ear systems. While behavior during pre-yielding stages may be realisti­

cally simulated by the use of equivalent linear systems, a realistic

representation of post-yielding behavior requires an explicit considera­

tion of nonlinearity. Such consideration usually leads to substantial

increase in computation effort, making the computer and engineer cost

of nonlinear analysis prohibitive. This is particularly true for re­

sponse history analyses involving several iterations.

Attempts have been made to develop simple models for the nonlinear

analysi s. One of these models is the Q-Mode1 whi ch has been found to

estimate the displacement response history of uniform planar structures

reasonably well [25, 28, 29J. The development of this model was

considered the first step toward simplification of the nonlinear analy­

si s.

In addition to substantial computation necessary for the nonlinear

analysis and design, lack of adequate information about effect of

different design parameters on the nonlinear seismic response has

discouraged many designers from using the nonlinear methods.

The primary objective of the research reported herein was to sim­

plify the Q-Model further, expand its application to irregular planar

reinforced concrete structures, and carry out a sensitivity study to

identify the important design parameters in the nonlinear analysis.

Four small-scale test structures and ten artifical small-scale and
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full-scale irregular structures were studied throughout the course of

this investigation. All of these structures were planar systems subject­

ed to one component of in-plane horizontal motion.

1.2 Review of Previous Research

The nonlinear seismic analysis of multistory reinforced concrete

structures involves consideration of several parameters and is complex.

This is true even if only the in-plane response is calculated. Simpler

alternatives have been sought. The main goal in developing simple

models has been to include principal features of the nonlinear response

with relatively small effort to determine only the necessary dynamic

response which provides information about the structural behavior.

Complex analytical models usually compute displacement, velocity, and

acceleration at different structural nodes. Among these, lateral

deflection appears to give more insight about the behavior of the

structure. Hence, simple models have been developed to calculate later­

al displacement response histories. Generally, two types of simplified

methods have been introduced: shear beam idealization and single­

degree-of-freedom (SOOF) modeling.

In the shear beam method, the multistory structure is represented

by a cantilever column element with lateral stiffness equal to that of

the multi story structure. Thi s method leads to simple expressions for

dynamic properties of elastic structures [18]. On the other hand, the

formulation is more involved for inelastic systems in that a hysteresis

model should be incorporated in the analysis. Elasto-plastic and simple

bilinear hysteresis models were used in the earlier works [20, 32], as

well as in more recent investigations [37], despite the fact that elas­

to-plastic and bilinear models do not show good correlations with
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experimental data obtained for reinforced concete [27,30,31]. More

realistic hysteresis models were used by Aoyama [3J and Aziz [4J. The

basis for evaluation of the shear beam model in the research by Aziz

was correlation between the results from the shear beam model anlaysis

and those from multi-degree-of-freedom (MDOF) analysis.

While shear beam models reduce the computations to a great extent,

they still require solution of simultaneous equations. A more attrac­

tive approach is perhaps the "equivalent" SDOF modeling. In the equiva­

lent SDOF method, the multistory structure is represented by a general­

ized mass, stiffness, and damping. In order to have a successful

formulation for elastic systems, a single shape function should be

found which represents the lateral deflection of the structure with

reasonable accuracy. Because seismic response of elastic multistory

structures is usually dominated by the fundamental mode, the fundamen­

tal mode shape or a shape function close to that does provide an

acceptab le approximate defl ected shape. The properti es of the equi va­

lent SDOF system is found based on the shape function and energy

principles [7, 9J.

For inelastic structures, formulation of an equivalent SDOF system

is more complicated because: (1) inelastic structures have variable

mode shapes, and (2) a hysteresis model to represent the behavior of

rei nforced concrete structures is necessary. Taki zawa used a degradi ng

tri -1 i near hysteres is model ina shear beam model of a weak gi rder

three-story building [36J. Results were compared with those of a

rigorous model, but unacceptable correlation was found.

Pique developed an equivalent SOOF model using the first mode

shape of the structure during elastic stage as the shape function [22J.

The analysi s was primari ly concerned with the maximum response. The
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model was evaluated based on the correlation between the SDOF model

results and those from a MDOF model.

Saiidi and Sozen used a deflected shape obtained from nonlinear

static analysis of the multistory structure as the displaced shape

[25J. A simple hysteresis model was developed and incorporated in the

model which was called the IQ-~,1odel". Unlike the previous works which

were concerned with only the maximum response, the Q-Model was used to

determine response history of the structure. The model was evaluated by

comparing the calculated results with experimental data obtained in

dynamic testing of eight small-scale uniform structures.

Moehle and Sozen modified the Q-Model slightly to include cracking

and analyzed four small-scale structures and found that both the

Q-Model and their version led to a reasonable estimate of the response

[16J.

Several parameters are involved in the nonlinear analysis of

reinforced concrete structures. One of the major analytical inves­

tigations on the effect of these parameters was carried out by Powell

and Row [24J. In this study, earthquakes, column overdesign factor, and

hysteresis models were varied. The first two were found to influence

the maximum response significantly, while hinge rotations were insensi­

tive to the type of the assumed hysteretic behavior. Saiidi studied the

effect of the hysteresis model on the displacement response history and

found that the response waveform and the number of 1arge-amp 1itude

cycles were affected by the hysteresis model [27,30J. Derecho, et.al.,

investigated the effect of different earthquakes and wall stiffness and

yield level on several isolated shear walls [lOJ. It was concluded

that, depending on the shape of response spectra and the initial period

of the shear wall, the response mayor may not be sensitive to the
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input earthquake. It was also established that the maximum rotations

are substantially affected by the yield moment of the wall section.
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1.4 Notation

The following notations are used in the main body of this report:

Al = area in between calculated and measured responses

A2 area in between measured response and time axis

C = dampi ng factor

De displacement at equivalent height

D. displacement at floor i,
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f' = compressive strength of concretec

h. = height from floor i to the base
1

hn = height of structure

I = Occupancy importance factor

k = factor related to ductility of the structure

Ke stiffness calculated from the hysteresis model

Kl pre-yielding stiffness

K2 post-yielding stiffness

Le = equivalent height

Me = equivalent mass

M. = mass at floor i
1

Mt = total mass

N = number of floors

5 = soil-structure interaction coefficient

51 = modulus of elasticity of steel

52 strain-hardening slope in stress-strain curve for steel

W gravity load

Xg = base acceleration

Xmax = maximum displacement

x,x,x = acceleration, velocity, and displacement at height Le , rel­
ative to base

Xy = displacement at break point of the primary curve

z = descending slope in stress-strain curve for concrete

Z = sei smi city zoning factor

cPe = normalized displaced shape at equivalent height

cPo = normalized displaced shape at fl oor i
1
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CHAPTER TWO

ANALYTICAL MODELS

2.1 Introductory Remarks

Although the main thrust of the research described in this report

was the development and evaluation of a simple analytical model, other

models for MDOF analysis of structures subjected to static and dynamic

loads were used in the course of this study in many instances. These

models were developed previously and detailed information about them

may be found in Ref. 25. This Chapter presents a brief description of

these models in Sections 2.2 and 2.3.

The simple model introduced in this report is a refined version

of another model, called the Q-t~odel, which was previously found suc­

cessful in simulating the seismic response of uniform plane structures

[28]. The new version is called the Q-Model(L), and is described in

Section 2.5 following a section on the old version.

2.2 Multi-Degree-of-Freedom Model for Static Analysis

This is an analytical model for nonlinear static analysis of

planar rei nforced concrete frames and frame-wall structures subjected

to lateral loading. The model is for the analysis of only structures

with orthogonal elements. Structurale1ements are ideal i zed as 1i ne

members. For beams and columns, element end portions in joint cores are

considered infinitely rigid. In between the rigid end portions, a

prismatic elastic member is assumed which is connected to each rigid

end by a hinged connection and a nonlinear rotational spring (Fig.

2.1). This would limit yielding to the vicinity of beam ends, and is a

reasonable assumption for structures subjected to large lateral loads.

Variations in spring stiffness follow the rules of the Takeda
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hysteresis model [35J. To determine the nonlinear rotations, each half

of the member is treated as a cantilever beam, and rotations are found

based on a trilinear skeleton curve representing moment curvature

relationship for uncracked, cracked, and yielded stages for individual

elements. The skeleton curve used in the model mayor may not include

bond slip rotations. Detailed information about the element idealiza­

tion is provided in Ref. 19 and 25. Structural walls may be treated as

regular elements. However, because walls are likely to yield only at

and near the base, the model includes special wall element with one

rotational spring at the base. Nonlinear rotations are found using the

maximum moment at the base and an estimated cantilever length specified

by the analyst.

Axial deformations are neglected in the model, but shear deforma­

tions are included. Masses are assumed to be lumped at floor levels.

Gravity effects may be included. External loads act only at floor

levels, and may be applied in several increments. Stiffness properties

of the structure are assumed to remai n unchanged duri ng each 1oadi ng.

The model determines lateral displacements, joint rotations, and member

end moments for each 1oadi ng. The model is imp lemented ina computer

program called LARZ2 [26J. An updated user's manual is presented in

Appendix A.

2.3 Multi-Degree-of-Freedom Model for Seismic Analysis

This model is similar to the MDOF model described in Section 2.2

with the exception that it is for the analysis of structures subjected

to horizontal base accelerations. Dynamic formulation and other basic

assumptions are explained in detail in Ref. 25.

In its current form, the model is coupled to six hysteresis
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models, five of which were incorporated in the original version and

one, the Clough model [8J, was added recently. The Takeda model is

considered the most reliable model in this group, and it was the only

model used in the "multi-degree" analyses discussed in this report. The

model is used to calculate displacement and acceleration histories at

different floors, base moment and base shear histories, and the maximum

end moments and rotational ducti lities (defined as the ratio of maximum

rotation and the yield rotation).

The computer program implementing the model is called LARZ [26].

Appendix B presents an updated user's manual for this program.

2.4 Q-Model

The Q-Mode1 is a simp 1e SDOF model for non 1i near di sp 1acement

history calculations for plane reinforced concrete structures subjected

to base acceleration. The model has been found to estimate the response

in reasonably close agreement with experimental data [16,28,29J. Two

basic assumptions have been incorporated in the model about: (1) SDOF

idealization and (2) hysteretic behavior.

(a) SDOF Idealization - Representation of a MDOF system by an

equivalent SDOF oscillator has been introduced and used [7,9J. This

simplification is possible because it has been known that seismic

response of ordinary building structures is dominated by their fundamen­

tal mode of vibration. Such an idealization reduces computational

effort especially if used for response history analysis. This reduction

is due to the considerably smaller size of the SDOF system and due to

the substantially smaller number of solution steps. While the reduction

in size is obvious when a MDOF model is substituted by a SDOF system,

the reduction in the number of time steps for a SDOF analysis needs
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some explanations as follows.

To determine the response, the dynamic equilibrium equation is

usually integrated numerically. The time step required to insure sta­

bility and convergence of the solution has to be well below the period

of the hi ghest mode of vi brati on of the structure, even though thi s

mode may not contribute significantly to the response [9J. For ordinary

multistory structures, the period of highest mode is very short, and a

very small time step must be used for a MDOF analysis. Even uncondition­

ally stable methods of numerical integration require small time steps

to yield convergence.

The equivalent SDOF model has a period close to the fundamental

period of the MDOF system. Therefore, contrary to a MDOF analysis, a

SDOF analysis requires a time step which depends on the fundamental

peri od of the structure rather than the shortest peri od. As a resu 1t,

the necessary time step for numerical integration is considerably

longer than that needed for a MDOF analysis, and fewer solution cycles

are necessary. It is, therefore, apparent that ideal i zati on of a MDOF

system by an equivalent SDOF model results in substantial saving in

computati ons.

(b) Hysteretic Behavior - Experimental studies of the cyclic be-

havi or of rei nforced concrete structures have shown that force-defor­

mation relationships are associated with progressive stiffness degrada­

tion and "pinching" action [15,23J. An equivalent SDOF system would

have to take these characteri sti cs into account in order to yi e1d

satisfactory results. Several hysteresis models have been developed

which include pinching or stiffness degradation, or both [15,25,35J.

Most of these models are relatively complex and their use in a

simplified SDOF system is unjustified. However, one of the models
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introduced in Ref. 25 (called Q-hyst) is simple while it includes the

basic features observed in experimental results. In this model, the

value of the incremental stiffness at any stage of loading or unloading

is defined by a set of rules operating on a bilinear primary curve. The

primary curve is symmetrical with respect to the origin (Fig. 2.2). The

model is described using four rules [25J.

The last largest excursion point (Urn) in both directions is treat­

ed as the largest excursion point in either direction. This assumption

was made to include pinching effect without addition of a new rule, and

to keep the model simple. Unloading stiffness on either side of the

deformation axis is defined by

K = Kl * (X IX )0.4
Y max

In which

Kl pre-yielding stiffness

Xy displacement at "knee" point

Xmax maximum dsiplacement

Loading stiffness on either side of the deformation axis is

(1)

(2 )

Kl if X Xmax ~ y

K2 if the poi nt is on the porti on of the primary

curve with the slope K2 (with K2 = post-yield stiffness)

(3) Equal to the steeper of (a) the slope obtained join­

i ng the most recent deformati on axi s intercept with the poi nt on the

primary curve corresponding to Xmax on the same side of thedeforma­

tion axis and (b) the most recent return slope.

(c) The Q-Model - Properties of the Q-Model are related to

those of the MDOF model of a building following the procedure used by

Biggs [7]. Minor modifications are made in Biggs l derivation [25J, and
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different parameters are found. The Q-Model is shown in Fig. 2.3.

Hysteretic response of the "spring" in the Q-Model is based on a

nonlinear force-displacement primary curve relationship obtained using

a nonlinear static analysis and the properties of the structure, with

the assumption that it is subjected to a set of monotonically increas­

ing external lateral forces. The basic bilinear curve, assumed to be

symmetrical with respect to the origin defined by zero load and zero

displacement, is calculated for a force distribution assuming that the

lateral force at a given level is proportional to the height and the

mass at that level. This force distribution was chosen because it is

simple, and because it is compatible with the distribution recommended

by the Uniform Building Code [14]. Base moment is plotted in terms of

roof di sp 1acement and the resu 1t i ng curve is i deal i zed by a bi 1i near

curve (primary curve). Lateral floor displacements corresponding to the

break poi nt of the bil i near curve are normal i zed with respect to the

roof di sp 1acement, and form the deflected shape. Thi s shape is i nsensi­

ti ve to the exact 1ocati on of the break poi nt as long as the break

point is taken at a reasonable location on the primary curve.

Using the Q-Model, lateral displacement histories at different

floors and the base moment history can be found.

2.5 Q-Model (L)

The Q-Model reduces the complex and lengthy nonlinear analysis of

multistory structures to the analysis of a SDaF system, once the

Q-Model properties are determined. However, in the process of calculat­

ing the properties, a computer program for nonlinear static analysis of

rei nforced concrete structures subjected to 1atera1 loads is needed to

obtai n the primary curve. Thi s may not be convenient for the analysts
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who do not have access to such programs or the necessary computer facil­

ities. In the new version of the model, attempts were made to determine

the bilinear moment-displacement relationship without a nonlinear sta­

tic analysis. The alternative method used in the new verson is a limit

analysis method. This approach has been also used in Ref. 16. The new

version is called Q-r~odel(L), with (L) standing for "limit analysis."

The main characteristics of the new and old versions are the

same. In the new version, the elastic stiffness of the spring is

calculated based on a static analysis of the multistory structure for

lateral loads applied at floor levels. These loads are proportional to

floor masses and heights from base. Because beams in reinforced con­

crete structures are cracked under service load conditi ons, cracked

moment of inertia is used for beams in the static analysis. The break

point of the primary curve (the apparent "yield" point) represents the

base moment for the collapse loads. Structural elements are assumed to

behave elasto-plastic at this stage, and strain-hardening effects are

taken into account at a later stage. The "yield" base moment is found

from a limit analysis of the multistory structure with different hing­

ing locations (Fig. 2.4). Current guidelines for seismic design recom­

mend an overdesign of columns to limit yielding to beams [1]. For

buildings so designed, hinging takes place primarily in beams, and

number of collapse mechanisms to be considered is minimal.

Strain-hardening effects are accounted for by assigning a slope

to the post-yielding part of the primary curve. This slope is related

to increase in moment for individual sections: (1) due to increase in

the moment arm as steel strai n is rai sed and (2) due to strai n hard­

ening of reinforcement. An explicit consideration of the first factor
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would be involved. Therefore, the

•
f I

f /
{ ,

followi ng simple relationship is used

to determine the post-yielding slope of the primary curve:

(2. 1)

where Kl = elastic slope of the primary curve

K2 = post-yielding slope of the primary curve

Sl = modulus of elasticity of reinforcement steel

S2 = strain-hardening slope in stress-strain curve for

reinforcement steel

The Q-h~st model explained in Sec. 2.4 is used to determine stiff-

ness vari ati on of the base spri ng. Thi s model accounts for stiffness

degradation characteristics of reinforced concrete structures subjected

to cycling loads.

The floor displacements obtained from the static analysis are

normalized with respect to the top-floor displacement. The normalized

val ues are assumed to represent the di splaced shape of the structure

throughout the response. The equivalent mass and height (Fig. 2.3) are

found from the following relationships:

and

where

N 2 N
I: m. <jJ. / I: m. <jJ. ) (M

t
)

'1"'1", = , =

N N
I: m. <j>. h . / I: m. <jJ.
'1""1", = , =

L equivalent heighte

Me = equivalent mass

Mt = total mass

N number of floors

h. = hei ght from the base at floor i,

(2.2)

(2.3)



l.
15

m. = mass at floor i
1

¢. = normalized displacement at floor
1

The equation of motion is formulated as:

(2.4)

where C = damping coefficient

stiffness calculated using the hysteresis model

base acceleration

x, X, and x = relative acceleration, velocity, and displace-

ment at the equivalent mass (relative to

base) .

The above formulation is the same as that used in the original

Q-Model [25]. It should be noted that this equation is different from

equation of equilibrium for a typical "single-degree" oscillator in

that the mass on the right-hand side of the equation is the total mass,

while the mass on the left-hand side is the equivalent mass which is

smaller than the total mass. This difference should be accounted for

during integration by either using the total mass on the right-hand

side, or by using the equivalent mass on the right-hand side and

amplifying the base acceleration by the ratio of total mass over

equivalent mass.

The base moment versus displacement at equivalent height relation-

ship forms the primary curve upon which the hysteresis model operates.

The displacement at equivalent height is found from a linear interpola­

tion of displacements at adjacent floors.

A damping factor of two percent is used, and Eq. 2.4 is inte­

grated using the Newmark's 6 method [17] to determine the displacement

history at the equivalent height, and base moment history. Displace-
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ments at different floors can be obtai ned us i ng the assumed di sp 1aced

shape.

where De = displacement at equivalent height

D. = displacement at floor i
1

(2.5)

cP e = normalized displacement at equivalent height

cP. normalized displacement at f1 oor i
1

A step-by-step procedure for the Q-~·1odel(L) analysis is presented

in Appendix C.
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CHAPTER THREE

STRUCTURES AND DESIGN METHODS

3.1 Introductory Remarks

Three groups of rei nforced concrete structures were studi ed. The

first group consisted of four small-scale test structures for which

measured data from dynami c testi ng were avai 1ab 1e. The second group

included several ficticious small-scale structures similar to those in

the first group. In the third group was an eight-story full-scale

rei nforced concrete frame with approximately 67 percent setback at the

upper fi ve stori es. No experi mental data were avail ab 1e for structures

in the second and third groups.

Part of this chapter provides a brief description of design and

experimental testing of the structures in the first group. Detailed

information on these structures may be found in Ref. 16. This chapter

also presents the design method and information about the assumed

materi a1 properti es, geometry, and rei nforcement di stri buti on of the

structures in the second and third groups.

3.2 Test Structures

This group consisted of four small-scale reinforced concrete struc­

tures tested at the Newmark Civil Engineering Laboratory at the Univer­

sity of Illinois at Urbana-Champaign by Moehle and Sozen [16J. The main

purpose of the experimental investigation was to determine the effect

of abrupt change of stiffness on the dynamic performance of structures.

(a) Structural Properties - Each structure was composed of two

identical frames placed parallel to each other on the University of

Illinois shake table platform. Three of the structures had a central

shear wall which was connected to "floor" levels by hinged links.
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Different wall heights were used for different structures, providing

the opportun i ty to study the effect of wall cut-off poi nt on sei smi c

performance of structures (Fig. 3.1). The structure without shear wall

was called FNW, and the ones with one-, four-, and nine-story walls

were called FSW, FHW, and FFW, respectively. The shear walls provided

for approximately 75 percent of 1atera1 stiffness duri ng the el asti c

stage. Beam, column, and wall dimensions were 38 x 38, 38 x 51, and 38

x 203 mm, respecti ve1y. The measured materi al properti es are shown in

Table 3.1.

The structures were designed using the Substitute-Structure method

[33J. Nonlinearity of the response is taken into account in this method

through a pre-assigned damage ratio (generally comparable to rotational

ductility factor) which can be different for different structural

elements. For the test structures, the damage ratios were chosen as one

for columns, three for walls, and six for beams [16J. These values were

chosen to arrive at "weak-girder" structures. To insure that yielding

would be limited to beams, the columns were overdesigned by approxi­

mately twenty percent.

Floor masses were simulated by concrete blocks, weighing approxi­

mately 465 kg, attached to the frames at the intersection of beams and

co1umn s through hi nged connection s. As a resu 1t, the beams were not

subjected to any dead loads other than thei r own wei ghts, and the beam

forces were effectively those caused by dynamic lateral loads. Yielding

in beams, therefore, was limited to beam ends. The reinforcement in all

elements was symmetrical (Fig. 3.2). A considerable amount of shear

reinforcement was provided to avoid shear failure. The longitudinal

steel ratios are shown in Fig. 3.2. The values for beams and walls

represent the steel area per face divided by width and effective depth,
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and the values for columns are the total steel area over column gross

sect ion. The concrete cover on shear rei nforcement was 5 mm for all

cases but on vertical legs in beams where the cover was 8 mm.

(b) Dynamic Testings - The structures were subjected to extensive

dynamic testings in the direction of their planes. The tests included

earthquake simu 1ati ons, steady state moti ons, and free vibrati ons. Of

relevance to this study were the first earthquake runs which are

described here.

The north-south component of the El Centro 1940 earthquake acceler­

ation was simulated. The maximu~ acceleration was normalized to approxi­

mately forty percent of gravity acceleration. This value had been used

as the maximum acceleration of the design earthquake. Because the struc­

tures were of small scale, their period was shorter than that of

full-scale structures with comparable configuration. Therefore, the

earthquake time coordinate was lapsed by a factor of 2.5. The test data

collected included floor displacement histories relative to base, floor

absolute acceleration histories, and base acceleration history. The

latter was measured because the base acceleration acting on the struc­

ture was not precisely the same as the simulated earthquake.

3.3 Hypothetical Small-Scale Structures

Several artifical small-scale structures were generated for the

purpose of parametri c studi es. These structures were identi ca1 to the

test structures. The di fference between the test structures and the

hypothetical structures was in geometric configuration, or in seismic

design method, or both. The ones with different geometries consisted of

three structures with wall cut-off points other than those of the test

structures (Fi g. 3.3). The wall in these structures was di scant; nued at
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level three (FW3), five (FW5), and seven (FW7). The cross-sectional

dimensions and reinforcement distribution were the same as those of the

test structures with wall.

To determine the influence of design method on the dynamic re­

sponse, structures FNW and FFW were redesigned using the Uniform

Building Code [14J to compute earthquake forces. The new buildings were

called UFNW and UFF~J, with "U" standing for UBC.

Other structures in this group were four frame-walls, each with a

different wall width (Fig. 3.4). These structures were named as UFW100,

UFW150, UFW250, and UFW300, with the numerals indicating the wall width.

in terms of millimeter. The wall extended over the full height of each

structure.

The earthquake forces for the structures were found using the UBC.

Modi fi cati ons were made to account for the fact that the structures

were of small scale.

According to the UBC provisions, the design lateral forces

are found from

V ZIKCSW (3. 1)

where C = 1/150

I = Occupancy importance factor

K = factor related to ductility of the structure

S = Coefficient related to soil-structure interaction

T fundamenta1 elastic period of vibration

W= effective gravity load

and Z seismicity zoning coefficient.

To determine the fundamental period, the UBC provides three alter­

native equations. One of these is related to the overall dimensions of
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the structure as follows:

(3.2)

where o = dimension of the structure in the direction of vibration

(feet)

hn = height of the top floor from base (feet)

The period from Eq. 3.2 was found equal to 0.217 sec for the

small-scale structures. This equation assumes the same period for all

of the small-scale structures. To determine how the above result com­

pares with a more accurate est; mate of the fundamental peri od, a fre­

quency ana lysi s was carri ed out for structure UFNW and the peri od was

found equal to 0.239 sec. Because this value is close to 0.217 obtained

from Eq. 3.2, and to simplify the computations, Eq. 3.2 was used for

all the structures in this group.

It was assumed that the structures in this group are in zone four

(Z=l). The importance factor was taken equal to 1. Based on Table 23-1

of the UBC, the "K" factor was assumed equal to 0.67 for UFNW and equal

to 0.8 for all other structures in this group. An "S" value of 1.5 was

used. The upper limit on the "CS" value given by the UBC is 0.14 for

full-scale structures. Because "C" is inversely proportional to the

square root of structural period, and because the period of the

small-scale structures is approximately forty percent of the period of

full-scale structures with similar configuration, the upper limit on

"CS" for the small-scale structures should be:

1
CS = 0.14 (1/0.4)2 0.22

With T = 0.217 and S = 1.5, the value of "CS" was found equal to

0.215 which is less than the upper limit. The design lateral force (Eq.
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3.1) was found equal to O. l44W for UFNW and O. l72W for other struc­

tures. Floor weights were assumed the same for all the structures. The

lateral forces are listed in Table 3.3.

The factored design forces were controlled by Eq. 9.2 of the ACI

Code [2J as follows:

U = 1.050 + 1.275L + 1.403E (3.3)

where U = factored load

o dead load

L = 1i ve load

E = earthquake load

With a live load of zero, each structure was analyzed for the

above loads using program SAP IV [6J and the internal forces were

found. The reinforcement pattern used in these structures was similar

to that used in the test structures. For example, because all the beams

in each frame-wall test structure has the same reinforcement, the steel

distribution in all of the beams in the hypothetical frame-wall struc­

tures was taken the same. This was done because it was not the

intention of this study to examine the effect of different steel

patterns. The resulting design moments and forces are listed in Table

3.4.

Using the material properties listed in Table 3.1 and the design

moments, rei nforcement was found for different elements. The materi a1

properties used for UFNW were th~ same as those for FNW, and the values

for all other hypothetical small structures were the same as those for

FFW. The steel distribution is presented in Table 3.5. It can be seen

that the USC design method generally led to structures with larger

reinforcement than those obtained using the Substitute-Structure method
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(Fig. 3.2).

3.4 Structure with Setbacks

An ei ght-story rei nforced concrete frame wi th si xty seven percent

setbacks was analyzed in this study to determine the reliability of the

analytical models in response prediction of this class of structures.

The frame was called EFS for fight-Story frame with ~etbacks.

The dimensions of the frame and cross sections are shown in Fig.

3.5 and 3.6, and the assumed material properties are shown in Table

3.2. Floor weights were taken equal to 200 kips (890KN) at the low~r

three floors and 80 kips (356 KN) at the upper floors.

The structural dimensions and the size of the members were taken

within the customary ranges. To obtain a reasonable distribution of

reinforcement, an approximate estimate of lateral forces was found

using the UBC, even though the provisions of this code do not generally

apply to structures with more than 25 percent setbacks. A more rational

design would have been based on a dynamic analysis of the frame.

However, the intent of the study on this frame was not to investigate

the effect of design method; rather, the intent was to evaluate the

Q-Model for a structure with setbacks. Based on the UBc, the design

base shear is calculated from Eq. 3.1. It was assumed that the building

is located in an area with high seismicity (zone 4).

The peri od of the structure with gross secti on properti es was

determined using a computer program, and was found equal to 1.48 sec.

An importance factor of one, and a "K" factor of 0.67 was used. The

factor "5" was taken equal to 1.5. The resulti ng base shear was found

equal to 0.055 W. The UBC provisions require a concentrated load to be

applied at the top floor if certain conditions exist. However, for the
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structure considered here, the effect was negligible. The total lateral

load was distributed among floors using the provisions of the UBC. The

live load was set equal to zero, and the floor weights were assumed to

be distributed uniformly. The factored design moments were found and

reinforcement was designed using the material properties listed in

Table 3.2, and the method described by the ACI Code (Fig. 3.6). For

convenience in the 1ater stages of the study, the beam rei nforcement

was assumed symmetrical. Because the steel distribution appeared to be

reasonable, no refinement in the seismic design forces was made and the

design was considered final.
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CHAPTER FOUR

EFFECT OF PARAMETERS ON Q-MODEL RESPONSE

4.1 Introductory Remarks

The approach used in the Q-Model (or Q-Model (L)) involves a few

parameters. To obtain some of these parameters, different analysts may

use different methods and idealizations, causing a variation in the

values used in the analysis. To determine the degree of sensitivity of

the response to moderate ch anges in these parameters, a parametri c

study wcs carried out. Thi s chapter presents the parameters and the

results of the study.

4.2 Location of Wall Inflection Point

The method used in the Q-Model to obtain the primary moment-deflec­

tion curve involves a nonlinear static analysis of the multistory struc­

ture. As it was mentioned in Sec. 2.2, the height of wall inflection

poi nt from the base is esti mated by the analyst. To determi ne the

effect of this height on the primary curve, structure FFW was analyzed

using different wall inflection point heights, ranging from one-half of

the first story height to the full height of the structure. A set of

monotonically increasing lateral loads were applied in fifty incre­

ments, and base moment was plotted in terms of the top-level displace­

ments (Fig. 4.1). It should be noted that the wall in this structure

provided for approximately 75 percent of lateral stiffness. Therefore,

lateral displacements were mainl~ controlled by the wall.

It can be seen in Fig. 4.1 that the curve changed only slightly as

a result of change in inflection point location. The curve correspond­

ing to inflection point at mid-height of the first story showed the
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largest deviation from the other curves. The results for all other

cases were very close. By examining the wall moments after each load

increment, it was found that the exact inflection point position

slightly varied as cracking and yielding developed in different ele­

ments. For the case when on 1y mi nor cracks had developed the exact

point was at one-third of the total height. In the vicinity of the

"knee" point (apparent yield point), the height was 0.37 of the total

height, reducing to 0.29 fer the loads causing a top displacement equal

to two percent of the structural height.

A reasonable estimate of the height of inflection point would be

between one-third to full height of the wall. For this range, it can be

seen that the location of inflection point made little difference in

the primary curve.

4.3 Damping Factor

A viscous damping factor of seven percent has been recommended and

widely used for dynamic analysis of reinforced concrete structures in

the pre-yielding range [18]. A seven percent damping factor is rela­

tively large, but because structural elements may be cracked in the

pre-yielding range, to account for the energy absorbed by friction

between the aggregates, this damping factor is justified. In structures

which undergo yielding, much of the input energy is dissipated thrcugh

hysteretic damping, and a smaller damping factor is more appropriate.

To determine the influence cf damping on the displacement response, the

Q-Mode1 was used to analyze structure FHW based on different dampi ng

coefficients. The study was carried out for both the elastic and in­

elastic ranges. The responses were judged based on their agreement with

the measured data.
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Figure 4.2 shows the top-level displacement response for FHW

forced to remain elastic while the damping factor was varied. As it

would be expected, the elastic responses showed poor correlation with

the experi mental data. The response with zero percent dampi ng showed

the 1argest devi ati on. Duri ng the fi rst 1.5 seconds, when no major

yielding had yet occurred and the structure was indeed elastic, close

correlation was observed for all values of damping. It can be concluded

that: (1) the response hi story coul d not be predi cted well us i ng an

elastic analysis with cracked stiffness, regardless of the damping

factor, and (2) amplitudes, frequency content, and waveforms of the

response based on an elastic analysis are very sensitive to the damping

factor.

Figure 4.3 presents the top-level nonlinear displacement histories

for different damping factors. It can be seen that the inelastic

responses were considerably better than the elastic responses. Displace­

ments found based on two and fi ve percent dampi ng factors were in

closer agreement with the measured curves. As the dampi ng factor was

varied, the calculated response histories changed slightly, indicating

that the inelastic response is not very sensitive to the damping factor.

To obtain an overall evaluation of the responses, the displacement

maxima and a factor called the "Performance Index (PI)" were plotted

(Fig. 4.4). The PI is a simple index representing the closeness of the

calculated and measured results and is found from

in which

PI (4. 1)

A1 = area in between calculated and measured responses,
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A2 = area in between measured response and zero displace­

ment axis.

A response wi th PI = 100 is in perfect agreement wi th the measured

data, while a response with a negative PI has a considerable deviation

from the measured response.

It is evident in Fig. 4.4.a that thE elastic maximum displacerr.ent

was considerably more sensitive thar. the inelastic response. The PI

values for the elastic cases were also affected significantly by the

change in the damping factor (Fig. 4.4.b). The poor correlation of

elastic responses with the measured curves is indicated by the negative

PI's. The PI was stable for the nonlinear responsEs with damping

factors ranging from twc to eight percent.

In summary, the choice of damping factor had little effect on the

nonlinear response as long uS a damping factor of betwEe~ two to eight

percent was used. It should be noted that thi s observation was made for

u physical model structure with no "non-structural" elements. Further-

more, the str'-lcture developed significDnt nonlinearity (maximum cl~s-

placement of about 2.5 time~ the yield displacement). Response of

structures with non-structural el en:ents and wi U 1iinited non 1bearity

is more sensitive to the damping factor.

4.4 ~lastic Stiffness

Elastic stHfness is referred to the slope of the line connecting

the origir to the &pparent yield point of the pr-;n:ary curve (Fig. 2.2).

For a Q-Model ana~ysis, the moment-deflection curve cbtained from a lIon-

linear static. ;Analysis needs to be idealized by a bilinear curve. The

choice of the breakpoint has an effect on the elastic stiffness. To

determine the effect of slight variations in the st~ffness on response,
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structure FHW was analyzed assigning different values of elastic stiff­

ness. First, the result from the static analysis was idealized by a

bilinear curve using judgement. The response obtained based on this

curve is called the reference case, and is shown in Fig. 4.5. Four

other cases were studi ed using e1asti c stiffnesses equal to 90, 95,

105, and 110 percent of the stiffness used in the reference case (k o ).

The post-yielding slope of the primary curve and yield moment were kept

constant. A damping factor of two percent was used for all cases.

Figure 4.6 shows the response histories and Fig. 4.7 shows the

maximum displacements and the PI's. No significant changes could be

observed as the initial stiffness changed. The response history for the

case with 110 percent of reference stiffness was in closer agreement

with the measured curve. This case also had the highest PI. However,

with respect to maximum displacement, the case with 90 percent of

reference stiffness had the best agreement. Nevertheless, the results

for different cases were close, suggesting that ~ 10 percent variation

in the elastic stiffness is not likely to cause any drastic changes in

the response. It should be noted that this observation may not true for

earthquakes with "sharp" peaks in their response spectra in the range

close to effective period of structure [25J.

4.5 Post-Yielding Stiffness

The slope of the primary curve beyond the yield point is estab­

lished by the analyst through the process of idealization of the

calculated curve for a Q-Mode1 analysis, and found from Eq. 2.1 for a

Q-Mode1 (L) analys is. To determi ne the slope used in the Q-Mode1, the

knee point is connected to a point on the calculated curve with

displacement equal to five times the displacement at the knee point. In
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the Q-Model(L), the slope is a function of elastic slope and strain

hardening slope in stress-strain relationship for steel. Both these

approaches are arbitrary, and have been used because they are simple

and yield satisfactory results. Questions may be raised as to ItJhat

effects changes in these slopes may have on the response. To determine

the effects, structure FHW was analyzed six times, with the ratio of

post-yielding slope over the elastic slope ranging from zero to 0.3.

The ratio was 0.08 for the reference case (Fig. 4.5). A damping factor

of two percent was used in all the analyses. The response histories are

presented in Fig. 4.8, and the maximum responses and the PI's are shown

in Fig. 4.9, with "p" indicating the slope ratio. With respect to the

displacement histories, it can be seen that slightly closer agreement

with the measured response was evident in the high-amplitude ranges as

"p" increased to 0.2. However, the effect was the opposite in the

low-amplitude ranges (between T = 3 to 5 sec.). All the calculated

curves had the same general waveforms. The maximum calculated displace­

ment became slightly closer to the measured value as "p" increased up

to 0.2 (Fig. 4.9). The variation in "p" seemed to have little effect on

the overall PI's.

The above observations suggest that small variations in the post­

yi e1di ng slope are not 1ike ly to have any pronounced effect on the

displacement response.

4.6 Yield Base Moment

In the Q-Model, the "yield" point of the primary curve is a point

on the calculated moment-deflection curve, chosen by the analyst. In

the Q-Model(L), the yield point depends on the yield moment for

structural elements. Depending on the idealizations and assumptions
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used in finding the yield point, there may be variations in the

magnitude of yield base moment. To study the influence of the yield

base moment on the response, structure FHW was analyzed four times,

each time with a different yield value ranging from 80 percent of the

yield moment in the reference case to 120 percent. The yield moment for

the reference case was found using the procedure described in Sec. 2.4.

Figure 4.10 shows the response histories for different cases. The

response for the reference case is presented in Fig. 4.5. These curves

show that the correlation improved as the yield base moment increased.

However, the curves for different cases were identical qualitatively.

The case with 120 percent of the reference base moment showed excellent

agreement with the experimental data. With respect to the maximum

responses, increase in yield moment again improved the results (Fig.

4.11). The change and improvement in the calculated values is very

clear in the plot for performance indeces. As the yield moment in­

creased from 80 percent of the reference yield moment to 120 percent of

that value, the PI almost doubled. Based on the foregoing observations,

it may be stated that the response is somewhat sensiti ve to the yi e1d

base moment, and special care should be exercised in determining this

value.
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CHAPTER FIVE

RESPONSE OF TEST STRUCTURES

5.1 Introductory Remarks

This chapter describes the results of the analyses of the test

structures based on the Q-Model and the Q-Model (L). The analytical

results are judged based on their agreement with the measured data.

These comparisons were made to determine the reliability of the models

before the parametric studies were undertaken.

5.2 Results Based on the Q-Model

The earthquake response of the test structures (Sec. 3.2) was

determined using the Q-Model (Sec. 2.4). Program LARZ2 was used to

determi ne the overall moment-defl ecti on curve for each structure. The

input to this program includes moment-curvature values at cracking,

yielding, and a point beyond the yielding. The moment-curvature values

were found using a computer program. No axial loads were considered for

beams and walls, while an average axial dead load based on a 460 kg

mass at each level was used for columns (Fig. 5.1). The measured

material properties (Table 3.1) were used. The moment-curvature values

are listed in Table 5.1. Gravity effects and bond slip rotations were

ignored in the static analysis, but were considered at a later stage in

Q-Model analysis.

The calculated moment-deflection curves and the idealized curves

(fine dashed lines) are shown in Fig. 5.2. Visual judgement was used to

idealize the curves. For each structure, the displacements at the

"knee" point were found, normalized with respect to the top-level

displacement, and were used as the displaced shape (Table 5.2). The

properties of the equivalent single-degree systems are listed in Table

5.2.
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The displacement responses at the top level of each structure for

the first earthquake runs were found using program LARZAK [26J, and

were surperimposed on the measured response histories (Fig. 5.3).

The comparison of the calculated and measured top-level responses

is adequate to evaluate the model because both the measured and calcu­

lated responses for other levels are similar to those at the top

levels. The displacements at the time of maximum top-level displace­

ments and story drifts are presented in Fig. 5.4.

The response histories from the Q-Model analyses are shown at the

top of Fig. 5.3. It can be seen that for all four structures the

calculated curves were in close agreement with the measured data. The

correlation for the first half of the response was better than the

correlation for the second half. During the low-amplitude responses

(between the third and fifth sec), the analytical results deviated from

the experimental responses for structure FSW. However, the Q-Model was

able to predict the same type of waveform and amplitude as the measured

data. Analytical results showed lower amplitudes than the experimental

values after the fifth sec. for all structures. This was particularly

pronounced for FNW, the structure with no wall. One possible explana­

tion for the differences is that the test structures actually had lost

their hysteretic energy dissipation capacity significantly by the fifth

sec, whereas the Q-Model continued to dissipate the input energy

through the hysteresis model even after the fifth sec. As a result, the

model did not need to develop large displacements. This explanation is

supported by the narrow measured hysteresi sloops for amplitudes be­

tween + 15 mm (Fig. 5.5).

In terms of maximum displacements and story drifts, the correla­

tion between the analytical and experimental data was reasonably good
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(Fig. 5.4). The correlation was best for FSW and FHW.

5.3 Results Based on the Q-Model(L)

The test structures were also analyzed using the Q-Model(L)

described in Sec. 2.5. To carry out the limit analyses, the yield

moments listed in Table 5.1 were used as the plastic moments. Several

yield mechanisms were considered for each structure. Because the

columns had higher yield points than the beams, plastic hinging in

columns was limited only to the points needed to satisfy compatibility

of deformations. Floor loads were taken proportional to floor mass and

height from the base. The loads had a triangular distribution due to

the assumed equal floor masses.

Figure 5.6 shows the results of the limit analyses. These results

are comparable with those reported in Ref. 16 but show smaller collapse

loads because the p1asti c moments used in that study were 1arger than

the element yield moments used in the present work.

Each structure was analyzed for the collapse load, and the floor

di sp 1acements were found and normal i zed wi th respect to the top-l eve1

displacement to obtain the deflected shapes. The properties of the

equivalent SDOF systems are listed in Table 5.3. It can be seen that

the SDOF system properties are very close to those of the Q-Model.

The dynamic analysis was carried out for the first six seconds of

the measured first earthquake acceleration data. The response histories

and maximum responses, designated by Q-Model (L), are shown in Fig. 5.3

and 5.4. The closeness of the properties of equivalent systems based on

the Q-Mode1 and those based on the Q-Mode 1(L) was an i ndi cati on that

the two models would yield identical results. This can be observed in

Fig. 5.3 and 5.4. Close agreement with the experimental data during the

first five seconds is evident. Between the fifth and sixth second, the
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amplitudes of the calculated curve were smaller than those of the

measured data except for FSW. In terms of maximum floor displacements

and story drifts, the results from the Q-Model (L) showed better or

equa1 agreement with the experimental data. It can be conc 1uded that

the overall performance of the Q-Model(L) was at least as satisfactory

as that of the Q-Model.

5.4 Discussion

In Sec. 5.3 it was seen that the Q-Model(L) provided a consider­

ably simpler alternative to the original form of the Q-Model in terms

of construction of the primary curves, while the results were very

similar to those found from the Q-Model. The method used (limit

analysis) in the Q-Model(L) to form the moment-deflection curve is

known to most structural engineers and requires relatively small amount

of computation. An experienced designer would need to try only a few

collapse mechanisms in order to determine the minimum collapse load. It

is also worthwhile to notice that the curves of the type found in Fig.

5.6 consist of a relatively flat portion for most parts. Therefore, an

estimate of the collapse load can be obtained without any significant

effort.

The on ly element strength property needed in Q-Mode1 (L) is the

yield point (taken the same as the ultimate point defined by the ACI

Code [2J) which can be found using routine methods or tables and charts

available in most structural engineering offices. On the other hand,

for a Q-Model analysis, the complete moment-curvature relationship was

necessary for each element. Computation of moment curvatures is con­

siderably more involved than finding the yield moment alone.

To determine lateral displacements due to static loads, the ori-
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ginal Q-Model requires a computer program for inelastic analysis of

structures. Presently, very few design offices have access to such a

program. Furthermore, a majority of engineers with baccalaureate and

even masters degrees are not familiar with the nonlinear analysis

methods and, even with access to inelastic programs, they do not feel

confi dent to use these programs. In contrast, the Q-Mode 1(L) requi res

an elastic analysis, for which relatively simple and short computer

programs are widely available.

Once the properties of the equivalent SDOF system is determined,

both Q-t~odel and Q-Model(L) use the same dynamic analysis. The computer

program for the dynamic analysis, LARZAK [26J, is relatively short, and

it can be implemented on small computers.

Based on the foregoing discussion, it is apparent that the

Q-Model(L) is a preferred model over the original version in that it

incorporates more familiar methods, simpler computations, and simpler

structural analysis programs, while it yields satisfactory results.



37

CHAPTER SIX

RESPONSE OF THE STRUCTURE WITH SETBACKS

6. 1 Introductory Remarks

In chapter five, the original and new version of the Q-Model were

used for small-scale test structures with abrupt change of stiffness

provi ded by 1arge fi rst-story hei ght and different wall hei ghts. To

determine the acceptability of the models for a full-scale structure

with stiffness interruption caused by setbacks, the ei ght-story frame

(EFS) described in Sec. 3.4 was studied. While this frame does not

represent any "rea l" structure, it was designed using the current build­

ing codes. Because no measured data were available for this structure,

the "true" sei smi c response of the frame was estimated us i ng the MDOF

model discussed in Sec. 2.3. The MDOF model results were used to

evaulate the response found using the SDOF models. In this chapter, the

MDOF and SDOF resu It s are presented and corre1ati on between the re­

sponses is discussed.

6.2 Multi-Degree-of-Freedom Model Results

Based on the assumed material properties (Table 3.2), the moment­

curvature values and bond-slip rotations were calculated using routine

methods (for moment curvature) and the method described in Ref. 34 (for

bond slip). The results are listed in Table 6.1. The frame was analyzed

for the first fifteen seconds of the El Centro 1940 NS acceleration

record normalized to a maximum acceleration of 0.5g. The input base

acceleration and calculated displacement histories are shown in Fig.

6.1. The maximum roof displacement was equal to 17.7 in or approxi­

mately 1.5 percent of the total height. The frame developed significant

nonlinear deformations. The maximum rotational ductility demand
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(defined as the ratio of maximum rotation and yield rotation) was 2.5

for beams (at the eighth floor) and 1.5 for columns (at the base).

Comparison of the responses at the top five floors shows that the

displacements were generally in phase. The same was true for the

second, third, and fourth floor displacements. Comparison of the roof

and fourth floor responses reveal s that, although "zero-crossi ngs" were

close for most parts, they were not quite simultaneous. This suggests

that the moti on at the upper fi ve floors (the part with setbacks) was

sl ight1y out-of-phase with respect to the lower three floors. Further

indication of an out-of-phase motion can be observed in the peak points

in the top five floor responses.

To study the deflected shape of the frame, displacements near the

peaks at about T = 5.5, 10.5, and 12.5 sec were normalized with respect

to the top-floor displacements, and were plotted in Fig. 6.2. The

curves with the negative sign preceded the ones with positive sign by a

few tenths of a second. Based on this figure, it is apparent that in

the vicinity of the peaks the deflection was slightly concave at one

instance and slightly convex at another. This indicates the presence of

an 11 apparent" second mode.

6.3 Q-Mode1 Results

The MDOF analysis revealed that the displacement response had vis­

ible contribution of an apparent second mode, and that the displacement

shape was variable especially near the peaks. This could be interpreted

that an.equivalent SDOF model, utilizing a single deflected shape,

might not be successful in response prediction. To explore the problem,

EFS was analyzed using both the old and new versions of the Q-Mode1.

Using the methods described in Chapter Two, properties of the SDOF
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systems were found. The lateral loads for the static analyses had the

distribution shown in Fig. 6.3. The Q-Model properties are listed in

Table 6.2 and 6.3. The displacement histories obtained from different

models, were superimposed (Fig. 6.4). Because the fourth floor response

shape was somewhat different from the roof response, the response at

both floors was considered.

It can be observed that the roof displacement histories found

using different models were in general agreement. The SDOF model

responses had a slightly shorter effective period. The waveforms and

amplitudes were close. The absolute maximum.displacement obtained from

the Q-Model was seven percent larger than the MDOF result. The Q­

Model(L) overestimated the response by nine percent. The time of

maximum roof di sp 1acement found from SDOF model s coi ncided with the

time of the second largest peak in the MDOF response.

The correl ati on at the fourth floor was not as sati sfactory as

that at the roof. The response based on the Q-Mode1(L) appeared to be

slightly closer to the MDOF model result. The SDOF models were unable

to reproduce the hi gher mode contri buti ons seen in the MDOF model

response between the second and third seconds and at the ninth second.

The correlation between the SOOF model results and that of the MDOF

model was poor after the twelfth second, indicating that perhaps the

simple hysteresis rules incorporated in the SOOF models led to an

overall structural stiffness which was not close to what was considered

by the more complex hysteresis rules used in the MDOF model [35J.

Nevertheless, in terms of the overall response, the SDOF model results

were reasonably close to the response from the MDOF model.

The foregoing observations were contrary to the expectation that,

because of the presence of an apparent second mode, an equivalent SOOF
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model would not work. The assumed displaced shape used in the SDOF

models affects all the main properties of the equivalent systems. A

closer look at the responses found for the MDOF model (Fig. 6.1 and

6.2) shows that the drastic changes happening in the deflected shape

(Fig. 6.2) are only for a few tenths of a second near the peaks. The

average of the "plus" and "minus" curves are shown in Fig. 6.5 along

with the deflected shapes used in the SDOF model s. It can be seen that

the average curves were very close to what was used in the SDOF models.

This was particularly visible after nonlinear deformations had de­

veloped (T = 10.5 and T = 12.5 sec). The success of the SDOF models can

be attri buted to closeness of the assumed di sp 1aced shapes with the

average shapes predi cted by the MDOF model, and it can be concl uded

that such an agreement has led to a reasonable estimate of the

properties of the equivalent SDOF systems.

The maximum lateral displacements are presented in Fig. 6.6. With

respect to the absolute maximum displacements (Fig. 6.6.a), the results

from different models are in agreement. The same holds true for

response at the time of maximum displacement predicted by the SDOF

models (Fig. 6.6.b). However, the correlation at time of maximum

response predicted by the MDOF model is not consistent along the

hei ght. Exce 11 ent agreement was seen for the lower fi ve floors, wh il e

at the roof, the MDOF model resu It was 34 percent 1arger than the

result from the Q-Model (L) and 48 percent larger than that from the

Q-Model. It can be seen in Fig. 6.1 that second mode contributions have

caused these differences.

The slope of the curves in Fig. 6.6 shows the ratio of story drift

and story hei ght, and is representati ve of dri ft. No consi stent trend

is evident in comparing the slopes for the three curves in Fig. 6.6.c.
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While very close agreement can be seen in the lower five stories, the

slopes at the upper three stories are very different signifying the

inadequacy of the SDOF models.

The performance of the SDOF models for EFS may be viewed satisfac­

tory in terms of overall waveforms, amplitudes, and frequency contents,

although significant differences were observed in a few instances. It

is not certain whether the models would exhibit an acceptable perform­

ance if the frame had even more drasti c stiffness interrupti on. Based

on the reasonable results obtained for EFS and those for the test struc­

tures which were more uniform, it may be stated that the SDOF. models

are likely to yield acceptable results for planar structures ranging

from uniform to irregular with stiffness interruptions of the type and

magnitude which existed in EFS. The need to improve the SDOF models to

obtain a better estimate of story drifts is evident.
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CHAPTER SEVEN

PARAMETRIC STUDIES ON THE TEST STRUCTURES

7.1 Introductory Remarks

The research reported in Ref. 16 was in effect an experi menta1

parametric study. However, due to the usual constraints on experimental

works in terms of time and expense, relatively few parameters were con­

sidered. To carry out an extensive parametric study without an enormous

cost, an analytical approach would have to be used utilizing a reliable

analytical model. In Chapters Five, it was shown that both the original

and the new versi ons of the Q-Mode1 were successfu 1 in reproduci ng the

response. In this chapter, the results of a sensitivity study utilizing

the Q-Mode1 is presented. The parameters cons i dered here were the input

earthquake and the wall height. Because the old and new versions of the

Q-Model had yielded identical results and because the software neces­

sary for the nonlinear static analysis required in the Q-Model was

readily available, only the original version of the Q-Model was used in

this part of the study.

7.2 Effect of Base Motion

(a) Earthquake Records - It is generally believed that different

earthquakes have different effects on a given structure. The principal

characteristics of earthquakes include frequency content, high ampli­

tudes and number of their occurrence, and duration. In order to compare

di fferent earthquakes, one method is to compare the effect of the

motions on a collection of single-degree-of-freedom elastic oscillators

having different periods of vibration. This method leads to the con­

struction of response spectra for displacement, velocity, and accelera­

ti on response. To estimate the rel ati ve effect of different ground
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motions on an elastic multistory structure, the response can be found

from the response spectra treating the structure as a SDOF system with

a peri od equal to the fundamental peri od of the structure. For i n­

elastic structures, because the stiffness changes with time, period is

vari ab 1e and any compari sons made in terms of the effect of di fferent

earthquakes wou 1d have to be for the expected peri od range. Another

approach is to construct an inelastic response spectrum [18J and

determi ne response based on an expected ductil ity. In using e1asti c

spectra, even through the use of a peri od range, one may not neces­

sarily obtain a close estimate of the response, because in construction

of response spectra, it is assumed that the structure with certain

period is subjected to the entire duration of the earthquake, while the

effective period in an inelastic system may be reached after some time,

and the inelastic system with the effective period may be subjected to

only part of the earthquake.

To determine sensitivity of the response to earthquakes other than

the simulated El Centro, structures FNW and FFW were analyzed for six

earthquake acceleration records as listed below:

El Centro 1940, NS

El Centro 1940, EW

Taft 1952, N21E

Taft 1952, S69E

Imperi al County Buil di ng 1979, EW

Bucharest 1977, NS

The intensity of an earthquake may be measured in terms of the

maximum acceleration or the Hausner spectrum intensity (SI), which is

the integral of the velocity spectrum taken over the structural period

ranging from 0.1 to 2.5 sec [13]. Because the second measure is
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considered to be a better representative of the overall effect of

earthquakes on structures, it was used in this study with the exception

that the integral limits were changed to 0.04 and 1.0 seconds to

account for the fact that the test structures had fundamental peri ods

of approximately forty percent of peri od of full-scale structures with

similar configuration. The earthquake acceleration records were normal­

i zed such that the spectral intensity for each case was equal to the 51

of the simulated El Centro used in the experimental investigation [16J.

The 51 for the simulated earthquakes was 330 mm for FNW and 290 for FFW

based on two percent dampi ng. The durati on was 15 sec i n real earth­

quake time (6 sec of compressed record). The first four seconds of the

county bui 1di ng record were deleted because of the very small amp 1i­

tudes [llJ. The maximum accelerations for different records are shown

in Table 7.1.

The displacement, velocity, and acceleration response spectra for

two percent damping are shown in Fig. 7.1. The fundamental period of

the test structures at uncracked stage was approximately 0.2 second.

Due to the nonlinear deformations anticipated during each earthquake,

it was expected that the effective period would increase to, say, 0.4

sec. It can be seen in Fi g. 7. 1 that for the peri od rangi ng from 0.2 to

0.4 sec, the responses from different earthquakes showed different

trends.

(b) Responses - The calculated displacement response histories for

FNW are shown in Fig. 7.2. The time coordinate in each record was

compressed by a factor of 2.5. The response caused by the ori gi na1 El

Centro 40, N5 appeared to be very similar to that induced by the

simulated El Centro (Ch. 5). The responses due to the El Centro 40

(EW), Taft 52 (N21E), and Taft 52 (569E), were identical in terms of
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both the frequency contents and the di splacement maxima. Simi larities

of this type can also be found in comparing the response due to El

Centro 1940, NS, and that caused by the record measured at the Imperial

County Building. The response for the Bucharest record did not resemble

any other response. Only one high-amplitude wave was developed followed

by low-amplitude responses with relatively long periods.

The above observations are also generally true for FFW responses

(Fi g. 7.3). With respect to the response due to the Buch arest record,

the amplitudes were considerably lower than those in the FNW response.

The difference can be exp 1ai ned as fo 11 ows: By the end of the fi rst

second of the response, both FNW and FFW had an effecti ve peri od of

slightly over 0.2 second. Structure FFW was initially stiffer (due to

the presence of the wall) and at the end of the first second was likely

to have a peri od whi ch was shorter than that of FNW. Noti ng the fact

that for the period range of 0.3 and slightly larger, the velocity (and

the input energy) increases with increase in the period (Fig. 7.1), the

larger response for FNW would be expected.

With respect to the maximum displacements (Fig. 7.4), it can be

seen that for FNW the deflections were relatively close. The top-level

displacement response ranged from 18 to 25 mm. The response for the El

Centro 40, EW, record coi ncided with the response due to the County

Building record. The story drifts for different earthquakes were also

identical. A wide scatter was visible in the FFW response maxima. The

maximum top-level di splacement ranged from 11 mm for the Bucharest

record to 25 mm for the El Centro 40, NS record. However, responses

from earthquakes other than Buchrest had a much smaller range. The

response for the Taft N21E acceleration coincided the response due to

the El Centro 40, EW.
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The above observati ons suggest that different ground moti ons had

generally different effects. It appeared that mi nor difference between

the effective period of FNW and FFW caused a relatively large differ­

ence in the response due to the Bucharest record. In contrast, the

difference in period did not have any significant influence on the

response from El Centro N5. By compari ng the di sp 1acement maxima from

different earthquakes and the measured response (due to a simulated El

Centro 40, N5), it can be also concluded that FNW and FFW did not

develop any excessive deflections under ground motions other than the

design earthquake.

The vari ati ons in the responses caused by earthquakes with the

same 51 suggest that 51 is not necessari ly a measure of effect of an

earthquake on a given building. Comparison of the response due to Taft

(N21E) and El Centro (N5) shows that, although the two records had

approximately the same peak ground acceleration (PGA), the maximum

response due to El Centro was more than 30 percent larger than that due

to Taft. It appears that nei ther 51 nor PGA alone are representati ve of

severeness of the effects and other factors need to be considered.

7.3 Effect of Wall Height

In the experimental investigation reported in Ref. 16, three

frame-wall structures were tested, one with a wall extending over the

entire height of the structure, one with a single-story wall, and one

with a four-story wall. The steel distribution was the same for all of

the structures. There were mi nor vari ati ons in concrete compress i ve

strength for different structures. Experimental results indicated that

the location of wall cutoff point had a small effect on the overall

response.
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To determine whether the above observation would hold true for

structures with walls discontinued at levels other than those con­

sidered in the experimental research, four hypothetical structures were

generated and analyzed. The structures ItJere named FW1, FW3, FW5, and

FW7, with the numeral indicating the level at which the wall was

discontinued. Structure FW9 was the same as FFW with respect to the

dimensions, material properties, and reinforcement distribution. The

materi a1 propert i e s used for the other structures were the same as

those of FFW. Structure FWl was identical to FSW in terms of dimensions

and reinforcement, but it had slightly different concrete properties.

All the structures were analyzed for the simulated E1 Centro measured

at the base of FFW during the first earthquake run. The original

versi on of the Q-Model was used for the analyses. The Q-Model proper­

ties are listed in Table 7.2 and 7.3.

Figure 7.5 shows the response hi stories for different structures.

It can be seen that the responses were i denti cal in terms of waveforms

and frequency contents. The fact that the frequency contents were very

close to each other indicates that the point of wall discontinuity did

not have any visible effect on the overall structural stiffness. This

is despite the fact that the wall for each structure was carrying

approximately 75 percent of base shear.

With respect to the maximum deflections and drifts (Fig. 7.6), the

responses for different structures were close. Structure FWl showed

smaller fi rst story drift due to the restrai ni ng effect of the fi rst

story wall. Comparison of the deflection of FWl and FW3 shows a

visible variation in the displaced shape caused by the increase in the

height of the wall from 458 mm to 916 mm. In contrast, no significant

difference can be seen in the deflected shapes for FW3, FW5, and FW7.
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This suggests that the extra wall over the third level provided in FW5

and FW7 did not have any beneficial effects in controlling the displace­

ments. The structure with a ni ne-story wall (FW9) had the 1argest

deflections among all the structures. The deflections at the upper

three levels were larger because of the fact that, to satisfy displace­

ment compatibility, upper story walls in relatively tall walls tend to

exert forces on the rest of the structure and cause more deflections.

The foregoing observations suggest that, as long as a shear wall

was provided in the lower part of the structure, the deflections were

contro 11 ed and a reasonably uniform di stri buti on of story drifts cou 1d

be achieved. It is worthwhile to note that these walls were connected

to the frames through hinged links. It is not clear whether the above

conc 1us i on wou 1d be true for wall s wh i ch are connected to the rest of

the structure by moment resisting elements.
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CHAPTER EIGHT

PARAMETRIC STUDIES ON THE HYPOTHETICAL STRUCTURES

8.1 Introductory Remarks

In Chapter Seven, the effect of different earthquakes on the struc­

tures designed based on the Substitute-Structure method [33J was

studied. To determine the effect of different ground motions on struc­

tures proportioned using the UBC design procedure [14J, the structures

described in Sec. 3.3 were analyzed for a collection of earthquakes.

Those structures in this group which had different wall widths were

al so studied to identify the effect of wall stiffness on the sei smic

response. Only the original version of the Q-Model was used. This

chapter presents the results of these studies.

8.2 Effect of Base Motions

(a) Simulated Earthquakes - Structures UFNW and UFFW were anal­

yzed for the earthquakes listed in Table 7.1, in addition to the

simulated El Centro records measured in the experimental testing of FNW

and FFW. The analyses for the latter records were conducted to compare

the response of structures designed based on the UBC with the response

of those designed using the Substitute-Structure method [33J. The

Q-Model properties are listed in Table 8.1 and 8.2.

The response histories for the simulated earthquakes are shown in

Fig. 8 with broken curves representi ng the measured responses of FNW

and FFW. The major difference between the analytical and experimental

results is in the effective periods. During the first 1.3 seconds no

signifi cant yie1di ng occurred and stiffness was controlled by gross

section properties which were the same for the hypothetical and the

test structures. As a result, the analytical and experimental results
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were close. However, after some of the elements yielded, the hypotheti­

cal structures had a shorter average period or a larger average

stiffness caused by their generally higher steel ratio. Both FNW and

UFNW had an effective period of slightly over 0.3 second with FNW

period being somewhat larger. Beyond T 2.3 sec, UFNW experienced

several low-amplitude cycles while FNW continued to develop large

peaks. The difference can be explained by considering the velocity

response spectra for the simulated earthquake (Fig. 7.1). For periods

of slightly larger than 0.3, the velocity spectra is steep, and the

velocity increases significantly with minor increases in the period.

Because the peri od of FNW was longer than the peri od for UFNW, FNW

developed relatively larger peaks. The absolute maximum displacements

for the two structures were close.

The response of UFFW was relatively close to that of FFW. The

apparent peri od of UFFW was shorter than the peri od of FFW due to the

higher steel ratio in UFFW. With respect to the absolute maxima, FFW

experienced a twenty percent larger displacement.

(b) Other Earthquakes - The di sp 1acement response of UFNW for a

collection of earthquakes is shown in Fig. 8.2. The ground motion

accelerations were normalized such that the spectral intensity (51) for

each case was the same as the 51 for the measured base acceleration in

dynami c testi ng of FNW. Except for the response due to the Bucharest

record, the response histories generally appeared identical. The struc­

ture passed its apparent yield displacement in all cases but the

Bucharest earthquake. The Taft N21E motion caused the highest number of

cycles with moderate to high amplitudes. The structure was not excited

significantly by the Bucharest record, and it remained essentially

elastic throughout the response. Comparison of this response with that
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for FNW (Fig. 7.2) indicates that the larger amount of steel in UFNW

prevented any significant yielding and kept the period in a range which

was not sensitive to the Bucharest earthquake.

The above observati ons are al so true for structure UFFW (Fig.

8.3), except for the points regarding the Bucharest results. Neither

FFW (Fig. 7.3) nor UFFW were affected significantly by this earthquake.

The maximum displacements and story drifts are shown in Fig. 8.4.

It can be seen that, except for the deflecti on due to the Bucharest

record, the maximum defl ect ions caused by different earthquakes were

close. The same is true for story drifts. Because the maximum deflec-

tion is a representative of the maximum ductility demand, it can be

concluded that, if these structures are properly detai led to withstand

one of these earthquakes, they are likely to survive the others.

8.3 Effect of Wall Stiffness

Small-scale structures with full-height wall having different

widths (Sec. 3.3) were used to identify the influence of wall stiffness

on the seismic response. These structures, namely UFW100, UFW150, UFFW,

UFW 250, and UFW 300, were designed using the UBC provisions and

assuming material properties the same as the measured values for FFW.

The numeral in each name indicates the wall width in terms of milli-

meter. Structure UFFW had a wall width of 203 mm, the same as the wall

width for FFW.

The wall widths presented a variety of lateral stiffness distribu-

ti ons between the wall and the frames in each structure. The rati 0 of

base shear (for a triangular load distribution with maximum at the top

level) carried by the wall in the uncracked stage ranged from 34

percent for UFW100 to 87 percent for UFW300. The ratios increased
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slightly as the columns and beams started to yield, then dropped

slightly as the wall base yielded. Table 8.3 presents the percentage of

base shear carried by the wall at three stages of static lateral

loading: uncracked stage, the apparent yield point on the moment-de­

flecti on curve for the structure, and the case with the top-l evel

displacement equal to two percent of the total structural height.

The Q-Model properties are listed in Tables 8.4 and 8.5. The

structures were analyzed for the first six seconds of the base accelera­

tion measured in the first earthquake testing of FFW. The input

acceleration was a simulated El Centro, NS, 1940.

Comparison of top-level displacement histories (Fig. 8.5) indi­

cates that the responses had the same general characteristics in terms

of frequency content and amplitudes. Number of high-amplitude cycles

was the same for different structures suggesti ng that the demand for

the number of load reversals without failure was approximately the same

for the structures. All structures showed a series of small amplitudes

between T = 3 and 5 sec. With respect to the maximum deflections (Fig.

8.6), considerable variations among the shapes were visible, although

the maxima at the upper level of different structures were close. The

deflected shape for UFW100 and UFW150 was "bulged," which is the type

of deflecti ons expected of frame structures and structures with rel a­

tively "soft" walls. The first story drift was the largest for these

two structures. No particular beneficiary effect was realized in in­

creasing the wall width from 203 mm (in UFFW) to 300 mm (in UFW300). In

terms of the overall response it can be concl uded that whi le the

response waveforms and maximum di sp1acements for different structures

were close, structures UFFW, UFW250, and UFW300 performed better in

that they had considerably smaller first story drifts.
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CHAPTER NINE

SUMMARY AND CONCLUSIONS

9.1 Summary of Research

The study presented in thi s report consi sted of two mai n parts.

The first part was the development and evaluation of a simple single­

degree-of-freedom (SOOF) approximate model for the nonlinear displace­

ment response calculation of planar reinforced concrete structures

subjected to earthquakes. This model is a simpler version of another

model, called the Q-Model, which was previously developed and found

successful in response predi cti on of several uni form structures [28J.

The new model was called the Q-Model(L) with (L) standing for the limit

analysis method used in the process of determining the properties of

the SOOF model. The new version was developed with the aim of its

eventual use for design purposes. The Q-Model(L) was used for the

seismic analysis of a series of "irregular" small-scale and full-scale

rei nforced concrete frames and frame-wall structures. The "i rregul ar­

ity" in these structures was due to one or more of the following:

drastic change in height from one story to the next, discontinued wall,

and setbacks. The objecti ve of the fi rst part of the study was to

determine whether the simplified modeling is successful for irregular

structures as well as uniform structures studied previously [28].

To evaluate the results obtained from the Q-Model(L), four small­

seal e ni ne-story three-bay rei nforced concrete structures and a fu11­

scal e ei ght-story rei nforced concrete structure were analyzed. All of

these structures were idealized as planar systems. The small-scale

structures were those tested by Moehle [16J using the shake table at

the Newmark Ci vi 1 Engi neeri ng Laboratory, Uni versity of III i noi s. One

of these structures comprised only two parallel frames, while the
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others had walls di sconti nued at different 1eve1s. The measured di s­

placement histories of these structures for a design simulated El

Centro were considered as the exact response and used as the basi s to

evaluate the analytical results.

The full-scale eight-story frame was generated for the purpose of

this study and did not represent any actual structure. This frame had

three equal spans in the lower three stories, and only the middle span

extended over the enti re hei ght provi di ng a 67 percent setback in the

upper five stories. A reasonable reinforcement distribution was ob­

tained based on the provisions of the Uniform Building Code [14J even

though the UBC requirements are not strictly developed for irregular

structures. The ACI Code was used for the final design [2J. Because

there were no experimental data avai lable for this frame, the "true"

nonlinear response was estimated using a multi-degree-of-freedom (MDOF)

analyti cal model [26]. The structure was analyzed for the north-south

component of El Centro 1940 record using both the original and the new

versions of the Q-~1odel, and the results were studied in relation to

the "true" response.

The second part of the study presented here was aimed at determin­

ing the influence of different parameters on the nonlinear seismic

response of planar structures. Initially, a study was conducted to

identify the sensitivity of the Q-Model response to slight changes in

the assumptions made in finding the Q-Model properties. Parameters

considered were damping factor, elastic stiffness, post-yielding stiff­

ness, and base moment at apparent yielding of the structure. This study

was carried out on one of the small-scale test structures.

The parametri c study on different structures fo 11 owed the i niti a1
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part and included the following variables: design method, input earth­

quake, wall cutoff point, and wall stiffness relative to the total

structural stiffness.

The desi gn methods were the Substitute-Structure method and the

Uniform Building Code Procedure. The input earthquakes were both compon­

ents of El Centro 1940, both components of Taft 1952, east-west

component of the 1979 earthquake measured at the ground fl oor of the

Imperi a1 County Servi ces Bui 1di ng, and the north-south component of

Bucharest 1977. The wall cutoff points were chosen at alternate levels

starting with level one. The wall stiffness was varied by changing the

wall width in a structure with a wall extended over the total height of

the structure. The wall width was varied from 100 mm to 300 mm

providing wall-to-structure stiffness ratios ranging from 34 to 87

percent for the uncracked stage. To assess the effect of these para­

meters, response characteri sti cs such as amplitudes, waveforms, fre­

quency contents, number of moderate and large amplitudes, maximum

deflections and maximum story drifts were considered.

9.2 Observations

In the course of the study presented in this report, the following

important points were noted.

(a) SDOF Modeling

1. The earthquake response of four small-scale two-dimensional

physical models and a full-scale hypothetical planar frame was success­

fully estimated using a simple nonlinear "single-degree" model.

2. The Q-Model (L), through the use of limit analysis method,

provided an analytical tool which was simpler than the original version

of the Q-Model.
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3. With respect to the test structures, the fact that the struc-

tures were irregular in the plane did not appear to require any particu­

lar modification in the Q-Model.

4. For the full-scale frame (Sec. 3.4), the setbacks led to a

displacement response with significant contribution from the second

mode of vibration. Such behavior contradicted the assumption of a

single deflected shape utilized in the Q-Model. As a result, the

Q-Model failed to yield accurate relative story displacements. However,

the overall displacement response was calculated reasonably well using

the Q-Model.

(b) Effect of the Q-Model Properties

In the course of fi ndi ng the effect of di fferent model i ng para­

meters on the Q-Model response, it was noted that the results were

insensitive to the damping factor as long as the system developed

significant nonlinearity. In addition, it was found that the response

was not affected by'slight variations (..:!:. 10 percent) in the elastic and

post-yie ldi ng stiffness of the di sp lacement-moment curve. The response

was somewhat sensiti ve to the magnitude of the moment at the break

point (the apparent yield point) in the displacement-moment curve.

(c) Parametric Studies

1. In compari son of structures desi gned based on the provi si ons

of the Uniform Sui ldi ng Code and those designed usi ng the Substitute­

Structure method, it was found that the former required a slightly

1arger amount of steel. The sei smi c responses of the two groups were

similar.

2. Different base motions with the same spectrum intensities led

to responses with no consistent trend. No correlation was observed

between the maximum acce 1erati on and spectrum i ntensiti es. There was
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also no correlation between the maximum displacement response and

either of the maximum acceleration or the spectrum intensity (Table

7.1). Earthquakes causing similar maximum deflections led to responses

with different number of high amplitudes (Fig. 7.2, 7.3, 8.2, and 8.3).

3. Responses of structures with different wall heights were

generally identical. One-story and three-story walls appeared to pro­

vide sufficient resistance against excessive story drift at lower

stories. The structure with a nine-story wall experienced the largest

total deflections.

4. The maximum top-level deflections for structures with differ-

ent wall widths were close. Deflected shape for the structure in which

the wall provided for about fifty percent of lateral stiffness was

dominated by a frame type of deflection (somewhat bulged at lower

floors). Increase in the wall width from 203 mm (in FFW) to 300 mm (in

UFW 300) did not have any significant effect on the structural deflec­

tion.

9.3 Conclusions

Based on the study presented in thi s report, several statements

may be made as follows. The conclusions are separated into three groups

regarding: (1) the modeling method, (2) properties of the Q-Model, and

(3) the parametric studies.

(a) SDOF Modeling

The test structures descri bed in Chapter Three were effecti vely

two-dimensional irregular systems subjected to one horizontal component

of an earthquake simulated in the strong direction of the structures.

For these structures, both the original and the new versions of the

Q-~~odel led to results in reasonable agreement with the experimental

data. The Q-Model was previously found successful for a series of
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uniform two-dimensional systems. The success of the Q-Model suggests

that the model is likely to produce acceptable results for other simi­

lar structures, uniform or irregular, subjected to seismic loading in

their planes.

Two important poi nts deserve attenti on, one about the structures

and the other concerni ng the earthquakes. ~!ith respect to the test

structures, it should be noted that the lIirregularityll in the struc­

tures was somewhat 1imited and confi ned to a symmetri c type. More

research is needed to determine the extent to which an approach similar

to the Q-Model is applicable. Simplified analysis of irregular struc­

tures with unsymmetric distribution of mass or stiffness, or both, is

also a topic which deserves extensive research.

The earthquakes considered in this study were unidirectional. Real

earthquakes have three translation components, two of which are not

included in the Q-Model in its present form. Therefore, the Q-Model

response shoul d not be consi dered the lItruell response. Neverthel ess,

compared to the conventional elastic analyses with a set of static

equivalent lateral loads and compared to the response spectra method,

the Q-Model provides a much more lI rea listic" approach in displacement

response estimation. The Q-Model is not the realistic analytical model;

rather, it is a step towards a simplified and realistic model.

The Q-Model response for the eight-story frame (Sec 3.4) exhibited

characteristics similar to the response from the multi-degree-of­

freedom analysi s. The si xty seven percent setbacks at the upper fi ve

stori es provided a drasti c change of mass and stiffness to the extent

that the response contai ned s i gnifi cant contri buti on from the second

mode of vibration. The contribution from the second mode (which is not

considered in the Q-Model) led to an unacceptable estimate of the
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deflected shape by the Q-Model. Attempts should be made to improve the

Q-Model in thi s respect. The qual ity of the response for the eight­

story frame, however, suggests that the Q-~lode1 in its present form can

be the starting point.

(b) Effect of the Q-Model Properties

The Q-Model response does not appear to be significantly affected

by slight variation in the Q-Model properties. This conclusion is

reached for a structure which experienced maximum deflections of approx­

imately 2.5 times the di splacement at the apparent yield point of the

structure (Chapter Four). While this conclusion may be valid for

earthquakes with broad-band spectra, it is not app 1i cab1e to earth­

quakes which are sensitive to slight variations in the period of the

structure [25J. Among the parameters studied, the apparent yield base

moment appears to be the one with somewhat pronounced effect.

(c) Parametric Studies

The effect of an earthquake on a structure is defined in terms of

maximum di sp lacement (and the maximum ducti 1i ty demand), maximum story

drifts, and the number of yielding cycles it produces at joints. The

study presented here showed that neither the peak ground acceleration

(PGA) nor spectrum intensity can be a measure of these effects (Sec.

7.2). Earthquakes with PGA of 0.26g and 0.36g appeared to have identi­

cal effects, whi le other earthquakes with the same spectrum intensity

led to totally different results.

With respect to the effect of wall cutoff point on the di splace­

ment response, the frequency content and waveforms do not appear to be

sensitive to this parameter. Presence of the wall at lower few stories

reduces the story dri fts for structures with "soft" fi rst story. No
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beneficial effect is seen by extending the wall over the full height of

the structure to control the displacements and drifts at upper stories.

In comparison of the response of structures designed based on the

USC provi si ons and the Substitute-Structure method, it is noted that

the structural responses for the two groups were identical, while the

Substitute-Structure method led to a slightly more economical designs.

The study on structures with different wall stiffnesses revealed

that increase i n wall stiffness to contra 1 story drifts was effecti ve

only to a certain extent. The structure in which the wall stiffness was

seventy five percent of the total stiffness based on gross section

properties experienced the least drifts.
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TABLE 3.1 - Material Properties for Test Structures

Concrete

Structure Compressive Tensile Strain Ult i mate Mod. of Descend.
Strength, f~ Strength at f' Strain El ast. Slope

(MPa) (MPa) c
(t~P a) (~1P a)

FNW 39.9 3.5 0.003 0.004 20,300 6,000
FSW 37. 1 3. 1 0.003 0.004 18,000 5,570
FHW 35.9 3.6 0.003 0.004 19,000 5,390
FFW 34.5 3.0 0.003 0.004 18,700 5, 180

Steel

Element Yield Modulus of Strain at Strain-Hardening
Stress El asti city Start of Slope

(NPa) (MPa) Strain-Hardening (~1Pa)

Wall 339 200,000 0.005 1680
Beams and
Columns 399 200,000 0.0045 1060

Note: Tensile Strength is based on split cylinder test

TABLE 3.2 - Material Properties for EFS

Concrete
Compressive Strength (fl)
Tensile Strength c
Strain at f~

Strain at Ultimate Point
Modulus of Elasticity
Descending Slope

4.0 ks i
0.474 ksi
0.002

0.003
3,600 ksi

300 ksi

Steel Yield stress
Modulus of Elasticity
Strain at Start of Strain

Hardening
Strain-Hardening Slope

60 ksi
29,000 ksi

0.00207
2,900 ksi

See Appendix D for Unit Conversion Factors
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TABLE 3.3 - Lateral Forces for Hypotheti cal Small-Scale Structures

Unit = N

Level
Structure 9 8 7 6 5 4 3 2

UFNW 1092 981 877 764 657 547 435 328 217
Others 1304 1171 1048 913 784 653 519 392 259

TABLE 3.4.a - Design Forces for UFNW

Element

Level 1-3 Beams
Level 4-9 Beams
First Story Ext. Col's.
Story 1-2 Int. Col's
All other Columns

Axial Force (KN)

o
o

4.84
4.84
3.62

Moment (KN-mm)

165.2
108.0
363.7
363.7
149.6

)

)

TABLE 3.4.b - Design Forces for Hypothetical Frame-Wall Structures

. Force UFW100 UFW150 UFFW UFW250 UFW300

Beam Mom. (KN-mm) 162.6 135.4 113.3 96.9 86.9
Col. Ax. Load (KN) 4.73 4.11 4.15 4.19 5.3
Col. Mom. (KN-mm) 297.6 192.8 159.1 129.7 97.9
Wall Mom. (KN-mm) 1360. 2785. 4300. 5613. 6966.
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TABLE 3.5.a. Reinforcement, Ratios (x 100) for UFNW

Element Beams
(Levels 1-3)

Beams Columns Other
(Levels 4-9) (Ext. Story 1) Columns

(Int. Story 1-2)

Reinforcement
Rati os 1. 47 0.91 1. 91 0.61

TABLE 3.5.b. Reinforcement, Ratios (x 100) for Hypothetical
Frame-Wall Structures

Element UFW100 UFW150 UFFW UFW250 UFW300

Beams 1.47 1. 13 0.98 0.85 0.74

Columns 1. 52 0.81 0.61 0.61 0.61
Walls 1.50 1. 23 1.05 0.85 0.70
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TABLE 5.1 - Flexural Properties of Elements in Test Structures

Post-Yield Post-Yield
Crack. Mom. Yield Mom. Mom. Yield Curv6 Curv.

Structure Element (KN-mm) (KN-mm) (KN-mm) (1Imm) xl 0 (1/mm)xl06

FNW Beams (level 4-9) 32. 91.9 94. 92.7 1300.
Beams (level 1-3) 32. 134. 135. 98.6 1330.
Columns

(Story 6-9) 69.7 162. 170. 64.2 836.
Columns

(Ext. Story 2-5
Int. Story 3-5) 89. 205. 207. 69. 869.

Columns
(Ext. Story 1
Int. Story 1-2) 98.7 346. 354. 75.5 900.

FSW Beams 27.4 91. 92.1 94.7 1310.
Columns 0'1

(Story 6-9) 61.4 161. 167. 65.7 845. -..J

Columns
(Story 1-5) 83.4 208. 209. 71.6 891.

Wall 783. 4217. 4918. 12.4 169.
FHW Beams 32.8 91.3 100. 94.2 652.

Columns
(Story 6-9) 71.2 161. 174. 65.2 580.

Columns
(Story 1-5) 93.1 209. 219. 71. 472.

Wall 937. 4219. 4919. 12.3 169.
FFW Beams 28.4 91.5 101. 93.7 660.

Columns
(Story 6-9) 63.2 161. 174. 64.9 588.

Columns
(Story 1-5) 85.2 209. 220. 70.6 480.

Wall 812. 4221. 4921. 12.3 169.

Note: Post-yielding quantities represent values for an arbitrary point beyond yield point.
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TABLE 5.2.a. - Normalized Displaced Shapes for Q-Model
Analysis of Test Structures

Level 9 8 7 6 5 4 3 2 1

FNW 1.00 0.96 0.95 0.89 0.81 0.71 0.60 0.48 0.34

FSW 1.00 0.98 0.93 0.85 0.74 0.60 0.43 0.25 0.11

FHW 1.00 0.98 0.94 0.87 0.76 0.62 0.48 0.23 0.20

FFW 1.00 0.94 0.87 0.78 0.68 0.57 0.44 0.32 O. 19

TABLE 5.2.b. - Q-Model Properti~s for the Test Structures

Structure Eq. Mass Eq. Height Mom. at Disp. at Post Yield.
Break Pt. Break Pt. Slope

(Kg) (mm) (KN-mm) (mm) (KN-mm/mm)

FNW 3540. 1544. 14500. 7.0 108.

FSW 3340. 1646. 14500. 6.6 214.

FHW 3340. 1606. 16920. 8.3 160.

FFW 3150. 1620. 18130. 8.2 166.
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TABLE 5.3.a. - Normalized Displaced Shapes for Q-~~odel (L)
Analysis of Test Structures

Level 9 8 7 6 5 4 3 2 1

FNW 1.00 0.96 0.91 0.83 0.74 0.64 0.53 0.42 0.30

FSW 1.00 0.95 0.88 0.78 0.66 0.52 0.37 0.22 0.10

FHW 1.00 0.95 0.87 0.78 0.66 0.52 0.39 0.25 O. 14

FFW 1.00 0.92 0.83 0.73 0.61 0.49 0.37 0.24 0.13

TABLE 5.3.b. - Q-Mode1 (L) Properties for the Test Structures

Structure Mom. at Oisp. at Post-Yield.
Eq. Mass Eq. Height Break Pt. Break Pt. Slope

(Kg) (mm) (Kn-mm) (mm) (KN-mm!mm)

FNW 3260. 1570. 12100. 5.2 144.

FSW 3190. 1668. 13630. 6.2 174.

FHW 3170. 1655. 13650. 4.7 192.

FFW 3190. 1661 16090. 5.7 192.



TABLE 6.1 - Flexural Properties of Elements in EFS

Bond Slip Bond Slip
Element Post-Yield. Yield Curv. Post-Yield. Rot. at Rot. at

Crack. Mom Yield Mom. Mom.
(l/in)xl06 Curv. 6 Yield 6 Post Yielg

(k-in) (k-n) (k-in) (l/in)xlO (l/in)xlO (l/in)xlO

Beams
(Flo 5-7) 506 4546 5400 186 749 19.6 27.6

Other Beams 506 3606 4288 179 827 15.4 21.8
Columns

(SL 1-3, ExL) 1734 6171 8411 127 627 23.4 43.5
Columns

(SL 1-4) 2710 9208 11734 145 410 28.9 46.9
Columns

(St. 5-8) 1822 7511 10167 132 550 33.3 61.0 "'-l
0

Note: Post-yield quantities represent values for an arbitrary point beyond yield point.

Bond-slip rotations before cracking were ignored.

Bond-slip rotations are for unit length of each element.

TABLE 6.2 - Normalized Displaced Shapes for EFS

Level

Q-Model
Q-~1ode 1(L)

Roof

1.0
1.0

8

0.91
0.89

7

0.80
0.75

6

0.65
0.58

5

0.48
0.40

4

0.33
0.25

3

0.22
0.15

2

O. 11
0.06
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TABLE 6.3 - O-Model Properties for EFS

Eq. Mass Eq. Height Mom. at Break Pt. Disp. at Break Pt. Post-Yield. Slope
Parameter (kip-mass) (in) (k-in) (in) (k-in/in)

--
O-Model 1. 74 776 150,000 6.26 6340

O-Model (L) 1. 74 823 142,000 5.19 5490

-....I
I-'
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TABLE 7.1 - Maximum Acceleration for Different Records

Max. Ace. Scaled ~lax. Ace.
Earthquake in Original Record (g)

(g) FNW FFW
El Centro N-S .348 .412 .363

E1 Centro E-W .214 .295 .260
Taft N21E .156 .401 .354

Taft S69E .179 .405 .357

Bucharest N-S .206 .155 .136

Imp. County Bldg. E-W .331 .357 .314

TABLE 7.2 - Normalized Displaced Shapes for Structures
with Different Wall Heights

Structure 9 8 7 6 5 4 3 2 1

FW1 1.0 .98 .93 .86 .75 .60 .42 .24 .10

F~J3 1.0 .98 .92 .84 .72 .58 .43 .29 · 17
FW5 1.0 .98 .93 .86 .75 .61 .47 .33 .20
FW7 1.0 .97 .91 .81 .69 .57 .44 .31 · 19
FW9 1.0 .94 .87 .78 .68 .57 .44 .32 · 19

TABLE 7.3 - Q-Mode1 Properties for Structures with
Different Wall Heights

Structure Equivalent Equivalent Yield Mom. Yield Post Yield
Mass Height (KN-mm) Disp. Slope
(kg) (mm) (KN-mm) (KN-mm/mm)

FW1 3360. 1643. 1571 O. 6.5 228
FW3 3260. 1613. 1571 O. 6.1 182
FW5 3320. 1609. 16920. 8.5 164

FW7 3220. 1623. 16920. 7.2 174
FW9 3150. 1620. 18130. 8.2 166
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TABLE 8.1 - Normalized Displaced Shapes for Structures
Designed Based on UBC

Structure 9 8 7 6 5 4 3 2 1
UFNW 1.0 0.98 0.94 0.88 0.79 0.69 0.58 0.48 0.35

UFFW 1.0 0.94 0.87 0.79 0.69 0.58 0.45 0.32 O. 19

TABLE 8.2 - Q-Mode1 Properties for Structures
Designed Based on UBC

Structure Equivalent Equivalent Yield Yield Post Yield
~lass Height Moment Disp. Slope
(kg) (mm) (KN-mm) (mm) (KN-mm/mm)

UFNW 3380. 1545. 18795. 8.0 13l.
UFFW 3160. 1632. 22821. 8.5 116.

TABLE 8.3 - Percentage of Shear Carried by the Wall
in Structures with Different Wall Widths

)

"

UFW100

UFW150

UFFW
UFW250
UFW300

Uncracked
34
59

74

82
87

Apparent Yield

31
54
67

69
76

2 Percent Drift

28
49
59

61
63
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TABLE 8.4 - Normalized Displaced Shapes for Structures
with Different Wall Widths

Level 9 8 7 6 5 4 3 2 1

UFW100 1.0 0.98 0.94 0.88 0.81 0.72 0.61 0.48 0.33

UFW150 1.0 0.97 0.92 0.85 0.76 0.66 0.54 0.40 0.25

UF~J250 1.0 0.92 0.83 0.73 0.62 0.51 0.39 0.27 0.15

UFW300 1.0 0.91 0.81 0.70 0.59 0.48 0.36 0.25 O. 14

TABLE 8.5 - Q-Model Properties for Structures with
Different Wall Widths

Moment at Disp. at Post Yield
Structure Eq. Mass Eq. Height Break Pt. Break Pt. Slope

(ton) (mm) (KN-mm/mm)

UFW100 3.40 1544. 21480. 8.08 353.

UFW150 3.32 1594. 21480. 8.82 265.

UFW250 3.06 1664. 22150. 6.64 231.

UFW300 3.00 1678. 22150. 6.22 213.
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APPENDIX A

USER'S MANUAL FOR THE UPDATED VERSION OF LARZ2

The following new features have been added:

1. Shear deformations may be included (cards 2.4.3 and 2.4.7.a).

2. "P-Delta" effects may be ignored (card 2.4.4).

3. Bendi ng moments and rotati ona1 "ducti 1it i es" may be obtai ned for

each 1oadi ng.

4. Output for certain number of loadings may be skipped (card 2.4.4).

5. Location of inflection point with respect to member end may be

specified. This distance is used to calculate nonlinear rotations.

The default value is one-half of the clear length of the member.

This feature is particularly useful for walls, because inflection

poi nt i n wall s of constant cross secti on is not usually at the

middle point.

6. Elastic flexible diaphragms between any two horizontal degrees-of­

freedom may be used. No out-of-plane deformations allowed (cards

2.4.4 and 2.4.8).

The new Section 2.4 in this version will supersede Section 2.4 in the

old manual [26].

2.4 Program LARZ2

Thi s program is used to analyze rei nforced concrete frame and

frame- wall structures subjected to a series of monotonically changing

static lateral loads applied at floor levels. Nonlinearity of materials

is taken into account at member level. Lateral loads may change sign;

in other words, cyc 1i c loads may be app1i ed. Takeda hysteres is model

is used to calculate stiffness changes [35].
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Load increments have to be suffi ciently small to allow gradual

change of stiffness. Special precautions must be exercised in the

vicinity of the apparent yield point of the structure. If large load

increments are applied, the lateral strength of the structure will be

overestimated.

2.4.1 Project Title (7A10)

COLUMN NO: 1-70
NOTATION: PRJ(*): project title
LIMIT: 70 Characters
COMMENTS: The title of the structure and/or project is provided

on this card. The title may consist of any combination of numerical
values and upper-case alphabetic symbols. The data on this card will
appear in the front page of the output.

2.4.2 Units (3A10)

COLUMN NO.: 1-30
NOTATION: UNIT (*): units
LIMIT: 30 characters
COM~~ENTS: This card allows the user to specify the units being

used. All the input data have to be in the same units. The output will
have the same units as those of the input. The units involved are for
length and force. The user may use any part of the specified range
'(columns 1 through 30) to punch (type) the units.

2.4.3 Genera1 Information (E15.6,5F10.5)

COLUMN NO: 1-15
NOTATION: E: modulus of elasticity of concrete
LIMIT: -
COMMENTS: none

COLUMN NO: 16-25
NOTATION: G: gravity acceleration
LIMIT:
COMMENTS: none

COLUMN NO: 26-45
NOTATION: blank
LIMIT:
COMMENTS: none

COLUMN NO: 46-55
NOTATION: GG: shear modulus
LIMIT:
COMMENTS: none
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2.4.4 Structural Information (1215)

COLUt~N NO: 1-5
NOTATION: NFRM: number of frames
LIMIT: 5
COM~1ENTS: The structure may consi st of more than one but 1ess
than six frames or walls, or both.

COLUMN NO: 6-10
NOTATION: NFMAX:

LIMIT: 20
COMMENTS: none

the total number of hori zonta1 degrees-of­
freedom in the structure

16-20
NG: number of element dimension types

COLUMN NO: 11-15
NOTATION: NFLX: number of flexural element types
LHHT: 20
CO~1t1ENTS: Usually in a structure, cross sectional dimensions and

reinforcement distribution of some elements are identical. If such
elements have the same anchorage conditions, unit length flexural
properties for all of them are the same; hence, they represent one type
of flexural element.

COLUMN NO:
NOTATION:
LIMIT: 20
COMMENTS: Members having the same left rigid end length, the same

middle portion length, and the same right rigid end length represent
one type of element dimension.

COLUMN NO: 21-25
NOTATION: MBMAX: maximum number of bays
LIMIT: 8
COMMENTS: Different constituent frames of a structure may have

different number of bays. MBMAX is the number of bays of the frame with
the largest number of spans.

COLUMN NO: 26-35
NOTATION: blank
LIMIT:
COMMENTS: none

COLUMN NO: 36-40
NOTATION: NLD: number of load increments
LIMIT: 50
COMMENTS: none

COLUMN NO: 41-45
NOTATION: lWEI: index to specify if mass or weight will be given

in the input
LIMIT:
COMMENTS: lWEI = 0 mass will be given

= 1 weight will be given
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IS: number of loadings to be skipped in the output
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COLUMN: 46-50
NOTATION: NUT: index to specify the contents of the output
LIMIT:
COMMENTS: NUT = 0 print both input and output

= 1 print input only; do not analyze the structure
= 2 print output only

It is recommended that first NUT = 1 be used and the output, which
refl ects only the input data, be checked. After the user is certai n
about the correctness of the input, NUT = 0 or 2 can be used.

COLUMN NO: 51-55
NOTATION: IPDL: index to specify if "P-Delta" effects should be

included
LIMIT:
COMMENTS: IPDL = 0 ignore "P-Delta" effects

= 1 include "P-Delta" effects

COLUMN NO:
NOTATION:
LIMIT:
COMMENTS: This parameter is used only to reduce the size of

output, and it will not affect internal computations. Outputs for the
first and last loading are printed regardless of the value of IS.

COLUMN NO: 61-65
NOTATION: NDPH: number of flexible diaphragms
LIMIT: 20
COMMENTS: Any flexible floor bounded by two horizontal degrees­

of -freedom is cons idered one di aphragm. There can be more than one
flexible diaphragm with the same elevation.

2.4.5 Frame Information (415)

One card is needed for each frame. The data on the ith "Frame
Information" card will be considered for frame i.

COLUMN NO: 1-5
NOTATION: NM: number of members in the frame
LIMIT: 80 members in structure
COMMENTS: none

COLUMN NO: 6-10
NOTATION: NJ: number of joints (including supports) in the frame
LIMIT: 50 joints (excluding supports) in structure
COMMENTS: none

COLUMN NO: 11- i5
NOTATION: NS: number of supports in the frame
LIMIT: 9
COM~1ENTS: none

COLUMN NO: 16-20
NOTATION: NF: number of hori zontal degrees-of-reedom in the frame
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LIMIT: 20
COMMENTS: none

2.4.6 Mass or Weight (5E15.5)

COLUMN NO: 1-15, 16-30, ...
NOTATION: AMASS(i): mass or weight at the level where the ith

horizontal degree of freedom is defined
LIMIT:
COMMENTS: AMASS(l) is punched (typed) in the first 15 columns,

AMASS(2) is punched (typed) in the second 15 columns and so on.

2.4.7 Flexural Properties and Bond Slip

For each typical flexural element, there are two cards to be
prepared: first, card (a) followed by card (b).

a. Flexural Properties (4E10.3, 3F10.6)

COLU~~N NO: 1-10
NOTATION: ERTI(i): moment of inertia of typical flexural element
LIMIT:
COMMENTS: none

COLUMN NO:
NOTATION:
LIMIT:
COMMENTS:

COLUMN NO:
NOTATION:
LIMIT:
COMMENTS:

COLUMN NO:
NOTATION:

11-20
CRM(i):

none

21-30
YIM(i):

none

31-40
ULM (i ) :

cracking moment of flexural element type

yielding moment of flexural element type

moment at a poi nt beyond the yi e1d poi nt of
primary curve

LIMIT:
COMMENTS: This value is used only to calculate the slope of

post-yielding segment of M-O curve; it does not impose any limit on the
resistance of the member.

COLUMN NO:
NOTATION:
LIMIT:
COMMENTS:

41-50
YIC(i): yield curvature of flexural element type i

none

COLUMN NO: 51-60
NOTATION: ULC(i): curvature at a point beyond the yield point
LIMIT:
COMMENTS: The curvature must be the val ue of curvature at the

point where moment is equal to ULM(i).



COLUMN NO:
NOTATION:
LIMIT:
COMMENTS:
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61-70
AR (i) : shear area

Leave blanks if shear deformations are ignored.

b. Rotation due to Bond Slip (3E15.6)

COLU~1N NO: 1-15'
NOTATION: SC(i): Unit length rotation due to bond slip corre­

sponding to the cracking moment
LIMIT:
COMMENTS: Procedure to cal cu 1ate rotati ons due to bond s1i pis

described in Chapter 2 in Reference 25.

COLUMN NO: 16-30
NOTATION: SY (i) :

LIMIT:
COMMENTS: none

COLUMN NO: 31-45
NOTATION: SU (i) :

LIMIT:
COMMENTS: none

unit length rotati on due to bond sl i p corre­
sponding to the yield moment

unit length rotation due to bond slip corre­
sponding to ULM(i)

2.4.8 Flexible Diaphragm Information (2I5,F10.0)

One card is used for each flexible diaphragm. Skip this part if
there are no such diaphragms.

COLUMN NO:
NOTATION:
LIMIT:
COMMENTS:

1-5
IDPH(*,l) :

none

global DOF number adjacent to diaphragm *

COLU~~N NO: 6-10
NOTATION: IDPH(*,2): global OaF number adjacent to diaphragm *
LIMIT:
COMMENTS: IDPH(*,l) and IDPH(*,2) should be sorted in ascending

order. If one side of the diaphragm is fixed, columns 6-10 should be
left blank.

COLUMN NO: 11-20
NOTATION: SDPH(*): stiffness of the *th diaphragm
LIMIT:
COMMENTS: Di aphragms are assumed to remai n e1asti c throughout the

analysis. The value of stiffness is calculated by the user with
appropriate consideration of torsional properties of the adjacent mem­
bers.

2.4.9 Typical Element Dimensions (3F10.3)

The first card of this group represents the dimensions of member
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type one.

COLU~1N NO: 1-10
NOTATION: TYPT(i) : total length of member
LIMIT:
COMMENTS: none

COLUMN NO: 11-20
NOTATION: TYPL(i) : length of left (top) rigid end portion
LIMIT:
COM~1ENTS : none

COLW~N NO: 21-30
NOTATION: TYPR(i): length of right (bottom) rigid end portion
LH~IT :
COM~1ENTS : none

2.4.10 Member Characteristics (7I5)

One card is used for each member. First, the data for members of
frame one are gi ven. The ith card for each frame contai ns the data for
member i of that frame.

COLUMN NO: 1-5
NOTATION: MCH(i,l): element dimension type for member
LIMIT: NG
COMMENTS: none

COLUMN NO: 6-10
NOTATION: MCH(i ,2): flexural element type for the left (top) end

of member i
LH1IT: NFLX
COMMENTS: none

COLUMN NO: 11-15
NOTATION: MCH(i,3): flexural element type for the right (bottom)

end of member i
LIMIT: NFL X
COMMENTS: none

COLUMN NO: 16-20
NOTATION: NODE (i,l): left (top) end local incidence of member
LIMIT: 50
COMMENTS: none

COLUMN NO: 21-25
NOTATION: NODE(i ,2): right (bottom) end local incidence of member

i
LIMIT: 50
COMMENTS: none
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COLUMN NO: 26-30
NOTATION: IDIR(;): index to specify whether the member is a beam

or a co 1umn
LIMIT:
COMMENTS: IDIR(i) = 0 member i is a column or a wall

= 1 member i is a beam

COLUMN NO: 31-35
NOTATION: IBSE(i): index to specify if the length from member end

to inflection point is other than one-half of
the member length

LIMIT: up to 10 members with IBSE(i) = 1 allowed
COMMENTS: IBSE(i): = 0 inflection point at the middle

= 1 inflection point at location other than
the middle

2.4.11 Main and Dependent Degrees of Freedom

Each hori zonta1 degree-of -freedom may cons i st of more than one
joint. One of the joints in each degree-of-freedom is considered as the
mai n joi nt; others are assumed to be dependent joi nts. There are two
cards for each horizontal degree-of-freedom: cards (a) and (b). Data
cards for frame one come first, followed by the data for frame two and
so on.

a. Main Joints (315)

COLUMN NO:
NOTATION:
LIMIT:
COMMENTS:

COLUMN NO:
NOTATION:
LIMIT: 8
COMMENTS:

COLUMN NO:
NOTATION:
LIMIT:
COMMENTS:

1-5
LIST(*): local joint number of main joint

none

6-10
LIST(*}: number of dependent joints in the frame

If there are no dependent joints, use 1.

11-15
IFRE(*): corresponding global degree of freedom

none

b. Dependent Joints (815)

COLUMN NO: 1-5,6-10, ...
NOTATION: LIST(*}: dependent local joint
LIMIT:
COMMENTS: Each dependent joint is punched in five columns of this

card. If there are no dependent joints, punch the main joint number in
the first five columns.

2.4.12 Height of Levels (10F8.3)

COLUMN NO: 1-8,9-16, ...



NOTATION: HT(i):
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height of the level at which the ith degree­
of-freedom is defined

LIMIT:
Cm~MENTS: ith 8-column range is for the ith degree-of-freedom. If

there are more than ten degrees of freedom, use two cards.

2.4.13 Height of Inflection Points (lOF8.3)

Skip this card if there are no members with IBSE equal to 1.

COLUMN NO: 1-8,9-16,
NOTATION: CNTF(i): distance of inflection point from member end

(see comments) for the ith member with
IBSE(i) = 1

COMMENTS: Di stances are gi ven in the same sequence that members
with IBSE equal to 1 appear in the input. For example, the quantity
given in the third 8 columns represents the distance for the third
member with IBSE equal to 1 as appeared in the input.

CNTF is the canilever length used for calculation of nonlinear
rotati ons from curvature val ues. The length is used for both member
ends. If yielding is expected at both member ends, CNTF should be the
average of distances from the inflection point and the two ends.

2.4.14 Involved Joints

Adj acent to each 1eve1, where one hori zonta1 degree-of -freedom is
defined, there are joints above and/or below which are connected to the
level by means of columns. Any rotation at these joints will cause
moment at the joi nts in the level of concern. Because the program is
developed to solve irregular as well' as regular frames, it is necessary
that information about the joints adjacent to each level and within the
level be provided. The data are used to trace the location of non-zero
elements of upper ri ght structural submatri x (Appendi x Bin Reference
25 ).

a. Number of Involved Joints (1615)

COLUMN NO:
NOTATION:

1-5,6-10, ...
NEF (i ): number of adj acent

within ith DOF
joints and the joints

LIr~IT: 50
COMMENTS: none

b. Involved Joints (1615)

COLUMN NO: 1-5,6-10, ...
NOTATION: JTK(*): global joint number adjacent to or within the

level where a degree-offreedom is defined
LIMIT:
COMMENTS: There are up to two cards for each degree-of -freedom.

The joi nt numbers are to be sorted in ascendi ng order. If there are
less than 17 involved joints in a degree of freedom, only one card is
needed. The first card is for the first degree of freedom.
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Load Increments (lOF8.4)

COLUMN NO: 1-8,9-16, ...
NOTATION: DF(i,j): jth load increment at level where ith degree­

of-freedom is defined
LIMIT:
CO~1MENTS: The first eight columns contain the increment for the

first degree-of-freedom. First card contains the value of the first
load increment. If there are more than ten degrees-of -freedom, the
first two cards define the first series of load increments. During the
first loading the structure is assumed to remain elastic.
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APPENDIX B

USER'S MANUAL FOR THE UPDATED VERSION OF LARZ

The following new features have been added:

1. Shear deformations may be included (cards 2.2.3 and 2.2.7.a).

2. Location of inflection point with respect to member end may be

specified. This distance is used to calculate nonlinear rotations.

The default value is one-half of the clear length of the member.

This feature is particularly useful for walls, because inflection

point in walls of constant cross section is not usually at the

middle point.

3. Elastic flexible diaphragms between any two horizontal degrees-of­

freedom may be used. No out-of-plane deformations allowed (cards

2.2.4 and 2.2.8).

4. Clough Hysteresis Model may be used.

The new Section 2.2 in this version will supersede Section 2.2 in the

old manual [26J.

2.2 Program LARZ

This program is used to analyze planar structures, consisting of

one or more frames and wall s, subjected to an input base acce1erati on

hi story. Frames are assumed to compri se verti ca1 and hori zonta1 e1e­

ments. Inel asti c deformati ons are considered by taki ng into account

element non 1i nearity . Several as sumpt ions and ideal i zat ions descri bed

in Chapter 2 of Reference 25 are applied in the program. In the present

chapter, only the procedure to prepare input data is provided.

2.2. 1 Project Title (7A10)
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COLU~~N NO: 1-70
NOTATION: PRJ(*): project title
LIMIT: 70 Characters
COMMENTS: The title of the structure and/or project is provided

on this card. The title may consist of any combination of numerical
values and upper-case alphabetic symbols. The data on this card will
appear in the front page of the output.

2.2.2 Units (3A10)

COLUMN NO.: 1-30
NOTATION: UNIT (*): units
LIMIT: 30 characters
COMMENTS: This card allows the user to specify the units being

used. All the input data have to be in the same set of uni ts. The
output wi 11 have the same units as those of the input. The units
involved are for length, time, and force. The user may use any part of
the specified range (columns 1 through 30) to punch (type) the units.

2.2.3 General Information (E15.6,5F10.5)

COLUMN NO:
NOTATION:
LIMIT: ­
COMMENTS:

COLUMN NO:
NOTATION:
LIMIT:
COM~~ENTS :

1-15
E: modulus of elasticity of concrete

none

16-25
G: gravity acceleration

none

matrix in the expres-

and w
2

and /;2

36-45
BETA: coeffi cient of sti ffness

sion for damping.

S = 2 (i; w - /; w ) / (W 2 _ w2)
1 1 2 2 1 2

where

LIMIT:
COM~1ENTS :

Wl
/;1

COLUMN NO:
NOTATION:

COLUMN NO: 26-35
NOTATION: ALPHA: coefficient of mass matrix in the expression

for damping (Chapter 2, Reference 2)
LIMIT: 2 2
COMMENTS: a = 2W,W2( ~wl _ /;lw

2
)/(w l - w

2
)

= the damping factors for the first two modes;

the frequencies of the first two modes.

COLUMN NO: 46-55
NOTATION: GG: shear modulus
LIMIT:
COMMENTS: none
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2.2.4 Structural Information (1215)

COLUMN NO: 1-5
NOTATION: NFRM: number of frames
LIMIT: 5
Cm~~~ENTS: The structure may consi st of more than one but less

than six frames or walls, or both.

COLUMN NO: 6-10
NOTATION: NFMAX:

LIMIT: 20
COMMENTS: none

the total number of hori zonta1 degrees-of­
freedom in the structure

16-20
NG: number of element dimension types

COLUMN NO: 11-15
NOTATION: NFLX: number of flexural element types
LIMIT: 20
COMMENTS: Usually in a structure, cross sectional dimensions and

reinforcement distribution of some elements are identical. If such
elements have the same anchorage conditions, unit length flexural
properties for all of them are the same; hence, they represent one type
of flexural element.

COLUMN NO:
NOTATION:
LIMIT: 20
COMMENTS: Members having the same left rigid end length, the same

middle portion length, and the same right rigid end length represent
one type of element dimension.

COLUMN NO: 21-25
NOTATION: MBMAX: maximum number of bays
LIMIT: 8
COMMENTS: Di fferent consti tuent frames of a structure may have

different number of bays. MBMAX is the number of bays of the frame with
the largest number of spans.

COLUMN NO: 26-30
NOTATION: IHYST: index to specify the hysteresis type to be used
LIMIT:
COMMENTS: Currently there are six types of hysteresis models

which can be used in the program. Only one hysteresis model can be used
in each analysis. In other words, different models cannot be assigned
to different members of a structure. Informati ons about the hysteresi s
systems are provided in References 1,2, and 3.

The following are the indeces for each model:

IHYST = 1 Takeda model
= 2 Sina model

3 Q-Hyst model
4 Otani model

= 5 Simple Bilinear model
6 Clough model



COLUMN: 46-50
NOTATION: NUT:
LIMIT:
COMMENTS: NUT
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COLUMN NO: 31-35
NOTATION: NSV: the frequency of checking response for maxima and

saving it for plotting
LIMIT: total number of steps at whi ch data are saved shall not

exceed 1900(LARZ), 3800(LARZAK)

COLUMN NO: 36-40
NOTATION: NCVC: the frequency of changing stiffness
LH1IT:
CO~1MENTS: The hysteresis models used in the program consist of

1i near segments the slopes of wh i ch represent stiffness. The stiffness
characteristic of an element does not change unless a break point is
passed. If a small time step is used for the analysis, changes of
structural stiffness from one step to the next may be small. Further­
more, reconstruction of structural stiffness matrix at all time steps
is costly and inefficient. Therefore, stiffness is changed once at
every-NCVC time steps.

COLUMN NO: 41-45
NOTATION: lWEI: index to specify if mass or weight will be given

in the input
LIMIT:
COMMENTS: lWEI = 0 mass will be given

= 1 weight will be given

index to specify the contents of the output

o print both input and output
= 1 print input only; do not analyze the structure
= 2 print output only

It is recommended that first NUT = 1 be used and the output, which
reflects only the input data, be checked. After the user is certain
about the correctness of the input, NUT = 0 or 2 can be used.

COLUMN NO: 51-60
NOTATION: blank
LIMIT:
COMMENTS: None

COLUMN NO: 61-65
NOTATION: NDPH: number of flexible diaphragms
LIMIT: 20
COMMENTS: Any flexible floor bounded by one or two horizontal

degrees-of-freedom is considered one diaphragm. There can be more than
one flexible diaphragm at the same elevation.

2.2.5 Frame Information (415)

One card is needed for each frame. The data on the ith "Frame
Information" card will be considered for frame i.
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COLUMN NO: 1-5
NOTATION: NM: number of members in the frame
LIMIT: 80 members in structure
COMMENTS: none

COLUMN NO: 6-10
NOTATION: NJ: number of joints (inclUding supports) in the frame
LIr~IT: 50 joints (excluding supports) in structure
COM~'lENTS: none

COLU~1N NO: 11-15
NOTATION: NS: number of supports in the frame
LIMIT : 9
COMMENTS: none

COLUMN NO: 16-20
NOTATION: NF: number of horizontal degrees-of-reedom in the frame
LIMIT: 20
COMMENTS: none

2.2.6 Mass or Weight (5E15.5)

COLUMN NO: 1-15, 16-30, ...
NOTATION: AMASS(i): mass or weight at the level where the ith

horizontal degree-of-freedom is defined
LIMIT:
COt~MENTS: AMASS(l) is punched (typed) in the first 15 columns,

AMASS(2) is punched (typed) in the second 15 columns and so on.

2.2.7 Flexural Properties and Bond Slip

For each typ i ca1 fl exurale1ement, there are two cards to be
prepared: first, card (a) followed by card (b).

a. Flexural Properties (4E10.3, 4F10.6)

COLUMN NO: 1-10
NOTATION: ERTI(i): moment of inertia of typical flexural element i
LIMIT:
COMMENTS: If the primary curve considered by the hysteresis model

is a trilinear curve (Takeda and Sina hysteresis models), ERTI is the
moment of inertia for an uncracked section. If a bilinear primary curve
is used (Otani, Simple Bilinear, Q-Hyst, and Clough model), ERTI is
calculated from

ERTI (i) YIM( i)
E.YIC(i)

COLUMN NO:
NOTATION:
LIMIT:
Cm~MENTS:

11-20
CRM(i):

none

cracking moment of flexural element type



COLUMN NO: 21-30
NOTATION: YIM(i):
LIMIT:
COMMENTS: none

COLUMN NO: 31-40
NOTATION: ULM(i):
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yielding moment of flexural element type i

moment at a point beyond the yield point of
the primary curve

LH1IT:
COMMENTS: This value is used only to calculate the slope of

post-yi e1di ng segment of moment-rotati on curve; it does not impose any
limit on the resistance of the member.

COLUMN NO: 41-50
NOTATION: YIC(i): yield curvature of flexural element type i
LIMIT:
COMMENTS: none

COLUMN NO: 51-60
NOTATION: ULC(i): curvature at a point beyond the yield point
LIMIT:
COMMENTS: The curvature must be the value of curvature at the

point where moment is equal to ULM(i).

COLUMN NO:
NOTATION:
LIt4IT:
COMMENTS:

61-70
AR(i): shear area of flexural element type i

Leave blanks if shear deformations are ignored.

COLUMN NO: 71-80
NOTATION: FCC(i): crack-c1osi ng moment when S; na hysteresi s

model is used

Unit length rotation due to bond slip corre­
sponding to the cracking moment

LIMIT:
COMMENTS: Program wi 11 ignore the data if a hysteresi s model

other than Sina is used.

b. Rotation due to Bond Slip (3E15.6)

COLUMN NO: 1-15
NOTATION: SC(i):

LIMIT:
COMMENTS: Procedure to calculate rotations due to bond slip is

descri bed in Chapter 2 in Reference 25. Note that the rotati on so
calculated is the total rotation and has to be divided by member
cantilever length (one-half member length if IBSE = 0; see card 2.2.10)
to obtain the unit length rotation.

COLUMN NO: 16-30
NOTATION: SY(i): unit length rotation due to bond slip cor­

responding to the yield moment
LIMIT:
COMMENTS: See the comments for SC.
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COLUMN NO: 31-45
NOTATION: SU(i): unit length rotation due to bond slip cor­

responding to ULM(i)
LIMIT:
COMMENTS: See the comments for SC.

Flexible Diaphragm Information (2I5,F10.0)

One card is used for each flexible diaphragm. Skip this part if
there are no such diaphragms.

COLUMN NO:
NOTATION:
LIr~IT :
COM~1ENTS :

1-5
IDPH(*,l) :

none

global DOF number adjacent to diaphragm *

COLUMN NO: 6-10
NOTATION: IDPH(~,2): global DOF number adjacent to diaphragm *
LIMIT:
COMMENTS: IDPH(*,l) and IDPH(*,2) should be sorted in ascending

order. If one side of the diaphragm is fixed, columns 6-10 should be
left blank.

COLUMN NO: 11-20
NOTATION: SDPH(*): stiffness of the *th diaphragm
LIMIT:
COMt~ENTS: Di aphragms are assumed to remai n e1asti c throughout the

analysis. The value of stiffness is calculated by the user with
appropriate consideration of torsional properties of the adjacent mem­
bers.
2.2.9 Typical Element Dimensions (3F10.3)

The fi rst card of this group represents the dimensions of member
type one.

COLUt·1N NO: 1-10
NOTATION: TYPT (i) : total length of member
LIMIT:
COMMENTS: none

COLUMN NO: 11-20
NOTATION: TYPL(i): length of left (top) rigid end portion
LIMIT:
COMMENTS: none

COLUMN NO: 21-30
NOTATION: TYPR(i): length of right (bottom) rigid end portion
LIMIT:
COMMENTS: none

2.2.10 Member Characteristics (715)

One card is used for each member. First, the data for members of
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frame one are gi ven. The ith card for each frame contai ns the data for
member i of that frame.

COLUMN NO: 1-5
NOTATION: MCH(i,l): element dimension type for member
LI~1IT: NG
COMMENTS: none

COLUMN NO: 6-10
NOTATION: MCH(i,2):

LIMIT: NFLX
COMMENTS: none

COLUMN NO: 11-15
NOTATION: MCH(i,3):

LIMIT: NFLX
Cm~MENTS: none

flexural element type for the left (top) end
of member i

flexural element type for the right (bottom)
end of member i

COLUMN NO:
NOTATION:
LIMIT: 50
COMMENTS:

16-20
NODE (i, 1) :

none

left (top) end local incidence of member i

COLUMN NO: 21-25
NOTATION: NODE(i,2): right (bottom) end local incidence of member i
LIMIT: 50
CO~1MENTS: none

COLUMN NO: 26-30
NOTATION: IDIR(i): index to specify whether the member is a beam

or a column
LIMIT:
COMMENTS: IDIR(i) 0 member i is a column or a wall

= 1 member i is a beam

COLUMN NO: 31-35
NOTATION: IBSE(i): index to specify if the length from member end

to inflection point is other than one-half of
the member length

LIMIT: up to 10 members with IBSE(i) = 1 allowed
COMMENTS: IBSE(i): = 0 inflection point at the middle

= 1 inflection point at location other than
the middle

2.2.11 Main and Dependent Joints

Each hori zonta1 degree-of -freedom may cons i st of more than one
joint. One of the joints in each degree-of-freedom is considered as the
main joint; others are assumed to be dependent joints. There are two
cards for each horizontal degree-of-freedom: cards (a) and (b). Data
cards for frame one come first, followed by the data for frame two and
so on.
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a. Main Joints (3I5)

COLU~1N NO:
NOTATION:
LIMIT:
COMMENTS:

COLU~~N NO:
NOTATION:
LIMIT: 8
COMMENTS:

COLUMN NO:
NOTATION:
LIMIT :
COM~~ENTS :

1-5
LIST(*): local joint number of main joint

none

6-10
LIST(*): number of dependent joints in the frame

If there are no dependent joints, use 1.

11-15
IFRE(*): corresponding global degree of freedom

none

b. Dependent Joints (8I5)

COLUMN NO: 1-5,6-10, ...
NOTATION: LIST(*): dependent local joint
LIMIT:
COMMENTS: Each dependent joint is punched in five columns of this

card. If there are no dependent joints, punch the main joint number in
the first five columns.

2.2.12 Height of Levels (10F8.3)

COLUMN NO: 1-8,9-16, ...
NOTATION: HT(i): height of the level at which the ith degree-

of-freedom is defined .
LIMIT:
COMMENTS: ith 8-column range is for the ith degree-of-freedom. If

there are more than ten degrees of freedom, use two cards.

2.2.13 Height of Inflection Points (10F8.3)

Skip this card if there are no members with IBSE equal to 1.

COLUMN NO: 1-8,9-16,
NOTATION: CNTF(i): distance of inflection point from member end

(see comments) for the ith member with IBSE
= 1

COMMENTS: Di stances are gi ven in the same sequence that members
with IBSE equal to 1 appear in the input. For example, the quantity
given in the third 8 columns represents the distance for the third
member with IBSE equal to 1 as appeared in the input.

CNTF is the cantilever length used for calculation of nonlinear
rotati ons from curvature val ues. The length is used for both member
ends. If yielding is expected at both member ends, CNTF should be the
average of- distances from the inflection point and the two ends.
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2.2.14 Involved Joints

Adjacent to each level, where one horizontal degree-of-freedom is
defined, there are joints above and/or below which are connected to the
level by means of columns. Any rotation at these joints will cause
moment at the joints in the level of concern. Because the program is
developed to solve irregular as well as regular frames, it is necessary
that information about the joints adjacent to each level and within the
level be provided. The data are used to trace the location of non-zero
elements of upper right structural submatrix (Appendix B in Reference
25).

a. Number of Involved Joints (1615)

COLUMN NO: 1-5,6-10, ...
NOTATION: NEF(i): number of adjacent joints and the joints with­

in ith global OOF
LIMIT: 50
COMMENTS: none

b. Involved Joints (1615)

COLUMN NO: 1-5,6-10, ...
NOTATION: JTK(*): global joint number adjacent to or within the

level where a degree-of-freedom is defined
LIMIT:
COMMENTS: There are up to two cards for each degree-of-freedom.

The joi nt numbers are to be sorted in ascendi ng order. If there are
less than 17 involved joints in a degree of freedom, only one card is
needed. The first card is for the first degree-of-freedom.

2.2.15 Hysteresis Parameters (2F10.4)

COLUMN NO: 1-10
NOTATION: BTO: power of slope of unloading branch from post-yield­

i ng porti on of the primary curve ( in Eq. 3.1,
Reference 2)

LIMIT:
COMMENTS: For Takeda, Sina, and Q-Hyst systems, BTO=0.4 or 0.5

can be used. For Otani system, BTO=O.O is used if unloading slope is to
be the same with the slope of unyielded portion of the primary curve.
However, the routine for Otani model (developed by Otani, Reference 19)
is capable to work with different values of BTO.

BTO is ignored if simple bilinear hysteresis model is used; the
space can be left blank.

COLUMN NO: 11-20
NOTATION: eTO: coefficient for crack-closing rotation (Eq. 3.4

in Reference 25)
LIMIT: 1.0
COMMENTS: This parameter is needed only when Sina model is used.

If other models are used, the space can be left blank.
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Earthquake Title (7A10)

COLUMN: 1-70
NOTATION: ENAM(*): name or any title describing the base motion
LIMIT:
COMMENTS: none

2.2.17 Earthquake Information (4I5,5F10.6)

COLUMN NO:
NOTATION:
LH1IT: 8
COMMENTS:
2000. The

31-40
OT: time step for numerical integration

COLUMN NO: 1-5
NOTATION: NCRO: number of base acceleration cards
LIMIT: see comment for the next parameter
COMMENTS: none

6-10
NOT: number of data points per card

If plots are requested, NDT*NCRO has to be less than
last card may contain less than NOT data points.

COLUMN NO: 11-15
NOTATION: ICOOE: index to specify if base acceleration is given

in equal time intervals
LIMIT:
COMMENTS: ICOOE = 0 data are not provided in equal time inter­

vals; input includes time.
= 1 data are provided in equal time intervals;

input does not include time.

COLUMN NO: 16-20
NOTATION: IPLOT: index to specify if response history plots are

desired
LIMIT:
COMMENTS: IPLOT = 0 no plots are desired

= 1 plots are desired

COLUMN NO: 21-30
NOTATION: ACCM: factor to normalize the base acceleration
LIMIT:
COMMENTS: none

COLUMN NO:
NOTATION:
LIMIT:
COM~1ENTS: The program may automati cally reduce OT for parts of

the analysis, if a break point in the input acceleration is to be
reached in a time less than 01. For" example, in Fig. 2.2, during the
period between TA and T8 a smaller time interval is used.
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tervals, the space can be left blank.

COLUMN NO: 51-60
NOTATION: TM: factor to scale the time axis of the base
acceleration LIMIT:
CO~1MENTS: Thi s factor is used whether or not base acce 1erati on

data are given in constant time intervals. If no change in the time
axis is desired, TM = 1.0 is to be used.

COLUMN NO: 61-70
NOTATION: SUBT: val ue to be subtracted from ordi nates of base

acceleration points
LIMIT:
COMMENTS: SUBT is used in the program before the acceleration is

scaled by ACCM.

2.2.18 -Format of the Base Acceleration (7A10)

COLUMN NO: 1-70
NOTATION: FRMT(*):
LIMIT: format needs
COMMENTS: none

format used in the input acceleration
to be enclosed in parenthesis

2.2.19 Base Acceleration (FRMT)

COLUMN NO: as specified by FRMT
NOTATION: if ICOOE=O, TT(*) and ETQ(*): time and acceleration, re­

spectively
if ICOOE=l, ETQ(*): acceleration

LIMIT :
COMMENTS: none
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APPENDIX C

STEP-BY-STEP PROCEDURE

FOR Q-MODEL(L) ANALYSIS

To use the Q-Model(L), the following steps need to be taken:

Step 1: Determi ne Yi e1d ~·10ments - Yi e1d moments for di fferent sec­

ti ons are determi ned based on spec ifi ed (or measured) materi a1 proper­

ties, geometry and reinforcement, and the existing axial loads. The

routine methods of yield moment calculation may be used.

,Step 2: Determine Lateral Load Distribution - Lateral loads to be

used in static analysis are applied at floor levels and are propor­

tional to floor weights (or masses) and floor heights from the base.

For conven'ience, lateral loads may be expressed in terms of an unknown

total base shear, V.

Step 3: Determine the Minimum Collapse Load - A limit analysis is

carried out to determine the collapse load. The multistory structure is

anlayzed for loads determined in step 2 and the collapse base shear (V)

and moment are found. The element yield moments found in step 1 will be

used as plastic moments. For this step, members are assumed to be

elasto-plastic.

Step 4: Determine Deflected Shape, Equivalent Mass and Equivalent

Hei ght - Lateral floor di sp 1acements of the mu lti story structure are

found through a static analysis using the minimum collapse load found

in Step 3. Load distribution is the same as the one used in that step.

Cracked moment of i nerti a is used for beams and fi rst-story columns.

The lateral displacements are normalized with respect to the top-level

displacement. The resulting values constitute the deflected shape of

the structure (ep). Equivalent mass and height are found using Eq. 2.2
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and 2.3.

Step 5: Determine the Primary Curve and Damping - Displacement at

the equivalent height is found using a linear interpolation of the dis­

placements (calculated in Step 4) at the floors immediately below and

above the equivalent height. The elastic branch of the primary curve is

drawn by connecti ng the ori gi n to a poi nt with di sp 1acement equal to

that at the equivalent height and moment equal to the collapse base

moment. The slope of this line is divided by the equivalent height to

obtain the elastic stiffness. This stiffness and the equivalent mass

are used to calculate elastic frequency. The damping coefficient is

twice the product of a damping factor and the elastic frequency.

Step 6: Determine Response History - A computer software incorpor­

ating the hysteresis model for a nonlinear response history analysis is

used to integrate Eq. 2.4 numerically. An important point to note is

the fact that on the right-hand side of the equation the total mass is

used.

The time interval used for numerical integration should be suffi­

ciently small so that break points in the hysteresis model will be

closely followed. A time interval of approximately one-twentieth of

elastic period appears to be reasonable.

For each time interval, displacement at the equivalent height and

base moment are found, normalized to find response at a particular

floor, and plotted. Displacements at different floors may be determined

from Eq. 2.5.
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APPENDIX D

UNIT CONVERSION FACTORS

inch
foot

kip-force
inch-kip-force

kip/sq.inch
pound-mass

To convert from to multi ply

millimeter
meter
newton

Kilonewton-meter
megaposcal (MPa)

kilogram

by

25.4
0.3048
4448

O. 1130
6.895
0.4536








