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INFILL PANELS : THEIR INFLUENCE ON SEISMIC
RESPONSE OF BUILDINGS

James W. Axley
Vitelmo V. Bertero

SESM
Department of Civil Engineering
University of California

ABSTRACT

Infilled frame structural systems, wherein conventional frames are filled,
in their plane, with construction, have consistently performed poorly in past
earthquakes yet frame-infill systems continue to be used throughout the world
as they provide an economic means to enclose and partition space that suits
many local building traditions. There is, therefore, a clear need to develop
methods to predict the behavior of frame-infill systems to anticipate undersire-
able behavior and take measures to avoid it. This study poses an answer to this
need.

The problem of modeling the stiffness contribution of infill panels to elas-
tic frame-infill systems is discussed. A set of dimensionaless parameters is
developed that is sufficient to define the nature of this stiffness contribution.

A means to model the structural behavior of frame-infill systems is pro-
posed wherein it is assumed that the primary structural system (the frame) con-
strains the form of the deformation of secondary structural elements (the infill
panels), It is suggested that such a constraint approach may be considered to
be generally useful in modeling the behavior of certain classes of secondary
structural elements.

This constraint approach, as developed here, is an approximate finite ele-
ment substructuring technique that has the effect of reducing the analytical
complexity of frame-infill systems and leads naturally to the development of a
group of computationally attractive 12 degree of freedom infill elements that
may simply be "plugged” into conventional frame analysis programs. Four infill
elements are presented corresponding to completely and partially infilled frames
with complete and partial constraint assumptions considered. Other possible
elements are discussed briefly. The suitability and accuracy of the constraint
approach is evaluated.

These infill eilements are then utilized in a detailed three dimensional elas-
tic analysis of a building that suffered extensive damage during the Feburary
1976 Guatemalan earthquake. The nature of the response of this building to
seismic excitation is considered and the influence of the infill upon this
response is discussed in deiail.
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INFILL PANELS : THEIR INFLUENCE ON SEISMIC
RESPONSE OF BUILDINGS

James W. Axiey
Vitelmo V. Bertero

SESM
Department of Civil Engineering
University of California

INTRODUCTION

Seismic structural research is directed toward the goal of the development of ana[ytical
techniques to reliably predict the mechanical behavior of structures under the combined excita-
tions produced by gravity and ground motion generated by earthquakes as well as other possible

excitations so that;
1.  potential hazards may be anticipated
and

2. means to avoid or minimize these hazards, through improved design and construction

practices, may be evaluated.

Experimental investigations and direct field observations of post earthquake damage serve to
achieve this goal allowing comparison of observed and predicted behavior as well as providing
direct evidence of the physical mechanisms responsible for the behavior upon which analytical

models may effectively be developed.

Infilled frame structural systems, wherein conventional frames of reinforced concrete or
steel are filled, in their plane, with construction usually of masonry, have resisted analytical

modeling, although they have been studied experimentally for many years [A5]*. Indeed;

* Numbers in square brackets, { }, refer 1o references found at the end of this section.



"Atl the present time no practical computer program capable of such an (frame-infill sys-

tem) analysis has been published .." 1977 [A3]

Yet, or perhaps because of this, buildings utilizing frame-infill systems have consistently per-
formed poorly in past earthquakes [A10,A17]. Inspite of this, frame-infill systems continue to
be used throughout the world as they provide an economic and direct means to enclose and

paritition space that suits many local building traditions.
In principal,

"The composite behavior of an infilled frame subject to racking combines the desirable
characteristics, and attentuates the undesirable ones, of the separate wall and frame.
Separately the wall is stiff but brittle and the frame is ductile but relatively flexible. Act-
ing as an infilled frame, the combination is stiff, strong and tough. Consequently it has
wide potential use for bracing buildings whether single storey, low-rise or high-rise."

[A16]

In fact, experience suggests this potential may seldom be realized. Indeed, brittle failures of
apparently ductile frames due to the unanticipated restraint offered by partial height infill panels
as well as partially destroyed infill pancls (eg. "shert" or “"captive" column behavior) has bec-

come characteristic of the seismic response of frame-infill systems.

The experience of the 1976 Guatemalan earthquake provided an especially interesting
example of a building, the Escuela De Niferas*, with a frame-infill structural system that
suffered extensive damage but not complete collapse. This building is typical of a large number
of buildings that utilize {frame-infill systems in that it is a moderate sized building with a rein-
forced concrete frame and masonry infill. For this reason it was selected for a detailed analytical

study.

This study is one of several studies of buildings damaged in recent earthquakes under-

taken as part of a larger parent project. The Post Earthquake Damage Analysis Project. This

* Escuela De Nigeras - Nurse:v Schoo!



parent project is directed toward the general goal presented above and uses both experimental
and direct field observation of seismic phenomena coupled with analytical studies to achieve

this goal, with an emphasis placed upon characterizing damage response.

In an effert to model the seismic response of this building a means to model the stiffness
contribution of infill panels to elastic frame-infill systems was developed. The "infill model” was
then used in the dynamic analysis of the Escuela De Niferas with some success. {The objec-
tives, methodology and scope of these studies are discussed in section 1.2. of Part B of this
study.) As expected the influence of the infill upon the dynamic character of the building and
consequently its response (o seismic excitation was seen to be significant, even dramatic. The
infifl model allowed an apparently reasonable estimation of local member forces that were seen
to be reasonably well correlated to the oserved damage of both the structural frame and the

infill.

The infill-model was developed using an approach that may be considered to be a general
approach, for certain classes of secondary structural elements, wherein it is assumed that the
primary structural system {eg. the frame) constrains the form, but not the degree, of the defor-
mation of the secondary structural system (eg. the infill). The approach is classical in the sense
that a simplifying kinematic assumption {eg. the constraint assumption) is made to achieve a
solution but here the finite element method is used to solve the resulting problem numerically
rather than analytically. This constraint method leads naturally to the development of computa-
tionaly attractive 12 degree of freedom infill elements that may simply be "plugged” into con-
ventional frame analysis programs. Four infill elements were developed cbrresponding to com-
pletely and partially infilled frames with complete and partial constraint assumptions considered,
other infill elements may also be developed by a straightforward application of the method as

well (eg. infill panels with openings or of anisotropic material).

It is believed that the infill element developed in this study provides a practical means to
predict the structural response of frame-infill systems and thereby allows full utilization of the

potential added strength and stiffness offered by infil as well as the construction and use

3



economies it affords.

The development of the infill element is considered in the first part of this réport, Part A,
and the use of this infill element in the dynamic analysis of the Escuela De Niferas is discussed
in the second part of the report, Part B. The Fortran source code for an infill element overlay,
compatible with SAP IV (a structural analysis program [A1]), and its use is discussed in the

Appendix.



Part A : ELASTIC STIFFNESS OF FRAME-INFILL SYSTEMS

1. Introduction

To the builder, especially in Latin American countries, infill panels provide an economic,
simple and direct means to enclese and partition space. To the structﬁral analyst, on the other
hand, infill panels introduce unwanted analytical complexities and as a result they have often
been ignored. The influence of stiff infill panels, such as masonry infill panels, is, however, of
primary importance when considering lateral loading and may, conceivably, be important in
gravity loading as well. In a typical situation an infill panel may stiffen a frame laterally by an
order of magnitude and increase its ultimate strength by aqfactor of four. Such ignored sources
of strength and ‘stiffness can result in structural behavior completely unanticipated by the struc-

tural designer that may well be catastrophic.

To date, frame-infill systems have been modeled by either an "equivaient" strut approach
or refined finite element discretization. (Klingner [A5] provides a thorough review of the
literature on the subj_ect.) The former method is simple and computationally attractive but is
theoretically weak while the latter approach is complex and computationally prohibitive albeit

theoretically sound.

Polyakov [A13]l, in his rather early experimental studies of simple isolated frame-infill
systems, noted the typical separation of the infill panel and surrounding frame under moderate
loading and suggested the infill panel could be modeled as an "equivalent” strut. This approach
was intuitively satisfying to other investigators and was a clearly attractive approach from a
practical computational point of view. As a result, much of the subsequent experimental work

in this area was directed toward the goal of defining governing relations between characteristics



of the frame-infill system and the "equivalent" strut. That such relations existed was,

apparently, taken for granted.

Unfortunately, "equi\}alency" was considered in only a very limited sense. Apparently
"equivalent” struts were selected so that the modeled system would have the same translational
stiffness fracking stiffness) as the experimental specimen. Usually, only simple isolated frame-
infill systems were considered, often a single infill panel with surrounding frame, and these
were supported and loaded (ie allowed to have certain specific degrees of freedom) in a manner

that generally would not correspond to practical situations.

In effect, then, the "equivalent” strut concept was developed upon an implicit assumption
that the infill stiffness contribution could be related to a single parameter, or degree of free-
dom, the translational stiffness of the system. It is in this limited sense that equivalency was
sought. Furthermore, there seems to have been little recognition that the support condition
and loading of the experimental specimen could influence the apparent stiffness contribution of
the infill by modifying the possible mode of deformation of the system. As a result, it was
assumed that once the governing empirical relations had been developed, relating the frame-
infill characteristics to the "equivalent” strut, for the simple isolated frame-infill systems then
these struts could be used in more complex systems. There was no attempt to model other
stiffness contributions of the infill, such as the rotational constraint to column-beam joints or
local restraint to the frame members. These effects seemed of secondary importance in the
simple frame-infill system studied. Unfortunately, it is not difficult to identify more complex
frame-infill systems wherein these other stiffness contributions and the importance of different

support conditions may be equally important.

In addition to the limited sense of equivalency inherent in the "equivalent” strut method,
the approach is presently limited to infill panels that completely infill their surrounding frames.
Although these struts may allow the prediction of global response they cannot be expected to
correctly model response local to the infill panel and consequently leave the meaning of
member forces, in this area, poorly defined [A3]. Furthermore, the many experimental

6.



investigations that have been directed ,in part, to develop this approach have yet to yield good
agreement on the empirical relations to be used to size the "equivalent” struts, - This uncertainty

is often attributed to the uncertain material properties and quality of typical infill construction.

It is generally agreed that the "equivalent” struts should be placed diagonally within the
.frame, with thickness and material stiffness equal to that of the infill, yet there is some
disagreement concerning suitable strut widths. Suggested widths for the same infill, may vary
from one third to one tenth of the panel diagonal and are generally related to some measure of

the relative stiffness of the infill to the frame and some measure of the system’s geometry.

At the other end of the analytical spectrum from the "equivalent” strut approach is the
refined finite element idealization of frame-infill systems, Linear elastic, nonlinear elastic and
nonlinear inelastic models have been considered [A3,A6,A14]. Single infill panels have been
modeled with as many as 15 plane stress elements having as many as 15 degrees of freedom
each., The computational effort necessary for such refined models limits this approach to
research studies, but we may be confident that this modeling approach will produce accurate
and complete results if material properties and the sources of nonlinearity are carefully
identified. The success of the finite element idealization lies in the complete sense of its
equivalency to the real system. The finite element method achieves nearly compleie
equivalency by modeling the entire displacement field of the system ratﬁer than attempting to

model the system based on one single displacement parameter.

This report presents a modeling approach‘ that lies between the "equivalent" strut approach
and the refined finite element models. A model of the infill is presented based upon the
assumption that the frame constrains the form or shépe (but not the degree) of the displace-
ment of the infill. Such an approach may be thought to be a generalization of an idealization
suggested by Newmark [Al1] wherein the frame gnd the infill (constrained by a rigid linkage)
are imagined to deform so that the corners of the infill remain compatible with the frame joints,

but here compatibility is scught along the entire frame-infiil boundary.



To those familiar with ﬁnite element procedures the use of constraint conditions to reduce
the number of degrees of freedom of a system is not new ot uﬁusal, but its specific application
and adaptation here is particularly suitable. Here, equivalency is sought in terms of an approxi-
mate displacement field whose validity must be demonsirated analytically and experimentally.
The approach is justified in that it allows the development of a large variety of infill elements
including elements suitable to model completely as well as partially infifl frames, to model
different degrees of constraint between the infill and surrounding frame and to model special
cases of infill of unusual geometry, possibly with openings, or unusual material properfies.
Other elements that may prove useful 1o model certain nonlinear aspects of frame-infill panel

behavior in a sense analogus to secant stiffness approaches presently used for one dimensional
structural elements will be discussed subsequently.

It is worthwhile first, however, to consider the simplest frame-infill system, a single infill
panel with surrounding frame, using dimensional analysis. In this way some special insight into
the complexity of the problem, its phenomenological regimes and limiting cases of behavior will

be realized.



2. Dimensional Analysis of A Simple Frame-Infill System
Consider the following simple problem;

A simple frame-infill system consisting of a single infill panel and surrdunding frame is
isolated and is to be idealized by a 12 degree of freedom model as indicated schematically in
figure A2.1. The system is to be considered to be linearly elastic with the infill well bonded to

the surrounding frame.

The frame alone may be modeled in the usual way by a 12 degree of freedom "frame
stiffness" that may be directly subtracted from the proposed model stiffness leaving only the
"infill stiffness” to be considered. This infill stiffness will, in general, have 144 terms, 22 of

which will be independent, (if we limit ourselves to an isotropic elastic infill).

We may identify 12 system parameters (see Fig. A2.1) that will completely define the sys-

tem and hence the infill stiffness. These include;
E = Th;e infill material stiffness
t = The infill thickness
u = Poisson’s ratio of the infill material
E = The frame material stiffness
1. = The moment of inertia of the column sections

The area of the column sections

s
i

I, = The moment of inertia of the beam sections

A, = The area of the beam sections

[' = The length of the system

{" = The length of the infill



#' = The heigth of the system

h" = The heigth of the infill

This set of parameters constitues a complete description of the system, although not a

very concise one. Formally, then, the infill stiffness may be represehted functionally as;
K{j—_‘f(El’t’E’IC’[b’A(wAb,II,I”,h',h”, ’u) .1

where K; corresponds to the i,jth term of the infill stiffness. We may attempt the heroic task
of relating each term of the infill stiffness to these 12 parameters by appropriate analytical or
experimental studies. Alternatively we can attempt to find a more concise description of the

system using judgement and dimensional analysis.

By judgement we may reasonably replace the independent parameters of;

(E,, t; Ep 1(‘; Ib’ A('? Ab)

by the composite parameters of’,
(E;t, El., EI,, EA., EA,)

thereby reducing the number of parameters to consider by two. These composite parameters
were selected to reflect the characteristic stiffnesses of the infill, the columns and the beams,
respectively, and as such they may be considered to be what Becker [A2] identifies as eigen-
measures. [t also seems reasonable to replace the geometric parameters of I, ', A', & A" by
the centerline geometric parameters of 1 & h as an approximation appropriate for the present
discussion. (A correction for the error introduced by centerline geometry is suggested in the

subsequent discussion of the development of an infill element.)

The description of the system has now been reduced from one of 12 parameters to one of
8 (including Poisson’s ratio), A further reduction to 6 nondimensionless parameters (Becker’s
eigenratios) is possible by considering appropriate ratios of suitable eigenmeasures, (ie. by
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dimensional analysis). The 22 independent infill stiffness terms may thus be expected to be

related, individually, to this set of 6 nondimensionless parameters. The eigenmeasures selected

are;
(EL/ ) = A measure of the columns flexural stiffness
(EL/P) = A measure of’the beams flexural stiffiess
(EA,/h) = A measure of the columns shear stiffness
(EA,/1) = A measure of the beams shear stiffness
(Lit) = A measure of the infill in-plane stiffness
h = The centerline heigth of the system
| = The centerline length of the System
u = Poisson’s ratio of the infill material

and the nondimensional functional relation is;

Pty *4

_JELIRD) (EL/P) (EA/R) (EAJD
SO iy g i (B Tk

2.2)

It will be noted that the first four terms of this nondimensional relation are ratios of

eigenmeasures of stiffnesses. Separate terms are seen to be necessary to account for both the

relative flexural stiffness and the relative shear stiffness of the framing members, In typical con-

struction, however, where one may expect to find similar cross section proportions for a range

of section sizes, the use of only the dimensionless parameters relating flexural stiffness to the

infill stiffness is warranted.
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It is interesting to note that other investigators have identified similar dimensionless
parameters. Mainstone [A7,A8,A9] has related the single degree of freedom stiffness
corresponding to the racking stiffness of this simple isolated frame-infill system to dimension-
less parameters essentially identical to the two flexural terms and the aspect ratio (h/1). . He
concludes, based upon experimental observation, that the relative flexural stiffness parameter
for the framing columns is of principal importance and the aspect ratio is ‘of little importance,
"for all likely values of I'/h’." It will be noted that Mainstone, as well as, most other investiga-
tors were interested in only the racking stiffness of the system and a more complete description
of the system stiffness may require the inclusion of these seemingly unimportant terms. There
seems to be no recognition of the shear stiffness terms and Poisson’s ratio, the importance of

these parameters has yet to be disclosed.

Riddington [A14], using finite element analysis of frame-infill systems including frame-
infill separation, considered, in effect, the importaﬁce of three of these dimensionless parame-
ters; the relative flexural stiffness parameter for the framing columns as well as the framing
beams and the aspect ratio of the infill. His study was apparently limited to static lateral loads
of selected magnitudes. He concludes;

1. with regard to the relative flexural stiffness parameter for the beams;
"... variation in the stiﬁness of the beam and its end connections do not significantly affect

the behavior of the structure ..."

2. with regard to the aspect ratio;

12



"Stresses at the centre of an infill are influenced strongly by the height to length ratio but

are almost independent of the frame stiffness.”

3. with regard to the relative flexural stiffness parameter for the columns;

'... changes in the stiffness parameter ... affect most significantly the infill corner stresses

and the effective width of the infill ..."
and
4.  with regard to estimating the stiffness of frame-infill systems;

"The lateral deflection cannot be estimated accurately. A conservative value can be
obtained from the static analysis ... with the infills replaced by diagonal bracing struts

assigned to have effective width equal to one tenth of their length."

It should be kept in mind that Riddington’s work as well as the work of most other inves-
tigators of frame-infiil systems was directed toward sensitivity studies of a few of the parameters
that govern theA behavior of frame-infill systems. There seems to have been no (formal)
attempt to identify the complete set of parameters that may affect the behavior of these systems
nor to attempt to reduce the complexity of this set of parameters through the formal use of
dimensional analysis. Although it was recognized that frame-infill system behavior is complex
the degree of complexity was not clearly defined. Recognizing the complexity of characterizing
the nature of frame-infill systems these investigators limited their studies to special conditions

of loading, usually (equivalent) lateral static loads, and special conditions of support.

This report presents é different approach to the problem wherein a complete set of dimen-
sionless parameters that are sufficient to define the behavior of the system is first identified,
simplifying theoretical assumptions are sought to reduce this set to manageable size and then
using this (reduced) set of dimensionless parameters the elastic force-deformation behavior of
general frame-infill systems is considered for general conditions of loading and support. In an
attempt to define parameter studies, on a more or less intuitive basis, that were of manageable

scale, many of these earlier investigators limited their studies too severely and attempted to
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draw conclusions from practically limited but, nevertheless, insuffient amount of data. The suc-
cess or failure of a parameter study approach lies in the scale of complexity of the problem
under consideration. It behoves the researcher to attempt to define the scale of complexity and

dimensional analysis provides one means to this end.

With the functional nondimensional relation in hand we are in a position to attempt to
seek a governing relation between each of the 22 independent stiffness terms and the six
dimensionless parameters. Such a task is certainly ambitious and yet, if successfull, we would
have only modeled the simplest infill system and may not be able to use the results of such a
study for modeling more complex systems. By considering a simple limiting case of the dimen-

sionless parameters an alternative approach of modeling the system may be found.

If we consider a system that has a very stiff surrounding frame, in both the flexural and
shear senses, and a relatively soft infill then it would be clear that the frame would constrain
the deformation of the infill. Since we may determine the frame deformation from elementary
principals we may use this field of deformation to determine the infill stiffness contribution,
We may go one step further and ascert that if the infill is sufficiently soft, relative to the frame,
then the form of deformation of the frame will determine the form of deformation of the infill.
This begs the question; "How soft is sufficiently soft?" . This report attempts to answer this
question and to do so the presented dimensionless parameters are used as measures of "soft-

ness”,

A final note must be made, to facilitate subsequent discussion, however. It is worthwhile

to also nondimensionalize the infill stiffness terms as;
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iii.

Stiffness terms relating translational degrees of freedom to translational degrees of free-
dom (ie.displacements to forces) may be nondimensionalized by division by (Eit) the

eigenmeasure of the infill stiffness.

Stiffness terms relating translational degrees of freedom to rotational degrees of freedom
(ie. displacements to moments or rotations to forces) may be nondimensionalized by divi-
sion by (Ein){/+#2'?. The expression (Z+hs%)'"2 was selected as a potentially better
eigenmeasure of a characteristic length than either | or h alone and corresponds to the

diagonal length of the system.

Stiffness terms relating rotational degrees of freedom to rotational degrees of freedom (ie.
rotations to moments) may be nondimensionalized by division by (Eit){/#) The product

(1h) may be considered as an eigenmeasure of the systems characteristic area.
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3. Constrained Infill Stiffness

An approximate approach to modeling the infill stiffness contribution is suggested by the
discussion presented above. The infill stiffness may be determined if it is assumed that the
frame constrains the (form of the) deformation of the infill. This then suggests a general
approach of modeling the structural behavior of certain classes of secondary structural elements
that are constrained to deform to the form of the deformation of the primary structure (eg.

infill panels, stairways and, perhaps, floor slabs).

It is useful to apply this constraint approach to the simple isolated frame-infill system, dis-
cussed above, and compare the constraint approach to a more exact evajuation of the infill
stiffness possible by a standard condensation procedure of a mesh of plane stress elements.

Both approaches are presented schematically in figure A3.1.

In the more exact procedure the real system is first modeled by a sufficiently refined
assemblage of beam and plane stress elements. The stiffness of this refined model is formed
and then condensed to the desired 12 degree of freedom system stiffness. The frame stiffness
is substracted from this reduced system stiffness leaving what may be considered to be the infill

stiffness contribution to the system.

In the constraint approach the system is modeled by separate assemblages of finite ele-
ments for the frame and infill. The separate stiffnesses are formed and the stiffness of the infill
alone is reduced, by condensation, to the boundary degrees of freedom. A constraint relation is
assumed between the 12 frame degrees of freedom and the infill boundary degrees of freedom
thereby allowing a congruent transformation of the separate systems t¢ a composite approxi-
mate frame-infill system with 12 degrees of freedom, as desired, The frame stiffness is sub-

tracted leaving a constrained infill stiffness contribution to the system.

(These seemingly complex schemes were selected for pedagogical reasons. The motiva-

tion for considering this difficult constraint approach will become clearer subsequently.)

Two questions follow naturally from these proposed schemes;
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1. What constraint relation is to be assumed?

ii. ~ When and in what sense (eg. norm) will the constraint infill stiffness be, nearly, equal to

the more exact infill stiffness?

These questions will be left unanswered, temporarily, to consider the algebra of both

approaches in greater detail.

3.1, Algebra of the "Exact" Scheme

The system is modeled by a sufficiently refined mesh of finite elements as indicated
schematically in figure A3.1. For the present discussion centerline geometry will be assumed to

be sufficiently accurate.

The stiffness of this n degree of freedom system may be formed analytically , in principle,

and may be represented as;
K, =(EL/ W)X, +(EL/ DK, +(EA/BK;

+(EA,/ DK+ (Eit)Ks (3.1)

where,

K]; Kz, K}: K4r &KS

are analytic functions of geometry and Poisson’s ratio, u, alone. It is seen, therefore, that the
unreduced system stiffness is linear in the characteristic stiffness terms that have been previ-

ously identified as suitable eigenmeasures of the system.

One may, again in principle, condense this system stiffness to the desired 12DOF system
stiffness (eg. by a systematic application of Gauss elimination) and then subtract the frame
stiffness to obtain the 12DOF infill stiffness. It is clear that such an analytical condensation and
subtraction would result in a complicated, but rational, expression nonlinear in the system’s
gigenmeasures. Although equation (3.1) lends support to the dimensional analysis, (see
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equation (2.2)} we are in no better position to deal with the problem practically.

3.2. Algebra of the Constraint Scheme

The system is modeled by a separate finite element discretization of the frame and the
infill, see figure A3.1 again. The frame is modeled by the obvious 12DOF beam system and

the infill panel by a refined mesh of plane stress elements.

The frame degrees of freedom may be identified as U, and the associated frame stiffness
as K.

The infill panel degrees of freedom and the panel stiffness may be partitioned to distin-
guish those degrees of freedom that are to be constrained (eg. the boundary degrees of free-
dom), U,, and those degrees of freedom that are dependent on the constrained degrees of free-

dom, (eg. internal degrees of freedom), U,.

The stiffness relation for the unconstrained system, then, may be expressed as;

Fd Kd(/ Kd(- O Ud
Fl=k, K, o [{U, (3.2)
Fa 0 0 KU,

The system of equations are uncoupled as the constraint has yet to be imposed.

The dependent panel degrees of freedom may be "condensed-out” in the usual way, leav-

ing;

F.) [K,. o],
Ff: 0 K.Iﬂf' Uf ©3

where,

K C(.ZK ce + ('_K ajK (EIIK de )
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The uncoupled system may now be coupled to form the combined frame-infill system. To
achieve this coupling a constraint relation, G, is assumed between the constrained infill degrees

of freedom and the system degrees of freedom, U;

U =GU (3.4a)

In as much as the frame-infill systems degrees of freedom are identical to the now-coupled

frame degrees of freedom (je. U,=IU ) the constraint relation may be written as;

UJg |6
{UJ“‘ I ]U (3.4b)

The unconstrained system, equation (3.3), may then be constrained (coupled) by a

congruent coordinate transformation as;

ol
R N Pl
F [G I] 0 K,|[1 U (3.52)
or,
F=[67R .G + K, ]U (3.5b)

where F are the (coupled) system force degrees of freedom.

It is thus seen that the infill stiffness contribution;
Kiu[illz [G TK(‘CG] (36)

is distinct and is simply added (in a direct stiffness assembly sense) to the frame stiffness, Ky,

to obtain the combined frame-infill system stiffness.

To those initiated to the mysteries of matrix structural analysis this result is an obvious
result of the assumption of the constraint. There are, however, other benefits of the constraint

approach that may not be as obvious.
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The algebra presented is not limited to the simple frame-infill system considered thus far.
Complex frame-infill systems may be treated in the same manner, but in such a case the infill
stiffness contribution of each individual infill panel will be given by individual terms of the

form of equation (3.6) with, possibly, different constraint conditions, as;
F:[Girﬁl.ﬂ.iGl + GZTKM'ZGE + G3TK(.L.3G3 + v
+ Ky lu (5.7)

in other words, the constraint scheme provides a convenient means to sul;structure the infill
panels or, equivalently, allows the generation of an infill macro element. A complex frame
with completely infilled frames may then be modeled with the same number of degrees of free-
dom as the frame alone. Partially infilled frames may also be considered but extra nodes will
generally be needed, yet the resultant increase in size of the system’s stiffness may still be prac-
tically reasonable.

The uncoupled (unconstrained) infill stiffness is linearly related to the eigenmeasure of
the infill, (£it) . The reduced uncoupled infill stiffness, f{“., is also, therefore, linearly related

to this eigenmeasure, so we may write;
K. = (DK™, (3.8)

where K * . is dependent upon the system’s geometry and Poisson’s ratio, u, ajone.

It is natural to define the constraint relation, G, kinematically so it too witl be dependent
upon the system’s geometry. The constrained infill stiffness, equation (3.6), may then be

expressed as;

K= (Eif) [G K *(.,.G] (3.9)
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The product [G K *“G] is, then, dependent upon the system’s geometry and Poisson’s ratio, u,
alone.

The constraint approach, if reasonably accurate, then suggests the configuration of the
simple, as well as, more complex frame-infill syste.ms may be defined by three eigenmeasures
rather than six as dimensional analysis indicates. These include the characteristic infill stiffness,
(Eit}, the system’s geometry and Poisson’s ratio. Furthermore the dependance on the first

eigenmeasure is linear. For rectangular systems, then,

K, = (B0 £ ) (3.10)

(Compare this to equations 2.1 and 2.2 above.)

This last equation appears to contradict the conclusions drawn by earlier investigators.
Here, equation 3.10, we see a linear dependency upon a simple measure of the inﬁl[r in-plane
stiffness, (Eit), and an (unknown) dependency upon the system’s aspect ratio. Earlier studies
of the BRE sought a (unknown) dependency upon a relative measure of infill in-plane stiffness
(eg. relative to column flexural stiffness) and concluded there was little dependency upon
aspect ratio, although their relative stiffness measure included some measure of the system’s
geometry. A closer examination of some of the experimental results and, indeed, the derived
empirical relations given, relating the racking degree of freedom stiffness to the system’s
characteristics, seem, however, to support this result. For example, Mainstone [A8], reports
the empirical relation;

kg
{Eit)sin(26)

(—0.
H*(Eit)sin(20) oon
Ei.h'

where,

kr=SDOF racking stiffness

O=arctan(h''/1")
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C=a constant

The constant, C, varies from 0.180 to 8.200 for brickwork and 0.120 to 0.133 for concrete.

The right hand side of this empirical equation is nearly constant, however, over a wide
range of frame-infill combinations. One may as reasonably fit a "constant”™ curve to the experi-
mental results as a power function as the experimental scatter was considerable. If this is done

then;

kg

m = (Constant)

or,

kp = (Constant) (Eit}sin(20)

a linear relationship with (Eir) and a nonlinear dependancy upon geometry, sin(26), is

revealed, encouraging further investigation of this approach.

3.3. Constraint Conditions

The constraint approach pivots upon the constraint assumption, yet the form of this con-

straint has been left ambiguous. Two classes of constraints have been considered,

A. Conforming constraints that assure the deformation of the infill will be contained within

that of the frame.

B. Nonconforming constraints that may not offer this assurance.

3.3.1. Conforming Constraints

Two conforming constraints have been considered, to date, and a third may yet be investi-

gated. These include (see Fig. A3.2)
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1A. Cubic hermitian polynomials (the exact shape functions for end loaded flexural elements)
have been used to define the constraini of infill- frame boundary degrees of freedom

transverse to the framing member axis.

2A. Cubic hermitian for transverse boundary degrees of freedom with linear constraints (the
exact shape functions for end loaded truss elements) used to define the additional con-
straint of infill-frame boundary degrees of freedom longitudinal to the framing member

axis.

3A. Constraint 1A. or 2A. may, possibly, be considered in conjunction with a linear constraint
assumption along the panel diagonal, utilizing two separate plane stress element meshes

on either side of the diagonal to attempt to model a cracked panel.

(When flexural-shear beam elements are used to model the frame the cubic hermitian con-

straint will not, strictly, assure conformation.)

It will be convenient to refer to the components of the conforming constraints as either
"cubic-transverse" or "linear-longitudinal”. The second conforming constraint, 2A., is then the
combination of cubic-transverse and linear-longitudinal constraints and corresponds to a frame-
infili system with a continuously bonded panel, what Kost [A6], refers to as a "monolithic”
panel. The "exact" scheme is inherently "monolithic", as presented, and may, therefore, be
compared only to the constraint scheme utilizing the constraint 2A. This comparison has been

made for a range of frame-infill proportions and is reported below.

Constraint 1A., cubic-transverse alone, corresponds, physically, to an infill panel that is
not bonded to the frame yet may sustain éompressive as well as tensile strains across the frame-
panel boundary. This constraint will therefore produce an infill element softer than the "monol-
ithic" element and may be suitable for modeling reinforced panels that have been deformed
sufficiently to break the panel-frame bond (this often occurs at low load levels) yet tensile

boundary strains may still be developed through the anchorage of the reinforcement.

Thus far, completely infilled frames have been considered and the appropriate constraints

would therefore be applied to the four attached boundaries of the panel. The extension of the
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method to partially infilled frames is obvious; constraints would be applied to only the attached
boundaries of the panel, the free boundaries would be unconstrained. {If the free boundary-
frame gap-is extremely small then the nonlinear contact-release problem may be important.) An
additional extension of the method to non-rectangular geometries, unusual partial infilling and
complete or partial infill panels with openings or infill of anisotropic material naturc is straight-

forward, but will not be considered here.

Fach combination of constraints and geometry produces a separate group of infill macro
clements. In the present report only rectangular 12DOF elements will be considered. l-t is
tempting to believe the 12DOF macro element corresponding to the completely constrained
"monolithic" panel would be identical to a 12DOF plane stress element based on cubic-linear
shape functions. This finite element has, in fact, been developed, analytically, by Oakberg and
Weaver, [A12]. Both the proposed macro element and the Oakberg-Weaver element have the
same boundary constraints (shape functions) that would be compatible with adjacent framing
elements. The interior degrees of freedom of the Oakberg-Weaver element are, however, over-
constrained by the specified shape functions, while the interior degrees of freedom of the
"monolithic® macro element are free to find their minimum potential and should, therefore be

expected to produce a more accurate element.

In the present study it was concluded that 16 constant strain rectangular plane stress ele-
menis were sufficient to achieve reasonable convergence to the 12DOF "monolithic” element
stiffness. This element proved to provide much greater accuracy than the corresponding
Oakberg-Weaver element in modeling the simple frame-infill system’s behavior (as compared

to the results of the "exact" scheme).

It appears, therefore, that the constraint scheme provides a means to "bootstrap" lower
order accuracy elements up to higher order accuracy elements. In effect, the finite element
method is used to find optimum interior shape functions, numerically, for given boundary
shape functions. Although the implications here are fascinating there was not time to consider
this aspect further.
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3.3.2. Nonconforming Constraints

Nonconforming constraints may violate the important requisite of the finite element

method of compatibility which assures convergence of the method. These constraints must,

therefore, be considered as an ad hoc approach, but with care they may prove useful. The

number of nonconforming constraints that may be considered is limited only by one’s imagina-

tion, but here only two nonconforming constraints are considered.

1B.

2B.

Experimental studies have repeatedly shown the tendency of the frame and infill to
separate under moderate loading. As a result the infill is placed under diagonal compres-
sion. With this observed behavior in mind an infill stiffness was developed assuming only
nodes at and adjacent to diagonally opposed corners of the panel were constrained by the
frame, in the cubic-transverse sense (see Fig. A3.2). This infill stiffness presupposes a
racking deformation in only one direction and may not conform under other system

deformations. This nonconforming approach is compared below to one experimental test.

To achieve a first order correction to the error introduced by using centerline geometry
rather than true panel geometry one may, conceivably, use an infill plane stress mesh and
constraint vrelations based upon true panel dimensions. Such an approach will not, strictly,
conform with the centerline frame model yet would conform with a rigid joint model
(beam-column joint) model. The additional computational difficulties necessary for the
rigid joint model seem unwarranted here while the use of true panel geometry infill ele-
ment may be accomplished with no additional effort. Therefore, it seems reasonable to
use such an infill model with the centerline frame model to achieve a more nearly correct

model of the system (see Appendix).



3.4. Accuracy of the Constraint Scheme

The practical suitability of the proposed method depends largely upon its accuracy. It has
been shown, heuristically, that the method will be accurate for frame-infill systems with rela-
tively soft infill panels. One may compare the 12DOF infill stiffness contribution generated by
the constraint scheme to that generated by the “exact” scheme to answer the question posed

earlier;

When and in what sense (eg. norm) will the constraint infill stiffness be nearly equal to

the more exact infill stiffness?

Alternatively, one may compare observed experimental behavior with modeled behavior to

assess the accuracy of the constraint method.

3.4.1. Analytical Evaluation of Accuracy

Constrained and "exact” 12DOF infill stiffness matrices were generated for two different

series of simple isolated frame-infill systems (Fig. A3.4.1);

Parameter Study Series

The first series was selected to allow a parameter study of the influence of panel
thickness and system length on the accuracy of the constraint method. Both completely
infilled frames and partially infilled frames were considered. A conventional parameter
study approach was considered to have intuitive merit over a nondimensional parameter

study, albeit less generality.

Nondimensional Parameter Study Series

The second series was selected to allow a less conventional but more general nondi-
mensional parameter study. In as much as the "exact" system is determined by‘ its
configuration (ie. the set of nondimensional parameters) the error inherent in the con-

straint method of modeling of the "exact" system will be determined by the same
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configuration. The nondimensional parameters are, therefore, the logical parameters to
‘relate to this error and provide a convenient means to define, quantitatively, the relative

softness of the infill.

Within this study series column section and beam section proportions were kept con-
stant at 1:1 and 4:5 respectively. These values were thought to be reasonably ltypical of
actual construction and allowed the reduction of the systems configuration by two dimen-
sional parameters. Poisson’s ratio, g, was not varied. A constant value of 0.15 was
assumed. The influence of three of the original six nondimensional parameters were,

then, considered;

(EL/ 1)
————="The relative stiffness of the beams
(Eit)
EL/1®)
L@%)*—= The reiative stiffness of the columns
i

(1/ h)y=The aspect ratio

The cubic-transverse plus linear-longitudinal constraint, {(constraint 2A., section 3.3.1.
above}, was used in the constraint scheme to assure a consistent comparison between the
"exact” and the constraint approach results (this aspect was discussed eatlicr). As this constraint
will resuit in the stiffest possible infill contribution we may expect the modeling inaccuracy
associated with this type of constraint to place an upper bound upon the modeling inaccufacy of
infills constrained otherwise. That is to say, any other constraint would lead to softer infill
behavior which would therefore satisfy, more exactly, the basic theoretical assumption that the

frame constrains the deformation of the infill.

The generated 12DOF infill stiffnesses were characteristically well coupled, completely
filled stiffness matrices, as might be expected. (It is worthwhile to digress to note that the
stiffness contribution of an "equivalent" strut can not provide this same richness - it quite sim-
ply would not even "look right".)
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The exact and constrained infill stiffnesses were first compared term by term. This com-

’

parison, which is, in effect, the maximum error norm;

Kﬂ ues V
HE o=~ (G

K exact

where;
|| E || w=the maximum error norm
Kaﬂprox if approx . .y .
l I—]E—_[ loo::maxl —B | for all terms of the stiffness matrices

eXact i oxact

verified the conclusion that the constrained infill stiffness would approach the exact infill
stiffness as the infill became, relatively, more and more soft. The error in individual stiffness
terms was however seen to be large for typical construction and yet the constrained infill pro-

vided reasonably accurate modeling of system behavior,

It was felt that this norm (equation 3.11) was not an appropriate measure of accuracy for
the modeling of system behavior. From perturbation aﬁalysis we know that for (stable) stiff sys-
tems a relatively large error in individual stiffness terms will produce smaller relative errors in
the system’s behaviorr (ic. displacements). As frame-infill systems are characteristically stiff the
maximum error norm may be expected to provide an overly conservative estimate of error. As
the principal objective of this study was aimed to accurately modeling system behavior and not

correctly estimating individual infill stiffness terms another measure of accuracy was sought.

As the frame-infill system’s behavior was to be modeled two additional norms were
selected that used measures of the system’s stiffness rather than the infill stiffness alone. The
first of these measures corresponds to the SDOF translational stiffness of the stably supported
system shown in figures A3.4.2, A3.4.3 and A3.4.4. The second measure is the SDOF rota-
tional stiffness also shown in these figures. These measures were selected for their obvious
physical significance and were determined by forming the system stiffness, restraining the Ist,
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2nd and 10th degrees of freedom and condensing to either the 11th or 12th degree of freedom.
The norms were then simply taken as the ratio of the constraint method SDOF stiffness to the

"exact” SDOF stiffness for the translational DOF and for the rotational DOF selected.

The results of the conventional parameter study are shown in figure A3.4.2 for completely
infilled frames and figure A3.4.3 for partially infilled frames. The results of the nondimensional
parameter study, for one aspect ratio (I/h}=(6.5/3.0) are shown in figure A3.4.4. On all of
these figures a typical as-built condition (ie. of realistic size and materials) is indicated as the

rangé of parameters considered extended well beyond realistic ranges.

Again, it is seen that the constraint approach provides greatest accuracy for softer infill in

terms of;

i thinner infill panels,

il.  less infill panel (ie. partially infilled frames)

i, lower infill stiffness, E;, relative to the beam stiffness,

iv. lower infill stiffness, E,, relative to the column stiffness,

and probably,

v.  softer constraints.

The parameters were.varied well beyond practical limits, as, for example, the panel thickness
varied above and below typical values by an order of magnitude. The constraint method SDOF
stiffnesses were consistently greater than the "exact” values as is 1o be expected from a con-
forming yet less complete finite element idealization. |

The inaccuracy associated with the selected SDOF translational stiffness is relatively small
for the range of parameters considered, while the SDOF rotational stiffness error is not only
always greater but is more sensitive to these parameters. The accuracy provided in modeling
the SDOF translational stiffness is well within the uncertainity of the infill stiffness, £, of typi-
cal construction. The inaccuracy in modeling the SDOF rotational stiffness is relatively large,

however, with wvery stiff infills. In typical situations the infill may increase the SDOF
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translational stiffiness of the frame by an order of magnitude while only doubling the SDOF

rotational stiffness, so this error may not be very significant in many cases.

3.4.2. Experimental Evaluation of Accuracy

Three different models were made of a full scale specimen tested by the British Research
Establishment (BRE) [A8]. The details of the specimen, its support conditions and load-
deformation behavior under monotonic loading are presented in figure A3.4.5. This particular
test was selected principally because the details of the test and the specimen were well
reported. The BRE measured the infill material stiffness by direct compression tests. The
specimen was loaded to low load levels and unloaded three times then monotonically loaded to

faiture. The early low level load histories were carefully recorded (see Fig. A3.4.6(a)).

The specimen was especially suitable for modeling by the proposed method as the frame
was particularly stiff. The three constraint method models were based upon each of three

different constraints;

Model A

A cubic-transverse plus linear-longitudinal (ie. "monolithic") constraint was
assumed. This corresponds to the conforming constraint 2A, presented in section 3.3.1.

(Fig. A3.2).

Model B

The cubic-transverse constraint alone was assumed. This corresponds to the con-

forming constraint 1A, (Fig. A3.2).
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Model C
The nonconforming constraint discussed above, 1B, was assumed, (Fig. A3.2).

The load-deformation behavior of each of these three models (ie. straight line elastic
behavior) is plotted with the observed behavior in figure A3.4.6. The elastic frame behavior
and the "exact" elastic model behavior are aiso shown. The early, low level, loading results

shown in the figure (A3.4.6(a)) arc particularly interesting.

The initial stiffness of the uncracked specimen is very well modeled by the "monolithic"
Model A while the stiffness attained after the appearance of the first diagonal cracks and possi-
bly bond failure at the frame-infill interface (ie. the 4th loading) appear to be well modeled by
Model B (Fig. A3.4.6(a)). Modet C appeared to provide a reasonable "secant-stiffness" approxi-

mation to the state of initiation of large inelastic deformation (Fig. A3.4.6(b)).

All three models produced very similar results in relation to the complete load-
deformation behavior shown in figure A3.4.6(b).. This one siudy, although encouraging, does
not verify the validity of the constraint method. One may expect, however, that the softer con-
straint condition of Model B would in some sense model an unbonded infill panel and it appears

from this study that it may suit this purpose.
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4. Approximate Infill Stiffness
It has been shown that the constraint method allows unusual flexibility in medeling a
range of different infill panels as substructures {or macro-elements). The accuracy of the
method appears to be reasonably good, but the computational effort necessary to gencrate these
elements directly, as proposed, is substantial, requiring;
1.  generation of a suitably refined mesh of plane stress elements,
2.  formation of the stiffness matrix of this mesh,
3. reduction to the constrained degrees of freedom,
4, formation of the constraint relation,
and,
5. congruent transformation to the governing degrees of freedom.

This direct approach may nevertheless be useful for modeling structures with many identical

infill panels or possibly when the use of unusal constraints seems particularly suitable.

The constraint method may, alternatively, be used to generate approximate refations that
may then be be used to form the constrained element stiffness avoiding direct generation,

thereby offering an atlractive computational economy, albeit, an additional loss of accuracy.

It has been shown {equation 3.10) that the infill element stiffness, generated by the con-
straint method, will be dependent upon the characteristic infill stiffness, (Fi) , the infill
geometry and Poisson’s ratio. Furthermore, it will be recalled that the dependency on the first
parameter, (Eir), is linear. If the generated infill stiffness is nondimensionalized as outlined in
section 2.0 and only a single value of Poisson’s ratio considered ( p=0.15 was assumed here)
then each of the independent terms of the nondimensional stiffness may be related, via approx-
imation, to the system’s geometry. For rectangular panels the aspect ratio provides a sufficient

and convenient measure of system geometry.
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Using this approximate extension of the constraint method four approximate infill ele-
ments have been developed (Fig. A4.1) corresponding to the four conforminglelemems dis-
cussed above. Those ¢elements based upon the combined cubic hermitian transverse constraint
and linear longitudinal constraint will be referred to as "stiff" elements while those based upon
the cubic transverse constraint alone will be referred (o as "soft" elements. We may then iden-

tify the four infill elements as either;
1.  stiff complete,

2. soft complete,

3. stiff partial,

or,

4.  soft partial infill elements (see Fig. Ad.1).

Nondimensional infill stiffnesses were generated for a range of rectangular infill aspect
ratios. Each of the independent nondimensional infill stiffness terms, S, were related to the

infill aspect ratio using a third degree polynomial teast squares fit, eg.,
S,!zS,;ﬂCIH'*'CzU(I/h)

+C3U(1/h)2+C4U(1/ Ak 4.1

where,

S;; - is the i,jth term of the nondimensionalized infill stiffness generated directly by the

constraint approach. Each individual stiffness term was nondimensionalized as; (see sec-

tion 2.)
K.
-(Eiiﬁ_ trans. to trans. DOF
sl Ki s 10 ror DOF 4.2)
= (E‘t) (i2+h2) /2 rans. 1o rok :
K,
m rot. to rot. DOF
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S,:; - is the approximated i,jth term of the nondimensional infill stiffness from the pelyno-

mial fit to the computed values S,,.
and,
C ,H_,C Qi_f,C 3”,C4i}_ - are the polynomial coefficients corrésponding to the i,jth stiffness term

determined by least squares fit to the data obtained using the constraint approach.

4.1. Accuracy of the Approximate Infill Elements

The suitability and accuracy of the approximate infill elements was evaluated by compari-
son with analytical studies and experimental studies of frame-infill systems. Two example
frame-infill systems studied analytically by Kost [A6] and one experimental specimen studied
by Vallenas [A18] were modeled using the approximate infill elements presented above.
Equivalent strut models were also considered, using the BRE method for sizing these

"equivalent" elements [A7,A8,A9].
4.1.1. Analytical Evaluation of Accuracy

Kost’s One Story Infilled Frame

A single story infilled frame supported on x rigid base was analyzed in detail by Kost [A6]
using as many as 15 plane stress elements with up to 15 degrees of freedom each. First mode
periods for the frame alone and the infilled frame were reported and are presented in table

A4.1.

The results of eigenanalyses of systems using the indicated approximate infill elements,
the BRE "equivalent” strut and anl"equivalent" strut system ten times as stiff are also presented
in this table. The BRE single equivalent strut was replaced by a double strut system, each strut
with half the require BRE stiffness, to enable a reasonable (ie. symetric) model to be made for

eigenanalysis yet maintaining practically the same racking stiffness.
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The stiff ap;;roximate element produced a first mode period that was in good agreement
with Kost’s results without the enormous computational effort required to obtain Kost’s results.
The BRE "equivalent” strut stiffness had to be increased by an order of magnitude to achieve
the same agreement. The rigid support used here allows a greater participation of the iafill than
that possible with the infills considered by the BRE in the development of their "equivalent”

strut.

Kost’s Four Story Example

A four story example studied by Kost was also modeled with approximate infill elements
and "equivalent” struts. The resulis of Kost’s eigenanalysis are compared to those obtained
using stiff approximate infill elements, soft approximate infill elements and BRE "equivalent"
struts in table A4.2 and figure A4.2. In all of these models only lateral dynamic degrees of
freedom were considered (ie. only masses affecting horizontal translational degrees of freedom

were modeled) and only the lateral components of the mode shapes are presented.

The mode shapes and periods of the model employing the stiff approximate infill elements
are seen to be in excellent agreement with Kost’s results while the BRE "equivalent” struts
result in estimates of natural periods over double the values reported by Kost. It may be
argued that the "equivalent” strut model should be expected to result in longer natural periods
as these struts were developed from experimental data of test specimens that were, most cer-
tainly, less than monolithic and as such may better model real system behavior. Although a
real system may be expected to be less than monolithic it is believed that the BRE struts result
in a significant overestimate of the real system natural periods and the soft approximate infill
element may provide a better modeling of real system behavior. It may be seen that the model
using these 'soft infill elements resulted in periods somewhat longer than the monolithic

models.

Ironically, it appears that the BRE "equivalent” struts capture the first four mode shépes

accurately (in comparison to both Kost’s result and those obtained using the stiff infill
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clement). A more complete modeling of the system including vertical as well as lateral
dynamic degrees of freedom reveals the shortcomings of the use of "equivalent" struts in
dynamic analysis, however. The results of such a more complete mass modeling are presented
in figure A4.3 (Kost did not report such a case). The "equivalent” struts were developed princi-
pally 1o model the lateral stiffness contribution of infill panels to their surrounding frames. For
this reason, perhaps, these struts were able to capture the lateral components of the mode
shapes when only lateral dynamic degrees of freedom were allowed. When, however, both
vertical and lateral dynamic degrees of freedom were allowed the struts not only fail to provide
good estimates of the natural periods but fail to capture the mode shapes well (Fig. A4.3). If it
is assumed that the stiff approximate infill modeling provides an accurate modeling it is evident,
from a comparison of these mode shapes (Fig. A4.3), that the "equivalent" struts fail to model
the vertical stiffness contribution of the infill to the frame. Again this evidence points to the

limited sense of equivalency offered by "equivalent” struts.

4.1.2. Experimental Evaluation of Accuracy

The three story concrete frame-wall specimen sketched in figure A4.4 was among several
specimens studied by Vallenas [A18]). This specimen was modeled using both stiff and soft
approximate infill elements. True panel dimensions for the infill, gross section geometry for
the framing members and material properties reported by Vallenas were used in the modeling.
The fundamental frequency of the actual specimen was found to be 45 cps in a first release test
and 41 cps in a second release test. The analytical results for the fundamental mode were very
close to the measured results; 49 cps using stiff infill elements and 38 cps using soft infill ele-
ments.

The measured load-deformation behavior for the indicated loading pattern was well
estimated by the infill models in the early stages of loading, as to be expected .(Figl A4.3).
Again (see section 3.4.2) the results of the stiff and soft modelings seem to bracket the actual

initial behavior of the specimen and may possibly provide upper and fower bounds on the initial
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elastic behavior of other frame-infill systems as well.

4.2. Rigid'Body Modes

The approximate extension of the constraint approach offers computational econcomy at
the expense of a loss of accuracy. In the representation of the elastic stiffness contribution of
infill panels to frame-infill systems, however, this loss of accuracy appears to be well within the
likely uncertainty of the mechanical characteristics of common infill construction. In the
representation of rigid body modes of deformation, on the other hand, the error produced ‘by

this approximate extension of the constraint approach may prove to be problematic.

A successful infill element should, properly, be able to translate and rotate in its plane
rigidly (ie. without deformation) thus without straining. The infill element stiffness generated
directly by the constiraint approach satisfies this condition {to machine accuracy). The approxi-
mate extension of this approach introduces sufficient error to significantly compromise this rigid
body mode representation. In extreme cases this error may result in a system stiffness with
negative eigenvalues (ie. an indefinite system) that will inhibit rational analysis. A scheme was,
therefore, devised to improve the computed approximate infill stiffness matrix by, essentially,
shifting the eigenvalues corresponding to the rigid body modes closer to zero. This technique is
discussed in the Appendix. In the future it will be desireable to devise more effective means, if
possible, 10 provide better rigid body mode representation or alternatively apply the constraint

approach directly to avoid this problem.
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5. Member Force Evaluation

The infill element was developed to answer an interim objective of modeling the stiffness
contribution of infill panels to elastic frame-infill systems and to this end the infill element has
proven useful, The structural designer, however, needs not only an estimation of stiffness con-
tribution but also a reasonable estimationt of member forces to make rational design decisions.
It is nalura.l, then, to consider the accuracy of member force evaluation offered by the use of

the infill elements presented above.

The four approximate infill elements presented above are based upon displacement field
assumptions that are compatible with the surrounding framing members modeled with conven-
tional beam elements®. From basic finite element theory we know that a compatible displace-
ment field assumption offers assurance of a least energy best fit estimation of member forces.
The use of approximation to avoid direct generation of the inﬁll elements introduces an error,
however, that is yet of uncertain importance. For this reason member force evaluation was

considered briefly using two simple example cases.

5.1. Frame

Framing member forces obtained from the refined "exact” finite element scheme discussed
above were compared to those resulis obtained using approximate infill elements (Fig. A5.1).
In as much as the "exact” scheme corresponds to“a monolithic frame-infill system only the stiff
approximate infill elements were considered as they correspond to a monolithic system and are

therefore comparabie.

It is seen that the 12 degree of freedom infill elements allow only constant value evalua-
tion of adjacent framing member axial and shear forces and straight line variation of internal
bending moment as the beam elements used to model these framing members are conventional

beam elements. Yet the least energy best fit nature of this evaluation (ie. a straight line

* Compatibility will not stricily be atiained if beam elements are used that include shearing deformation
although the resulting error in typical applications should be expected to be small {see section 3.3.1).
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approximation based upon the minimization of elastic strain energy) appears to be uncomprom-

ised by the error resulting from appfoximation, in these examples.

It appears that the approximate infill element allows the nature of framing member force
variation to be captured as well as may be expected from an element with such a limited
number of degrees of freedom. The member force evaluation for the partially infilled frame is
particularly encouraging. Eventhough a practically accurate straight line estimation of member
force variation has been achieved in these examples the deviation from the straight line is
significant. The axial force, internal bending moment and, especially, shear force of the fram-
ing members are significantly underestimated at the end regions of the framing members. Yet
these regions are inevitably the critical regions of the system. The inability of the proposed
method to capture the detailed nature of member force variation is an important limitation of
the method and must be kept in mind. It is of some consolation to recognize that the exact
shear force variation presented here represents a conservative estimate as the real system
behavior will be less monolithic and may be expected to have significant inelastic behavior (and

hence force redistribution) at even low load levels.

It is interesting fo note that the tension of the "windward" column, in these examples, is
of greater magnitude than the compression of the "leeward” column. With the infill removed
this tension and compression would be of nearly equal magnitude. A more detailed examina-
tion reveals that the infill has the affect of increasing the tensile force in the windward column
and decreasing the compressive foce in the leeward column. This may be characteristic of
infilled frame response, the "equivalent” strut idealization 6f frame-infill behavior would support
such a conclusion. Such behavior will tend to aggrevate problems of shear behavior in these

columns.
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5.2. Infill

The member forces associated with the infill are twelve in number and correspond to the
twelve degrees of freedom of the infill elements. These member forces have little physicat
meaning alone yet one may determine more familiar panel force quantities (eg. average shear
stresses, average axial stresses _emd internal resisting moment) from simple static analysis of
appropriate free bodies using these member forces. Average horizontal shear stress is perhaps
the most interesting single measure of infill member force response available from these eie-

ments (see section 5.5.2 of Part B of the report),
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6. Conclusion

A means to approximately substructure infill panels has been presented. One may con-
ceivably apply the basic approach to other secondary elements as well, (eg. floor slabs). The
method may then be cohsidered to be a general approach of substructuring certain classes of
secondary structural and "nonstructural” elements that are, more or less, constrained to deform
by a primary structural system. The method is a particularly attractive approach in that it allows
the consideration of complex primary-secondary structural systems without substantially
increasing the number of degrees of freedom to be considered above that of the primary systém

alone.

Although approximate, the method is theoretically consistant allowing considerable flexi-

bility in the type of infill panel that may be considered including;
i.  Completely infilled panels
ii.  Partially infilled panels

iii. Possibly, "outfilled" panels {ie. panels adjacent to columns but placed outside of the

frame)
iv.  Rectangular and nonrectangular geometries
v.  Panels with openings
vi. Panels of anisotropic materials
and
vii. Panels constrained to deform under various different constraint assumptions.

The preliminary study of error, presen{ed here, indicates that the constraint approxima-
tion may provide a degree of accuracy well within the inevitable uncertzinty of the infill
material stiffness, homogenaity, and continuity, when conforming constraints are assumed.
Although nonconforming consiraints may not oﬁer.this assurance it appears, from one case stu-

o -

died, that they may also be of use if carefully applied.
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The form of the constrained infill stiffness is simple enough to allow the generation of
approximate infill stiffnesses and hence approximate infill elements. Four such infill elements
have been developed that are intended to be used with existing general purpose frame analysis
programs. The three examples studied using these approximate elements suggest that the addi-
tional error produced by this approximate extension of an already simplified method may be

tolerable while the computational savings is substantial.

Although the constraint approach, and the approximate infill elements, appear to provide
a computationally efficient yet practically accurate means of estimating the initial elastic stiffness
of frame-infill systems this approach has some important limitations with regard 1o member
force evaluation. The estimation of member forces and stresses, local to an infill panel and sur-
rounding frame, is limited to mean value estimates (ie. least energy mean variation in framing
member forces and average shear stress levels in infill panels) that may significantly underesti-
mate the extreme values of member force and panel stress. Unfortunately, 12 DOF infill ele-

ments and single beam elements can offer no more.

In actual building response damage will be initiated at those regions where the extreme
values occur. The designer, or research engineer, may not, then, be able to pinpoint these
locations nor estimate the magnitude of these extreme values using the constraint approach
alone. The constraint approach will, however, provide some indication of probable critical
panels and framing members and their distortion that may be used as a basis for more refined

finite element analysis.

Existing general purpose structural analysis programs would require moderate
modifications to form the approximate substructures as proposed, however, programs have
recently been developed with this capability, [A4,A15]. For this reason the approach seems
worthy of additional study and as its theoretical basis is clear and consistant, (to the extent that
the constraint approximation is consistant), it may prove useful to extend the method to modet
nonlinearities resulting lf;rom nonlinear constraint conditions (eg. conditional constraints) as well
as nonlinear material behavior and possibly cracking.
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Kost's Result Periods (sec.)
Model Mode 1 Mode 2 Mode 3
Kost's
Frame 0.113 | ===== | =-m--
ANV L RETUTIRVRNY
Kost's
= Frame + 0.0213 | —emee | ceee-
"Monolithic”
THALTRTITTTRSER RS Infill
Present Study
Frame
0.111 0.0116 0.0116
AARNNALARN AR R LAY Y
E=F Frame +
Stiff 0.0206 0.0110 0.0105
Infill
MV LR RRRRRRLRVARAAY
Frame +
ﬁf Soft 0.0324 0.0110 0.0109
Infill
BRI AN A a e e e R AN A
Frame +
BRE 0.0578 0.0123 0.0123
"Equivalent"
n ™ 1 Struts
. Frame +
10 x BRE 0.0209 0.0121 0.0117
"Equivalent"
= ~ Struts

TABLE A4.1

ACCURACY OF THE APPROXIMATE INFILL ELEMENTS

COMPARISON WITH KOST'S ONE STORY EXAMPLE
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Kost's Results

Mode]l

Mode i

Periods

Mode 2

(sec.)
Mode 3

Mode 4

Kost's
Frame

0.449

0.140

0.0773

' 0.0546

Kost's
Frame +
"Monolithic"
Infill

0.0848

0.0265

0.0153

0.0122

Present Study

>

AL SLLEL RN

Frame

0.443

0.138

0.0757

0.0532

Frame +
Stiff
Infill

0.0857

0.0259

0.0146

0.0116

i
Tt

i
i
}
I

i

Frame +
Soft
Infill

6.120

0.0392

0.0231

0.0180

Frame +

BRE
"Equivalent"
Struts

0.199

0.0674

0.0414

0.0325

TABLE A4.2 ACCURACY OF THE APPROXIMATE INFILL ELEMENTS
COMPARISON WITH KOST'S FOUR STORY EXAMPLE
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Part B : THE ANALYSIS OF THE ESCUELA DE NINERAS

1. Intreduction

1.1. General

In Feburary, 1976 Guatemala experienced a major earthquake, two minor but damaging
aftershocks and over a thousand lesser aftershocks. These seismic events caused over 24,000
deaths, injuries to over 77,000 people, and widespread, often complete, property damage over
an area of some 100,000 square kilometers leaving over one million people homeless and over

one billion dollars worth of damage.

The major quake, reportly introduced a day earlier by a single small foreshock [B26],
occurred at 3:03 a.m. (local time) Feburary 4. With a surface wave magnitude, M,, of 7.5 this
event ranks among the three most destructive Guatemalan quakes of the past century. Its epi-
center has been located some 170 kilometers northeast of Guatemala City on the principal
Guatemalan fault, the Motagua Fault (Fig. B1.1) and its focal depth has been determined to be
a shallow 5 kilometers. The Motagua Fault, a fault tectonically similar to the San Andreas
Fault in California, apparently generated the quake through a left-lateral slip of roughly one
meter along its length evidenced by an impressive 230 kilometers of continuous ground break-
age. Not since the 1906 San Francisco quake has the western hemisphere experienced such an

extensive ground rupture [B4,B8,B9].

The Motagua Fault is the principal fault of the Motagua Fault zone associated with the
Motagua Valley that sweeps through the southern part of the country in a long shallow arc
southwestward from the Gulf of Honduras turning westward and passing Guatemala City to the
north by only 25 kilometers. The Motagua Fault zone is one of three parallel transcurrent fault

zones in this area that apparently define the active boundary between the North American and

55



the Caribbean plates. 1t appears likely that the Motagua Fault may have been responsible for
many of the Guatemalan earthquakes of the past two centuries but the evidence is not yet

sufficient to free the other transcurrent faults from responsibility [B22,B23,B25].

Several short normal faults are associated with the Motagua Fault that have special impor-
tance due to their proximity to the urbanized areas in and about Guatemala City. A zone of
these secondary faults located between Guatemala City and Mixco 10 kilometers to the west
suffered movement that apparently accommodated part of the lateral movement demanded by
the movement of the Motagua Fault during the February events. Of these secondary fault
movements the Mixco fault, a 35 kilometer long series of en echelon fault segments aligned in
a general northeast-southwest direction, ruptured most dramatically with ruptures over an area
20 kilometers long and up to 8 kilometers wide. The extensive ground breakage associated with
the Mixco fault contributed to the damage caused by the principal destructive phenomena, the

ground shaking due to the Motagua Fault ruptures [B3,B4,B22].

The two minor quakes were first reported to be a single event centered on the Motagua
Fault [B26] but later reports [B21] identified the occurrence of two sequential events centered
near Guatemala City. The first and smaller event occurred at 12:11 p.m. {(local time) centered
31 kilometers southeast of the city at a depth of 5 kilometers while the second event occurred
eight minutes later .at 12:19 centered 19 kilometers northwest of the city. Although both
events may be defined to be minor in terms of magnitude, 5.0 for the first and about 5.5 for
the second, their consequences were not. These quakes were effective in causing additional

damage to structures weakened and softened by the major quake of Feburary 4th,

Damage, and hence ground shaking intensity, was greatest along the western end of the
Motagua Fault (away from the epicenter of the Feburary 4th quake) immediately northwest of
Guatemala City (Fig. B1.2 [B9]). In these areas adobe was the principal building material and
as a result building damage was nearly complete. Modified Mercali intensities in these areas

appeared to reach IX. Plafker notes;
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"Virtually all of the area of major shakng is within 40 kilometers of the Motagua Fault
trace and is predominately in areas of thick plestocene pumiceous ash flow deposits that

may have amplified ground motions.” [B22]

Ground shaking intensities in Guatemal City varied from VI to [X with consderable local
variations. The intensity variaton as reported by Espinosa [BY] is reproduced here (Fig. B1.3).
Most of the damage reported in Guatemala City resulted from ground shaking, but there was
also some damage associated with secondéry fault movement and landsliding (in the several
deeply cut ravines common to the area} that may not be well correlated with the intensity‘ dis-

tribution [B7].

Reconnaisance teams of scientists and engineers arrived soon after the major quake to
survey the consequences of the quakes. Although the major portion of building damage was to
adobe buildings the reconnaisance teams apparently felt little could be learned from this all too
familiar type of damage and proceeded to, instead, survey in detail the damage to engineered
structures. In as much as Guatemala City is the country’s largest city with a population of over
a million that has grown very rapidly over the last twenty five years many of Guatemala’s
modern engineered structures are to be found in Guatemala City. Most of these structures
were designed upon the basis of state-of-the-art seismic desgn practices current to their time,
although no earthquake resistant design code was mandatory under Guatemalan law. In recent
years the Structural Engineers Association of California (SEAOC) code provided the basic
guideline for design and the American Concrete Institute code, ACI 318-63, provided the

details needed for the design of reinforced concrete construction.

One of the buildings surveyed at this time, the Escuela De Nifieras*, was selected for the
analytical study presented in this section. This building is situated in the northern section of
Guatemala City and is used for both classrooms and dormitories for young children. The build-

ing suffered extensive damage to windows, doors and masonry walls and partial damage to the

* Escuela De Nifieras - Nursery School
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structural reinforced concrete frame. The building is a moderate sized building utilizing a rein-
forced concrete frame with masonry infill and partition walls. This type of building is common
to Central and South America, and not uncommon elsewhere, yet the behavior of this common

type of mixed masonry-reinforced concrete system is not yet well understood.

Of the buildings surveyed this building, The Escuela De Nifieras, was selected for further

study principally because;

1. Tt is representative of a generic type of building commonly used throughout the world; a

mixed masonry-reinforced concrete frame building of moderate size.

2. It suffered seismic damage that has become characteristic of this genera of building system

{eg. "captive” or short column failures and shear failures of masonry infill panels).

3.  The building suffered extensive damage yet not total collapse, that is to say it suffered
near-collapse leaving sufficient evidence of ifs behavior to allow the formulation of
hypotheses of behavior that could be critically evaluated by analytical studies. The recon-
naisance teams were able to décument the nature and extent of damage in the building

and obtain structural drawings and material properties for the building.
and secondarily, because;

4.  The building utilizes generous cantilevers, also common to Central America building
design, that were suspected lo play an important part in the response of the building to

the seismic excitation.

It was felt that this building wduld satisfy some of the objectives set by the parent study
of this project, The Post Earthquake Damage Analysis Project, underwhich this study has been

defined.
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1.2, Objectives, Methodology, and Scope of the Study

The present study, The Analysis of The Escuela De Nifieras, is one of several in-depth

analytical studies undertaken as part of a larger parent project, The Post-Earthquake Damage

Analysis Project. This parent project has several objectives;

1.

Identification, classification and categorization of characteristic types of seismic damage to
both structural and nonstructural building components with an aim to set priorities for

further study.

Identification of mechanisms responsible for these characteristic types of damage and,

when possible, quantification of limit states for the damage.

The need to extend limit state design for strength and serviceability to include
damageability has become more and more apparent since the 1974 SEAQOC criteria

stipulated that a building shoutd be able to;
i. resist minor earthquakes without damage,
ii.  resist moderate earthquakes without structural damage but with some nonstructural
damaée,
and,
fii. resist major earthquakes without structural collapse but some structural as well as
nonstructural damage.
To include consideration of damageability in limit state design, damage limit states must
necessarily be identified. Practically speaking this will require the identification of
response parameters that are well correlated with the type of damage of concern and
determination of acceptable limits of these measures of response for appropriate levels of

loading. Such response parameters may, most reasonably, be identified through an under-

standing of the mechanisms responsible for each type of damage of concern.
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Assessment of the reliability and suitability of use of existing analytical models and tech-
niques for predicting stuctural response, with a particular emphasis on damage response,
to earthquake ground motion. This shall include the evaluation of methods to predict
gross (global) as well as detailed (local) behavior of the structure.

Development of practical analytical models and techniques for the prediction of structural
response, including damage response, to earthquake ground motions when deemed neces-
sary. A special emphasis shall be placed on the characterization of the damageability of
the building systems.

Assessment and or development of means to avoid these characteristic damage hazards

through improved design and construction practices.

Assessment and/or development of means to strengthen, stiffen or modify existing dam-

aged or undamaged buildings to minimize the risk of damage during future earthquakes.
The methodology used to achieve these objectives involves,

Post-ecarthquake reconnaisance of damaged buildings including detailed documentation of
damage to selected buildings and detailed damage, design and construction documentation

of buildings deemed worthy of further analyticél study.

In-depth analysis of selected buildings damaged during recent earthquakes using conven-

tional as well as avant-garde analytical methods.

Experimental studies of subassemblages, members and details that have been identified to

play an important role in certain characteristic types of damage response.

Experimental studies of improved and/or repaired subassemblages, members and details

that may serve to abate characteristic types of damage hazards.
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As it was clear that the building, The Escuela De Nifieras, would be particularly suitable
for future analytical studies the reconnaisance team from U. C. Berkeley’s Division of Struc-
tural Engineering and Structural Mechanics* carefully documented the location and the nature
of the observed damage in the building and discussed and recorded hypotheses of the probable
building behavior during the Guatemalan earthquake. Other reconnaisance teams were also to

record the damage to this building [B12,B18,B26].

Structural drawings of the building were obtained, reconnaisance reports and photographs
of the damage were reviewed and from these objectives were formulated for an in-depth analyt-

ical study of the building, the Escuela De Nineras. The objectives included;

1. A study of the variation of the dynamic characteristics and seismic response of the build-
ing due to the effect of the masonry infill used. To this end complete three-dimensional
analyses of the building with and without the stiffness contribution of the infill were com-

pared.

2. A study of the importance of vertical motion of beams in the response of the building and
on the damage response of the infill panels. (It was recognized that the heavily weighted
cantilevered balconies of the upper floors would produce a significant vertical motion
response that would be, most certainly, coupled to horizontal ground motion (sec Fig.
B1.4). A question was therefore raised; Could this coupled vertical response be held
responsible for any part of the wall damage or is wall damage due principally to lateral

motions?)

* The team included V. Bertero, S. Mahin, S. Sugano, & R. Mayes
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3. - A critical evaluation of the preliminary hypotheses of building response posed by the

reconnaisance teams’ reports. An emphasis was placed on damage response.
These objectives were formulated to provide focus for a general objective;

4.  The identification of mechanisms responsible for the observed damage and development
of techniques for predicting this damage, possibly through the identification and

quantification of damage limit states.

Early on in the study it was décided that available methods used to model the stiffness
coniribution of masonry infill panels were inadequate for this study and an interim objective
was set;

5. The development of a computationally efficient infili element to model the stiffness con-

tribution of complete as well as partial masonry infill panels.

The first section of this study answers this interim objective with the presentation of the

development of these needed infill models.

In as much as the infill elements developed for this study are linear elastic elements this
study was limited to linear elastic analysis. Complete three-dimensional analysis of models of
building were considered in an effort to satisfy the stated objectives. Eigenanaﬂysis and
response history analysis for the existing 1976 Guatemala ground motion record as well as the

more familiar 1940 El Centro and 1971 Pacoima Dam records were considered.
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2. Buiding Description

2.1. Introduction

The Escuela De Nifieras is one of several buildings in a complex of buildings, the Casa
Dél Nifio #1 *, located in the northern part of Guatemala City. The Casa Del Nific #1 pro-
vides facilities for some 500 children with roughly 100 children living in and 400 children
recieving day care. Of the buildings on the site the Escuela De Nifieras sustained the most
significant damage during the Feburary 1976 quakes. Other buildings on the site, including a
one story masonry structure, a one story reinforced concrete framed hospital-clinic, and an

adobe laundry-kitchen, suffered little damage.

2.2. Physical Description

The Escuela De Nifieras is a three story building with a partial basement. It was designed
in 1964, constructed in 1968 and modified in 1975. It is rectangular in plan with a long east-
west dimension of 27.5 meters and a short north-south dimension of 11.5 meters (Fig. B2.1,
Fig. B2.2). The partial basement is located under the eastern third of the buiiding with direct
access to the public streets (the corner of 2a Avenida and 9a Calle). The ground floor level is
one story above the sireet level, the difference of level is provided by massive retaining walls
that abut the building frame (Fig. B2.3). Access to the upper two floors is provided by a

" separate stair tower placed adjacent to the building on its northern side.

The upper two floors are cantilevered out over the ground floor by 2.5 meters on the
north and south and 1.25 meters on the east and west providing shading for the ground floor.
Large, massive, vertical, reinforced concrete planks are used on the southern facade of the
upper floors to provide shading (Fig. B2.1). A great number of masonry walls, many of partial

height, are distributed throughout the building in an irregular, nonsymetrical manner. Only

* Casa Del Nifio - Children’s Home
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three nonmasonry walls are found in the building, a small wood wall at the ground floor entry
and two reinforced concrete walls in the partial basement area. At the upper levels the eastern
and western end walls have been surfaced with a cement plaster and, as a result, have the

appearance of concrete, yet they toc are masonry.

2.2.1. Structural System

The principal structural system is a reinforced concrete frame supporting two-way slabs
and supported on spread foétings. There are two longitudinal frames and seven transverse
frames (Fig. B2.4 thru B2.8). All columns ‘are 40 by 40 cm in section while all principal beams
are 40 ¢m wide and 50 cm deep. The structural sections (Fig. B2.9) reveal'that the floor stabs
are placed flush with the tops of the supporting beams in the interior floor areas while they are
placed flush with the bottoms of the supporting beams in the cantilever and roof areas. There
is no structural floor slab in the western area of the ground floor area, instead a terrazzo finish
was placed directly on compacted fill in this area. Under the partial basement the spread foot-

ings are linked by tie beams while there are no tie beams used to link the other spread footings

of the western end of the building (Fig. B2.5).

The stair tower, designed to be structurally separate from the building, consists of two full
height reinforced concrete walis linked by beams and stair landings. A small separation gap

was provided between the stair tower and the building to assure structural independence.
In addition to these principal siructural elements there are;

1.  Reinforced concrete sun shades on the southern facade (Fig. B2.1) that link the second,
third and roof slabs together, From the structural drawings it appears that the linkages
were intended to be hinged, while inspection of the building suggests that the necessary
separation to achieve hinge action was not provided and the linkages may beltter‘be con-
sidered to be rigid connections. (The sun shades are considered to be structural here sim-
ply because they were included in the structural drawings. They will contribute
significantly to the stiffness of the stuctural system in that they couple the upper slabs
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vertical motion and in this sense may be considered to be structural. Clearly the separa-

tion between nonstructural and structural elements is not always obvious.)

Two reinforced concrete walls are found in the basement, a north-south wall filling
transverse frame 3 and an east-west wall partially filling the first bay of longitudinal frame
A. These walls retain earth fill and appear to be well anchored to the beams above and
below (ie. tie beams) yet were designed to be separated from adjacent columns by a 4

centimeter gap filled with a rubber gasket.

Three principal reinforced concrete retaining walls located at the eastern end of the build-
ing in the area of the partial basement were designed to be separated from the structural
columns by a 4 centimeter gap filled with a rubber gasket. Their connection to ground
floor beams is, however, uncertain but it appears likely that the); effectively restrain the
structure at the points of contact. These retaining walls are extremely massive and their

influence on the structural behavior is believed to be important.

2,2.2. Nonstructural Components

The distinction between nonstructural elements and structural elements in this study is

based upon the distinction thought to be made by the designers of the building. The author

prefers to distinguish between those components that contribute significantly to the stiffness of

the structure and those that do not, the former being, then, nominally structural components

and the latter nonstructural. Such a distinction is believed to be more reasonable, yet it is real-

ized that a distinction based upon stiffness contribution is not commonly used nor is it easy to

implement as the stiffness contribution of many components is yet uncertain, therefore the

more subjective and conventionat distinction will be used here.

The following nonstructural components were identified,;
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Architectural Components

1.

Exterior Walls & Interior Partitions - Virtually all walls were constructed of the "tubular”
type of brick, a brick with dimensions of 23 x 14 x 6.5 cm. having three tubular perfora-
tions in the shortest dimension. These walls were apparently reinforced with single
rebars, possibly #3 or #4, placed vertically at the extreme edges of the wall and occaison-
ally in the center. The walls were either left unfinished, painted white or finished with a
"blanqueado” or stucco-like finish. The walls of the northern facade were constructed of
two cell, tubular fired clay blocks placed so as to form a screen. One wall at the ground

floor entry was constructed of wood.

Ceilings - Ceilings appear to have been simply the underside of the above slab finished
with a paint.

Windows and Doors - Windows were made of aluminum sash and were of three different
types; fixed, horizontal casement and jalousie. Door jambs appeared to be steel while
most doors were apparently hbllow core wooden doors. A wrought iron metal gate was

used to separate the upper floors from the ground level.

Stairs - The stairs were constructed of reinforced concrete with granite treads. Railings
were of wood supported by steel standards.

Floors - The floor finish throughout was terrazzo. The cantilevered areas, which had

structural slabs flush with the bottoms of the supporting beams, were filled with a local

gravel, compacted and the terrazzo was placed on this compacted fill.

Finishes - Stucco-like finishes were used on some walls and columns, "martelinado”-a
hammered finished stucco on columns and "blanqueado”- a normat finished stucco on

walls. Tile was used to finish the exposed vertical faces of the cantilevers.
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7. Parapets - Parapets appear to have been used at the edge of the roof but their details are

unknown.

Mechanical & Electrical Components

Details of the mechanical and electrical components were not available. Light fixtures
appeared to be "bare-bulb” flourescent fixtures at all levels except the newer top level
where flush light fixtures were used. Electrical outlets and switches appear to be enclosed

in steel boxes connected by steel conduit.

Furnishings

Unfortunately there is no information available on the furnishings that were in the struc-

ture at the time of the quakes nor on the behavior and/or damage to these furnishings.

2.3. Design Criteria

The structural design was based upon the provisions of the 1963 American Concrete Insti-
tute Code, ACI 318-63, utilizing ultimate strength design procedures. Dead loads and the fol-

lowing live loads were accounted for.

Roof live load ~ =---- 960 Pa (20 psf)
Room live load - 1910 Pa (40 psf)
Corridor live load  ----- 2890 Pa (60 psf)

It is not known if any seismic loading was considered.
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2.4. Material Properties and Quality of Construction

' 2

The building materials consisted of concrete, reinforcing steel, and fired clay bricks &

mortar.

The design specifications recorded in 1964 on the structural drawings called for concrete
having a 28 day cylinder strength of 27.6 MPa, (4,000 psi) and reinforcing steel with a
minimum yield strength of 228 MPa (33,000 psi). No material tests were performed to confirm
these specifications but examination of the damaged columns revealed deformed round rein-
forcing bars that may have been of greater strength than specified. The relatively low strength
rebar specification must be considered suspect as such bars are relatively rare presently and
were probably uncommon at the time of construction, furthermore, such low strength bars were
commonly supplied as square undeformed bars. It was conciuded, then, that the presence of
deformed round bars in the damaged columns indicated a more typical reinforcement may have
actually been used in the construction of the building, grade 40 with a yield strength of 276 Pa

(40 ksi) is the likely choice.

The material properties of the masonry were not specified on the 1964 structral drawings.
It is likely that the masonry was considered to be nonstructural and simply not considered at all
structurally, Tests of local Guatemalan masonry walls have, however, been reported, [B10],
that indicate the likely material properties of the masonry used in the Escuela De Nifieras.

Direct compression tests of full scale walls constructed of 23 x 14 x 6.5 cm "tubular" bricks
indicate;
1. ultimate crushing strengths of from 1.75 to 2.25 MPa (250 to 325 psi)

2. initial elastic stiffnesses of from 680 to 3140 MPa (98.6 to 455 ksi)

and,
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3. elastic limits of from 0.40 10 0.78 MPa (58 to 114 psi)

based upon the gross cross section of the walls tested. The tower values correspond to walls
constructed with low strength mortars and the higher values to walls constructed of higher

strength mortiar.

The strength and stiffness uncertainties indicated here is typical of masonry construction.
An estimation of the stiffness contribution of masonry infill to a reinforced concrete frame
must, necessarily, be limited by this uncertainty. It is unreasonable, then, to attempt 1o define
a very exact model of the infill stiffness contribution as the uncertainty of the material does not
allow exactness. It is believed that the infill element presented in the first section of this report
provides a reasonable degree of accuracy in the modeling of this stiffness contribution by cap-
turing, atbeit approximately, the complete form of the displacement field of the infill-frame sys-

tem.

Although the building appeared to be well crafted the details of the construction were not
well designed from a seismic point of view. Column steel was tied with widely spaced (40 cm)
lightweight rebar that could not be expected to provide much additional shear strength and
confinement of the concrete core. The masonry walls were essentially unreinforced and could
only be expected to behave brittly if loaded to capacity. The cantilever portions of the building
were heavily loaded by masonry walls and sun shading devices in addition to the exceptionally
massive floor construction of compacted gravel and terrazzo. In short there appeared to be no
attempt to minimize the mass of the building nor to provide construction details that would

develop the potential strength and ductility of the structure.

2.5, Site Conditions

Design soil pressures were noted on the stuctural drawings that indicated nonuniform soil
conditions across the site with a low of 120 kPa (2,500 psf) to a high of 144 kPa (3,000 psf).
The details of the soil at the site were not available but Sozen has characterized the local condi-
tion;
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"Guatemala City is located on a plateau surrounded by mountains, including four active
volcanoes, and serrated by very deep ravines. The basic soil is made of volcanic ash and
pumice, down to at least 100m. The top 8 to 15 m are the result of weathering of the vol-
canic ash, with the expected gradual transition from clay (of a brownish color) and some-
times organic silts (dark) to silts (yellowish to red) silty sands (yellowish, light brown or

white) and sands {gray, pink or beige).

While this profile is typical, the actual soil properties, degree of plasticity and water con-
tent change appreciably in different parts of the town. Depth to dense sand may vary

fromlor2mito8or9m.."[B26]

The nonuniform design bearing pressures apparently reflect the variability of the upper soil

layer typical of the city.

2.6. Concluding Remarks

The Escuela De Nifieras is very much like many school buildings used throughout the
world. It is a moderately sized building with a reasonably straightforward and typical building
system. It is built of “better’ materials, with care and attention to durability. Enclosure and
partition walls are built of masonry that is used in a direct manner (from a construction point of
view) providing economy as well as the acoustical insulation necessary in schools. Yet this sen-
sibly designed, and not inexpensive, building sustained more damage than other buildings at

the site that would normally be considered to be of lower quality.

It is likely that the designers of the building were very conscientous in their attempt to
produce a well designed building yet they apparently did not fully appreciate the seismic conse-
quences of their design choices. Indeed, the seismic behavior of this common type of mixed
masonry-concrete building system is not yet well understood. This study attempts to provide
some of this understanding so that designers, working in this system, may better anticipate the
seismic consequences of their design choices and thereby achieve maximum utility of .this
building system that offers consiruction and use advantages and economies.
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3. Damage

3.1. Introduction

Although damage is of principal concern here, the structural designer should properly
consider life hazard to be of greater priority than damage. The damage to the Escuela De
Nifteras was extensive, dramatic, and conspicous yet an account of the events of the night of
Feburary 4, 1976 reveals the pivotal importance that one building component can have in

affecting life safety.

At the time of the principal shock, 3:00 am Feburary 4th, the children who live-in were
sleeping in the dormitory areas of the Escuela De Nifieras on the upper floors. A steel gate iso-
lating these upper floors from the ground level became jambed at this time and as a result the

children could not be immediately evacuated from the building.

It is likely that most of the damage to the building resulted from this principal shock
bringing the building nearly to collapse. The lesson is clear; the importance of a seemly minor
building component, the steel gate, can be seen to be potentially very great in terms of life

safety while relatively insignificant in terms of cost and structural importance.

3.2. Structural Damage

Structural damage was limited, principally to the first floor columns, especially in the area

of the transverse frame lines 2 and 3, The column damage was of two types;

1.  Shear-type failures, especially in short columns ("captive" columns) characterized by diag-

onal ¢racks, spalling, buckled reinforcement and in cne case a ruptured tie (Fig. B3.1).

2. Bending-type failures resulting in spalling and crushing of concrete near the top of

columns (Fig. B3.2).

At the eastern end of the building beams and columns suffered superficial damage - spal-

ling of the "martelinado” stucco surface finish. There was also some evidence of pounding
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between the building and the stair tower. The resulting damage was superficial and the residual

separation slight. No damage was observed in the floor system. .

3.3.

Nonstructural Damage

Much of the damage found in the building was, nominally, nonstructural damage or due

to the constraint offered by nonstructural components. By far the most conspicuous damage

was the damage to masonry walls. Damage to these walls was chacterized by,

L.

and,

diagonal shear cracks,
horizontal cracking,

horizontal crushing,

complete collapse/explosion of the wall (Fig. B3.3).

Although the walls failures were most dramatic other nonstructural damage was apparent;
Door jambs and doors were dantaged by movements of the walls.

Many windows were broken.

The stairway connecting the basement with the ground floor level was only superficialty

damaged but was blocked by debris from collapsing walls.

The steel gate isolating the upperfloors from the ground level was jambed during the prin-

cipal February 4th quake.

The presence of electrical conduit and outlet boxes appeared to have weakened at least

one of the walls, evidenced by cracking.

The damage to flourescent lights was most interesting. It appears that flourescent tubes

fell from their fixtures in the area, on the ground floor, of greatest damage. In this area

one complete light fixture fell, while tubes and fixtures appeared to be intact in other

areas of the building. In all instances the light fixtures were attached to overhead siabs.

72



7. Some secondary column-like members used to stiffen and tie brick walls Lo the structural

frame suffered short column type failures {eg. X cracking).

3.4. Concluding Remarks

The damage of principal interest here - damage 10 walls and the structural frame - was
carefully surveyed by the U.C. Berkeley’s reconnaisance team. They documented the location
and degree of damage to columns and masonry walls (Fig. B3.4) and formulated preliminary
hypotheses of the response of the building to the shock. The degree of damage to each dam-

aged element was assessed subjectively and assigned qualitative values of;
N.D. - no damage,

S.D. - slight damage,

P.D. - partial damage, and

B.D. - badly damaged.

At this time the reconnaisance team discussed possible mechanisms of failure and

recorded;
"The main reason for the damage was;
1. Nonuniform distribution of masonry walls with plan and elevation and,
2. the inadeguate shear reinforcement of the columns.”

The eccentric distribution of walls, especially on the first floor, was thought to introduce
significant torsional response resulting in the observed failures. It was hypothesized that the
fajlures of the masonry infill preceeded and lead to the shear failures of the columns, this con-

clusion seems to be supported by the elastic analyses that follow,

In terms of quantity and cost the damage to the masonry walls was clearly most
significant. In terms of life hazard, however, the jambed steel gate was most important. The
debris on the lower stairway, while not very imporiant in this building, has become recognizedl
as a typical type of life hazard in buildings of this lype. The damage Lo the structural elements
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was not very extensive but was, nevertheless, very serious. It is not an exaggeration to con-

clude that the building came very close to the collapse of the ground floor level.
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4. Ground Motion

4.1. Introduction

The damage to the Escuela De Niﬁeras resulted from the seismic events of February 1976
and their interaction with the building system. The certainty with which the response of this
building may be predicted is thus limited by both the knowledgé of the building’s dynamic
character and the knowledge of the February seismic events. Conversely, the uncertainty in
predicting the building response results from both the uncertainty of modeling the structure
and of modeling the loads. The damage survey allows an observational, rather than experimen-
tal, point of view against which the success of modeling the building’s response may be judged.
The principal focus of this study relates to the modeling of the structure, yet the success with

which this modeling is achieved may only be evaluated in the context of the [oad models used.

The general nature of the February seismic events and their relationship to the geology
and seismology of the area have been discussed, briefly, above (section 1.1). The single avail-
able ground motion record of these events, its uncertainty and suitability to the analysis of the
Escuela De Nifieras will be considered in this section. The dynamic character of the building,
its uncertainty and modeling will be considered in the subsequent section setfing the stage,
finally, for a comparison of the predicted response and the observed damage in the context of
the uncertainties of the loading, of the dynamic character of the building and of the damage

recorded.

4.2. Characteristics of the Feburary 4, 1976 Record

Guatemala City is located in a region of high seismicity with a recorded history of earth-
quakes dating back to 1530. Destructive earthquakes have been a familiar part of Guatemala
City’s history, yet no strong motion accelograph was operative at the time of the Feburary 4,
1976 shock. One seismoscope record was, however, obtained and ground motion intensities

were estimated from the observed damage. The seismoscope, apparently a Wilmot instrument,
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was located on the ground floor of the Administration Building of the San Carlos University - a
technical institution. This building is situated’in the southern part of the city some 18 km
southwest of the Escuela De Nifieras site. The ground shaking intensities in this area were,
apparently, Iess severe and possibly of a different nature than those at the site, nevertheless this
record was used to characterize the ground motion at the site as it was felt that the frequency
content, the intensity, and the duration of the two sites would not be unreasonably dissimiliar.

Furthermore, no better record was available.

The original seismoscope record (S/N 189), the trace of a stylus scratching on smoked
glass, is reproduced here (Fig. B4.1) to indicate the nature of such a record and consequently,
by implication, the uncertainty in the ground motion time histories obtained from it. Ground
acceleration time histories were recovered from this record (Fig. B4.2) for both north-south
and east-west components [B19]. Unfortunately the seismoscope trace was indistinct and could
not be followed continuously. Two separate continuous traces could be read and thus two
separate ground acceleration time histories were recovered from the record. Although the trace
between sequences could not be followed il was apparently clear that sequence I was first in

time.

It can be seen that several peak values of the ground motion record used fall in the 0.20g
to 0.30g range, as may be expected from the reported ground shaking intensity of VIIl. There
is, however, a single spike reaching 0.60g in sequence Il that may or maynot be "real” but in
any event this peak has very little energy associated with it, Ground acceleration time histories
of the 1940 El Centro record and the 1971 Pacoima Dam record (the.measured, not the
derived) scaled to have peak accelerations of 0.50g are also presented for comparison (Fig.

B4.2).

Single degree of freedom elastic response spectra were generated using sequence [ alone
(0% damping), sequence Il alone (0% damping), and sequence 1 followed immediately by
sequence I (0% and 5% damping) for both the north-south and cast-west components (Fig.

B4.3). In as much as the Guatemala records were incomplete and, hence, rather short
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(sequence I had a duration of 1.8 seconds and sequence II 6.9 seconds) the longer period, lower
frequency, end of the response spec;ra would be expected to be misrepresentative of éhe actual
event. The periods of concern here for the rather stiff Escuela De Nifieras will be less than 1.0
second and consequently attention should be directed toward the more meaningful shorter

period, higher frequency, end of the response spectra.

It can be seen that the SDOF response spectra for these three cases - sequence I,
sequence 1l & sequence 1+1I - are significanly different in amplitude zalthough similar in form,
with the exception of the condition at a period of 0.40 second. There is, then, some uncer-
tainty in the ground motion characteristics due to the uncertainty of interpretation of the
seismoscope record in addition to the uncertainty due to the differing locations of the seismo-
scope and the building under study. The former uncertainty may be put into perspective by
noting that it is reasonably well bounded by the 0% and 5% damped spectra for the combined
sequence [+II. The uncertainty in the ground motion resulting from the indistim;t seismo-
scope trace is roughly equivalent to an uncertainty in structural damping of + or - 2.5% (in the

shorter period range of interest here).

A comparison of the SDOF elastic response specira for the Guatemalan record to the
0.50g El Centro record and 0.50g Pacoima Dam record provides some additional insight into the
severity and nature of the Guatemalan event (Fig. B4.4). In an approximate sense the
Guatemalan quake is comparable to a 0.50g Pacoima Dam quake yet less severe than a 0.50g El
Centro quake in the period ranges of 0.10 to 0.20 seconds and 0.60 to 1.00 seconds. In
between these ranges the Guatemalan quake is less severe than both of the 0.50g Pacoima Dam
and the 0.50g El Centro. It will be seen that the masonry infill used in the Escuela De Nifteras

tended to shift the response of the building into the lower period range.

The three ground motion records were used in the analytical studies of the building to
investigate both the sensitivity of the building to vertical ground meotion (no vertical record
exists for the Guatemalan quake) and to ground motions of differing frequency content. The El
Centro and Pacoima Dam ground acceleration records were scaled so that the SDOF elastic
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response spectra of these two records and the Guatemala record would be of, roughly, similar
amplitude in the frequency range of interest here. To achieve this equivalency the El Centro
and Pacoima Dam records were scaled to have peak accelerations of 0.5g while it will be
recalled that the Guatemala event had a peak of 0.6g. Only the first 10 seconds of the El Cen-
tro and Pacoima Dam record were used to obtain similar duration to the Guatemala record,
leaving, hopefully, a comparison of only the difference of frequency content and vertical

accelerations,



5. Elastic Analyses

5.1. Introduction

The general dynamic characteristics of the Escuela De Nifieras and its response to the
three ground motion records discussed above will be considered in this chapter utilizing four
different elastic models of the building. The models were selected to study the variation of the
dynamic characteristics of .the building due, principally, to the influence of the infill panels and
also due to the influence of the floor slabs. The limitations of elastic analyses are well known
yet the results of elastic analyses present a reasonably good estimation of the initial dynamic
response of buildings and thereby indicate probable areas of early inelastic response. Combined
with the observed damage patterns, the elastic analyses of the Escuela De Nifieras suggest possi-
ble modes of failure of the critical columns and infill panels. From an understanding of the
mechanisms responsible for this damage, means to mitigate or avoid these damage hazards may

be developed.

The elastic analyses of the Escuela De Nifieras also provided a means to investigate the
suitability of the infill etlements, presented in the first part of this report, to model the stiffness
contribution of infill and hence to predict damage. The developed elements were incorporated
into an existing elastic analysis program, SAP IV, (developed at U.C. Berkeley by Bathe, Wil-
son and Peterson [B2}), and the modified program was used for all of the analyses. Some mild
limitations of the infill elements were identified, related to their inherent numerical approxima-
tion error (see Appendix), and their value in predicting the degree of damage to infill panels

was evaluated,

The accuracy of an elastic analysis of the response of a building that clearly suffered
significant inelastic behavior is limited by the accuracy of the theoretical assumptions of the
theory underlying the elastic analysis, this much is obvious. The accuracy is also limited by
uncertainties in material properties and construction, that lead to uncertainties in modeling the

stiffness, mass and damping of the system, as well as uncertainties in the nature of the ground
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excitation. The uncertainty in the material properties, especially the masonry material stiffness
characteristics, and the uncertainty of the Guaremalan ground motion have been discusse&
above. Additional uncertainties in the estimation of the mass and stiffness of the structure will
be noted subsequently. The superposition of all these sources of uncertainty do not, however, A
render the analysis meaningless, rather, they indicate that exact analysi§ is not possible in this
case and therefore any analysis, elastic or inelastic, can at best provide only a sense of scale to
the problem. That is to say, any analysis can only be expected to give a general sense of the
building’s real behavior and point to probable deficiencies of the buiding system. With the
sources of uncertainty in mind it is natural to consider the sensitivity of the elastic system’s
behavior to a perturbation (ie. an uncertainty) of the system’s characteristics, of ground motion
characteristics or a variation of theoretical assumption. The computational effort necessary to
conduct such sensitivity studies (parameter studies) will often be prohibitive and the analyst
may then seek to limit inquiry to limiting values of the system’s characteristics, the load’s
characteristics or theoretical assumptions. That is to say the analyst may seek 1o "bound” the

behavior of the real system by considering limiting cases of behavior of the modeled system.

For example, if it is known that the uncertainty in a given system response parameter,
87y, (eg. maximum roof displacement) is dependent upon the uncertainty in one parameter that
relates to the character of the building system, 85,, and another uncertainty of another parame-
ter that relates to the character of the load, 8/;, while all other system parametets and load
parameters are certain. Then, in general, to completely define the sensitivity of the uncertain
response parameter to the variation (perturbation) of the system parameter and load parameter

one must seek a governing relation that would define a surface®;

8r1=f(8b1,81;).

* In some instances one may be able to define the degree of this uncertainly by other means. For example,
perturbation analysis of the general structural stiffness system of equations may be used to show that the un-
certainty in a single displacement response parameter will be relatively smaller thag the uncertainty in the
stiffness parameters if the system is relatively stiff (ie. the stiffness relation is a convergent mapping from
loads to displacements when the stiffness matrix is stiff).
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The analytical effort needed to determine this relation, empiricatly or theoretically, will most
often be prohibitive and the analyst will opt to consider a few limiting cases of the system and
load parameters, (eg. b, tmaxdb, and /,£max5/,) that will hopefully result in limiting cases of

the system response parameter {ie ry+=maxdry).

In as much as the sources of uncertainty are multiple only the most pertinent bound stu-
dies may practically be considered. The selection of the studies to be considered and the
assignment of limiting values requires sound judgement. It must be recognized that the con-
sideration of extreme values of a given parameter may not lead to limiting cases of system

behavior [B11].
The limiting cases considered in this study were;

1. Comparisons between models of the building with and without the infill contribution and
models of the building with and without the slab contribution were considered to evaluate

the system’s sensitivity to these structural mode! variables.

2. A comparison between models using the stiff infill constraint assumption and the soft
infill constraint assumption was considered to evaluate the system’s sensitivity to the

nature of the basic theoretical assumption of constraint conditions.
and,

3. Comparisons of the several models’ response to base excitation of different frequency
content and to base excitation with and without vertical components included were con-
sidered to evaluate the system’s sensitivity to load modeling (ie. input excitation uncer-

tainty).

5.2. The Computer Program

An existing and well known general purpose program, SAP IV, was modified and used for
all elastic analyses. SAP IV is a structural analysis program designed for both static and

dynamic analyses of linear structural systems.
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The version of SAP IV used in this study has a finite element library of nine elements
including;
1. - three dimensional truss elements,

2. three dimensional beam elements (with provision for the inclusion of shear deforma-

tions),
3. plane stress and plane strain elements,
4, two dimensional axisymetric solid elements,
5.  three dimensional solid elements,
6.  variable-number-nodes thick shell and three dimensional elements,
7. thin plate or thin shell elements,
8.  boundary spring elements,
and
9. - pipe elements.
To this library was added the;
10. infill elements

presented in the first section of this report. All of these elements may be used in static or
dynamic anayses. Each nodal point in the system may have from zero to six displacement

degrees of freedom allowing complete three dimensional analysis capabilities.

The structural matrices are stored efficiently in condensed form, using blocked storage for
larger systems so that out of core storage may be used effectively. In static analysis the equa-
tions of equillibrium are solved and then element forces (stresses) are determined. In dynamic

analysis there exist a choice between;

82



1.  eigenanalysis only,

2.  eigenanalysis followed by response history analysis by direct integration of the uncoupled

system equations,
3. eigenanalysis followed by response spectrum analysis,
o1
4.  response history analysis by direct integration of the system equations.

Selected response histories of nodal displacements and member forces (stresses) will then be
computed upon request. The program was modified slightly to obtain other response parameter

histories including story drifts and nominal infill panel shear stresses.

For the larger systems both static and dynamic solutions are carried out on a block by
block basis sequentially removing and placing blocks on out-of-core memory thereby avoiding
the need for large in-core memory. The eigenanalysis for smaller systems is achieved by deter-
minate search while for larger systems subspace iteration is used. The models of the Escuela

De Nifieras were all larger systems.

There are no special assumptions or limitations beyond the usual assumptions and limita-
tion of linear elastic finite element analysis imposed by the program, although a lumped mass
matrix {diagonal mass mat;ix) is assumed and damping is assumed to be identical in all modes
in analysis by mode superposition while in direct integration analysis Rayleigh damping is
employed. The program has no special provision for the consideration of rigid finite sized joints
(non-centerline geometry), although it would be possible to simulate rigid joints (or semi-rigid
joints) with some difficulty and loss of computational efficiency. Complete three dimensional
ground motion accelerations may be used.

Rayleigh damping allows easy generation of an orthogonal damping matrix (ie. a modeling
of damping that allows the system’s equations to be uncoupled via eigenanalysis) useful for
direct integration procedures, but does not allow constant damping in all modes. Ordinarily

damping is similar in all modes of building systems [B20] and therefbre the damping provided
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by SAP IV, in the modal superposition option, may normally be preferred. In exceptional
structures the damping may increase or decrease with higher modes and in these cases Raleigh
damping may be better suited. (Infact, damping may usually vary with the strain level experi-

enced and the loading history, but these nonlinear affects will not be considered here.)

Raleigh damping also offers the advantage of the possibility of "artificially” damping (filter-
ing} out the higher modes that are less likely to be accurately modeled than the lower modes

that often do not participate significantly in the response of the system.

5.3. Finite Element Idealization of the Structure

A series of four three-dimensional models of the Escuela De Nifieras was considered to
investigate the influence of both the infill masonry panels and the floor slabs upon, first, the
dynamic characteristics of the system and, secondly, the response of the building to the ground

motion records discussed above. The formulation of these moedels involved;

1. Identification of building components thought to contribute significantly to the
stiffiness/resistance of the building. This set of components may be considered to consti-
tute the "real” stuctural system as opposed to the nominal stuctural system that may be

found in the structural drawings of the building.

2. Idealization of the "real" structural system by an assembly of finite elements, thought to

represent the behavior of the "real" elements, connected at selected structural nodes.

3.  Evaluation of the distribution of mass throughout the structure and idealization of this
mass distribution in terms of lumped masses placed at the nodes and estimation of energy
dissipation potential, nominally, through damping.

Building components thought to contribute significantly to the stiffness/resistance of the
structure included columns, beams, floor slabs, masonry infill walls and other masonry walls,
retaining walls, stairways and the massive southern sun shades. Although not normally con-

sidered to be a building component, soil may be included in this list.
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Finite elements were selected to represent all of these "real” system components but two,
the masonry walls that did not infill fran’les and stairways, as their contribution was thouéht to
be relatively unimportant and no practically reasonable elements are available to model these
two components. The finite efement idealization was based upon centerline geometry with
structural nodes located at the intersection of the real system beam-column joints and the ends
of cantilevered beams (Fig. B5.1). Additional nodes were introduced, as necessary, to define
partially infilled frames. Three-dimensional beam elements, plate elements, boundary elements
(springs), and infill elements were used. Some of the details, uncertainties and assumption

made in the idealization of individual components will be discussed below.

5.3.1. Columns and Beams

Column and beam components. were idealized by the three-dimensional homogeneous,
isotropic, linear elastic beam elements of uniform prismatic section. Flexural, shear and tor-
sional deformations were accounted for. Section properties for each component were based
upon gross section geometry and element stiffnesses were formulated based upon centerline
geometry assuming rigid connections of beam and column line elements at the (inifinitesimally
small) joints or nodes. The material stiffness (Young's modulus) of these elements was taken

equal to the material stiffness of the concrete alone.

Clearly there are many simplifications made in this idealization. Reinforced concrete
beams and columns are non-homogeneous (ie. composite}, non-isotropic components whose
effective section properties depend upon the loading (eg. degree of cracking), the loading his-
tory, and the amount and distribution of steel at each section and therefore, in general, vary
along the length of the member in a nonuniform manner. The relatively greater rigidity of the
beam-column joint (the panel zone) can significantly affect the behavior of the component.
Nevertheless the simplifications assumed here are often a practical necessity that result in a rea-
sonable distribution of beam and column stiffnesses, in a relative sense, that provide a practi-
cally accurate evaluation of the initial stiffness and member forces of reinforced concrete f.rarne
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systems. It also appears, from the preliminary studies presented in the first part of this report,
that such simplifications will also provide practically accurate evaluation ‘of the initial stiffness

and member forces of reinforced concrete frame-infill systems. ?

One of the objectives of this study was aimed at the development of a practical means to
model the behavior of frame-infill systems. Practicality necessarily involves a compromise
between accuracy on the one hand and convenience on the other and is, therefore, clearly sub-
jective. What may be practical to one engineer may be too theoretical to another, yet too

approximate to a third.

5.3.2. Floor Slabs

Floor slabs were idealized by the thin plate elements available in SAP IV. The plate ele-
ment is kinematically compatible with beam elements and should, therefore, be able to capture,
in a least-energy-best-fit sense, the complete three dimensional behavior of the slab. The plate
element has five degrees of freedom per node, three translational and two rotational, (the rota-
tional degree of freedom normal to a flat plate is undefined) or twenty degrees of freedom per

element.

In practice floor slabs are most often modeled as rigid diaphragms, less often modeled as
flexible diaphragms and occaisonally modeled as elastic diaphragms in an attempt to more accu-
rately model the floor slabs’ contribution to the system behavior. The elastic modeling is con-
ventionally achieved through the use of either "equivalent” beams or plate elements, the latter
limited to three dimensional analysis. This more accurate modeling option is often avoided in
practice as it usually involves a greater computational cost than either the rigid or flexible
diaphragm approximations and it is commonly believed that the real behavior of a given build-
ing system will be bounded by the behavior of these approximate, but computationally attrac-
tive idealizations. These approximate idealizations may not, infact, bound the behavior of the
real system [B11l]. Furthermore, the use of the more exact plate elements need not lead to

unreasonable computational expense.
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Plate elements were used in lieu of "equivalent™ beam elements or the slightly more gen-
eralized "equivalent” beams offered h‘y the Stiffness Matrix Method [B6]. ”Equivalen{" beams
(ie. floor beams stiffened in relation to some measure of slab stiffness and geometry) ignore the
coupling of diagonally opposed degrees of freedom of slab panels altogether and are based upon
limited definition of equivalency. These equivalent members were originally developed, by
parameter studies, to replace siab-beam systems so that the "equivalent" beam system would
have a lateral stiffness equal to that of the slab-beam system. Consideration of the more gen-
eral three-dimensional deformation of slab-beam system (eg. torsion, warping and in-plane dis-
tortion of the slab) was apparently not considered. Such consideration would have added
unwanted complexity to the already difficult task of defining "equivalent” beams by parameter
studies. (The Stiffness Matrix Method seeks equivalency in a slightly different sense by
attempting to match the added rotational stiffness offered by the slab to the beam column
joints. Again, however, the equivalency is limited (eg. no disgonal coupling considered)
eventhough it is based upon a comprehensi\}e but nevertheless limited parameter study of 122

different slab-frame systems.)

The shortcomings of these "equivalent” beam approaches are multiple. First, being based
upon parameter studies it is difficult to critically review their developement and to critically
assess their suitability. Parameter studies do not offer the generality nor iend themselves to
ctitical evaluation that a more theoretical approach can offer; one will always wonder if one
would draw the same conclusion from a given parameter study that another investigator would.
Secondly the sense of équivalency sought was necessarily limited. Thirdly, the “equivalent”
beam approach seeks to replace a three dimensional element by a set of one dimensional ele-
ments and in so doing looses much of the nature of the more complex element (eg. the
number and the coupling of the degrees of freedom considered and the meaning of member
force evaluation). The plate element seeks equivalency in the more general sense (with a
theoretical rather than empirical basis) of approximating the displacement field and in so doing

achieves a modeling of stiffness contribution and member force evaluation as well. Finally, it is
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simply more convenient to use plate elements {in 3D elastic analysis) to gain, at least, a first

order estimate of the influence of floor siabs upon building response.

Each floor slab was subdivided into a mesh of plate elements defined by the structural grid
of the floor beams (ie. with single plate elements of either 5.0 x 6.5 m or 5.0 x 2.5 m). The
use of such large plate elements would nohnally be considered unacceptable in plate and thin
shell analysis yet in building analysis they offer a more exact representation of the slabs
stiffness contribution than that to be expected from "equivalent" beams, without increasing the
.number of degrees of freedom necessary to model the system beyond that of the frame alone.
If the analyst is interested in the detailed behavior of the beam-slab system a finer mesh would
be required. If, however, the principal interest is in building behavior, in the global sense, with
some reasonable estimation of beam and column member forces then the use of single-panel

plate elements offers a practically attractive compromise.

The p]ate element used was a quadrilateral of arbritrary geometry formed from four com-
patible triangular plate elements. The element stiffness is formed by the superposition of the
stiffnesses of separate membrane and plate bending elements. Again centerline geometry and
homogeneous, isotropic, linear elastic behavior was assumed. The material stiffness was taken
to be equal to the concrete material stiffness. (It will be recalled that the slabs were placed
eccentric to the beam centerlines (Fig. B2.9) but the complexity and cost of modeling this

eccentricity was thought to be unwarranted here.)

5.3.3. Infill Walls

Masonry infill walls were modeled with the infill elements presented in the first part of
this study, These infill elements are, essentially, specialized rectangular plane stress elements
defined by four nodes, one at each corner. Each node has three degrees of freedom, two trans-
lational and one rotational, corresponding io in-plane deformations of the infill. The out-of-

plane stiffness of the infill is not modeled.
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Typically, infill that completely fills the surrounding frame will be modeied by a single
“complete” infill element using nodes defined by the centerline geometry of the surrounding
frame. In this way a complete infill element may simply be "plugged” into a conventional frame
finite element idealization. To model infill that partially infills a frame two additional nodes
must be introduced into the surrounding frame. As a result of the introduction of some of
these additional nodes displacement compatibility between some floor beam elements and plate
elements (used for the floor slabs) could only be assured by further subdivision of the floor
slab finite element mesh. It was decided, instead, to accept this incompatability and the plate
element mesh was not subdivided further. Practically speaking, assurance of convergence to
the exact solution of the idealized problem, wherein both equillibrium and kinematics are
satisfied, is compromised by accepting this incompatibility. One may, however, achieve a rea-

sonably accurate solution if the incompatibility is not unreasonable.

Two variants of both complete and partial infill elements were considered corresponding
to either a "soft" constraint or "stiff” constraint relation assumed between the infill and the
surrrounding frame (see section 3.3 of Part A of this report). Separate models of the building
were formulated for each of the two types of contraints in order to evaluate the suitability of
the constraint assumptions. It appears that these two constraint assumptions may bound the

constraint that may actually exist, initially, between the frame and the infill panel.

The element stiffness generation aigorthm for these infill elements allows an ad hoc
means to gain some correction for the lack of consideration of beam, column, and infill true
dimensions (ie. for the shortcoming of using centerline geometry). This is achieved by using
the true dimensions of the infill panel to generate the infill stiffness which will then be added
directly to the centerline geometry model without modification by transformation due to the
implied rigid joint. This ad hoc procedure has proven to be effective in two examples presented
in the first part of this report and was therefore used here with the recognition that its suitabil-

ity must be considered further.
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In all, 13 complete infill elements and 28 partial infill elements were used in the study.
The use of infill elements carries with it an additional computational cost beyond that of ’the

frame analysis alone that is due to three effects;

1.  An increase in the size of the system (ie. the number of equations used to represent the
structural system behavior) resulting from the introduction of extra nodes necessary for

partial infill elements. No additional nodes are needed for complete infill elements.

2. The additional computation necessary for the additional element input, stiffness forma-

tion, and stiffness addition tasks.
3. The additional member force evaluation needed to obtain the desired infill forces.

The computational effort necessary for the infill element input, stiffness formation and assem-
bly, and member force evaluation is very similar to that needed for beam elements and as such
is reasonably insignificant. The computational effort cutlined in 1. above will, in most cases, be

by far the most significant yet in typical applications should not be unreasonable.

In a sense, then, the use of infill elements is comparable to the use of beam elements.
One may add the stiffness contribution of complete infill panels to a conventional frame model
with no significant cost penalty. To include the stiffness contribution of partial infill panels
necessitates an increase in the size of the system and consequently a significant computational
cost increase, but this increase should not be expected to be prohibitive in most practical appli-
cations. The use of conventional finite element idealizations (eg. plane stress elements) will

generally be cost prohibitive if the same degree of accuracy is sought.

5.3.4. Footings and Retaining Walls

Footings were treated as fixed supports, there was no attempt to model the stiffness of the
foundation media or soil-structure interaction. A parameter study of the importance of these
effects was rejected as it was not central to the objectives of the study and the details of the soil

properties at the site were not available.
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Retaining walls that were known to abut the structure were thought to play an important
part in stiffening the structure and were modeled with simple linear springs placed at the points
of abutment, providing restraint in a direction parallel to the retaining wall. As the retaining
walls were massive a large spring stiffness was assumed for these springs. Again the sensitivity
of the structural response to these parameters (ie. the spring stiffnesses) was not considered

central to the objectives of the study and as such was not considered.

5.3.5. Mass and Damping

The distribution of the mass in the building was modeled by a "lumped" mass idealization
wherein mass was lumped at each structural node in proportion to the mass that was tributary
to that node. The mass was cqmpﬁted upon the basis of the product of the volumne of each
building material and its density within the region thought to be tributary to a given node. The
tributary regions were determined upon the basis of judgement alone and every node was con-
sidered separately as the distribution of mass was irregular. No part of the occupant load or
furnishings were included as the former was very small (no more than 100 small children) and

the later was unknown.

As a primary objective of this investigation was to study the variation of dynamic charac-
teristics and seismic response of the building due to the stiffness contribution of the infill the
mass distribution used in all models was identical and reflected the actual distribution in the
building found at the time of the Guatemalan quakes. Some details of the mass distribution are

summarized below (Table B5.1).

There are sources of uncertainty in the mass modeling that warrant discussion. The
modeling error introduced by the use of a lumped mass idealization must, properly, be
identified but this familiar theoretical simplification should introduce no significant error here.
The source of greatest error l'ies. in the evaluation of the mass of each building component and
the determination of tributary regions. The former became especially problematic as the details

of the construction were often uncertain.
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Table B5.1 Mass Distribution For The Escuela De Nifieras

Mass Distribution Statistics
Level | Area | Structural Partition Total
Mass Wall Mass Mass
(m2) {(kgm) (kgm) (kgm) (kgm/m2)
Roof | 366 195,000 0 195,000 533
3rd 366 273,500 55,900 329,400 900
2nd 366 264,600 71,500 336,100 918
1st 195 141,200 40,400 181,600 931
Total | 992* 874,300 167,800 1,042,100 767

* Less roof area but including basement area (ie. useable floor arca).

In particular, the details of the roof construction were unknown. It was known that in the
cantilevered areas, where the structural slab was placed flush with the underside of the support-
ing beams, a gravel fill was used to fill the void above the slab so that a level floor could be
constructed. The entire roof slab was placed flush with the underside of the supporting roof
beams thereby producing a waffle-like upper surface. It was not known if this upper wafile-like
surface was also ﬁlied (with gravel?) to produce a flat roof surface or left unfilled and drainage

ports provided. The difference in mass for these two options is great, It was assumed that the

waffle-like upper surface was not filled.

LT YN
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Again, to maintain focus upon the central objective of investigating the influence of the
stiffness contribution of the infill walls, energy dissipation, nominally, through damping was
modeled identically in all models. A viscous damping of 5% of critical was assumed in all

modes considered in the time history analyses.

5.3.6. Summary of Models Studied

In all, four models were considered to investigate the influence of the stiffness contribu-
tion of both the masonry infill and floor slabs. All of the building mass was included in each
model and viscous damping of 5% of critical was assumed in all modes considered for each

model. The models included;

Frame

In this model the stiffness of only the frame and the retaining walls were included.

Frame + Slabs

In this model the stiffness of the frame, the floor slabs and the retaining walls were

included.

Frame + Slabs + Soft Infill

In this model the stiffness of the frame, the floor slabs, the masonry infill walls, and the
retaining walls were included. The infill was modeled using the soft infill elements (e.

based upon the soft constraint assumption).
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Frame + Slabs 4 Stiff Infill

In this model the stiffness of the frame, the floor slabs, the masonry infill walls, and the
retaining walls were included. The infill was modeled using the stiff infill elements (ie.

based upon the stiff constraint assumption).

It will be convenient to use the second model - Frame + Slabs - as the standard against
which other models will be compared as it is representative of the familiar model of frame and
rigid diaphragm (floor slab) that is commonly used in practice. The comparison between the
first model - Frame - and the standard - Frame + Slabs - is presented, pedagogically, to
demonstrate the well known importance of the influence of the (almost rigid) slab upon the
dynamic character and the seismic response of a building. Although this comparison is not cen-
tral to the objectives of this study the familiar results obtained point out the suitability of using

plate elements to achieve a reasonable modeling of the stiffness contribution of the floor slabs,

The comparison between the standard model - Frame + Slabs - and the two models
including the stiffness contribution of the infill is central to this study and will be discussed in

detail subsequently.

----------

Sources of uncertainty that affect the modeling of the stiffness, the mass, and the damp-
ing of the structure have been identified. These uncertainties are not unique to this problem,
rather it is suspected that these types of uncertainties are common to most building analyses.

Some important sources of uncertainty in the modeling of the building under study are;
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Stiffness Uncertainties

The uncertain material mechanical characteristics of the concrete, steel and especially the

masonry used in the building.
The uncertain modeling of beam section properties.

The uncertain consequences of the use of centerline geometry ignoring beam-column

joints and slab eccentricities.

The uncertain constraint condition between the infill and surrounding frames.
The uncertain soil stiffness and soil-structure interaction.

The uncertain connectivity of the massive, stiff upper story sun shades.

The uncertain restraint offered by the retaining walls and stair towers.

Mass Uncertainties
*  The uncertain construction of the roof.
. The uncertain evaluation of tributary regions used to determine the lumped masses.

* The uncertain mass coupling of the stair tower and soil.

Damping Uncertainties

*  The (usual) uncertain use of viscous damping and the assignment of the magnitude of the
damping.

* The uncertain importance of additional energy dissipation through soil-structure interac-

tion.

In addition to modeling uncertainties there are uncertain;ies in the loading, discussed
above, and uncertainties that result from practical considerations of analysis (eg. the number of
modes chosen to capture the behavior of the building to ground excitation). Much of this
uncertainty may well be minimized through the good judgement of the énalyst but only with an

appreciation of the uncertainties and the approximations inherent in an analysis may one draw
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the full meaning, and no more, from an analytical study.

5.4. Natural Periods, Mode Shapes and Participation Factors
The dynamic character of each of the four models may be completely defined by,

1. the complete set of natural periods and mode shapes (ie. eigenpairs) obtained from an

eigenanalysis of the undamped system of equations defining each model,

2. - the complete set of participaiion féctors derived from these mode shapes and the mass
distribution. (ie.. mass matrix) of each model,

| aﬁd,

3 'the assuiﬁed damping (5% of critical in the present study) used in all modes of each

maodel.

Not only are periods, mode shapes, participation factors, and damping ratios sufficient to define
the dynamic character of a linear damped system but they appeal to the intuition 'and hence a
physical understanding of the dynamic_ nature of the real system. For this reason the periods,
mode shapes and participation factors will be considered in detail in this section {damping was

discussed above).

In the present study there were 1086 such eigenpairs, for each model, and consequently 3
x 1086 modal participation factors, one for each base degree of freedom considered (ie. two
horizontal and one vertical). It was therefore unreasonable to consider the complete set of
eigenpairs and participation factors. A compromise between computational expense and accu-
racy was made and only the first 18 eigenpairs were determined for each model. The natural
periods found and some of the associated participation factors are tabulated below (Tables B5.2

& B5.3).
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Table B5.2 Natural Periods For Four Models Of The Escuela De Niferas

NATURAL PERIODS
(seconds)

Frame | Frame + | Frame + Frame +

Slabs Slabs + Slabs +

Mode Soft Infill | Stiff Infill
1 0.650 0.604 0.413 0.362
2 0.623 0.586 0.372 0.302
3 0.562 0.540 0.331 0.246
4 0.356 0.204 0.159 0.152
5 0.350 0.200 0.152 0.150
6 0.257 0.177 0.142 0.140
7 0.218 0.150 0.138 0.129
8 0.211 0.148 0.132 0.128
9 0.206 0.142 0.130 0.120
10 0.192 0.142 0.119 0.118
11 0.189 0.128 0.118 0.112
12 0.176 0.125 0.115 0.107
13 0.173 0.122 0.113 0.105
14 0.166 0.119 0.107 0.097
15 0.156 0.110 0.095 0.093
16 0.153 0.100 0.094 0.093
17 0.150 0.099 0.093 0.092
18 0.148 0.098 0.090 0.089

Participation factors were computed, for each mode and each of the three ground motion

components. For the x component of ground motion;

¢, 'mr,
Cpp=————
" ¢, 'md,

where;

.= the participation factor for mode n considering ground excitation in the x direction,
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&, = the eigenvector (mode shape coordinates) of the nth mode,
m= the mass matrix of the system,
and

r,= a vector of zeros and ones with those elements equal 10 one corresponding to x trans-

fational degrees of freedom of the system.

Participation factors for the y and z components of ground motion, ¢, and c,,, are defined in a
similar manner.

Table B5.3 Participation Factors For Four Models Of The Escuela De Nifieras

PARTICIPATION FACTORS

Frame | Frame + Frame + Frame +
Slabs Slabs + Slabs +
Mode Soft Infill | Stiff Infill

Longitudinal Ground Motion

1 0018 .0003 8177 9102
2 .0170 -.0101 -.4607 -.2721
3 9255 -.9238 1228 -.0840
4 L0010 -.0700 -.8574 -.0302
5 -.0167 0446 0087 -.0048
6 .0041 .2597 -.0413 -.0191
7 -.0041 0006 0347 0171
8 -.046% 0208 -.0327 0607
9 -.0250 0004 .0008 0166
10 2234 0012 -.0091 0040
11 -0122 |  .0007 -.1668 0238
12 0751 0012 0310 0134

Transverse Ground Motion

1 8874 -.8358 1203 0711
2 -.0444 .2898 4147 4517
3 -.0009 -.0032 7796 -77113
4 -.0295 -.3220 -.0228 0073
] -.0018 0744 -.1467 0881
6 0221 0024 -.0688 -.0438
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PARTICIPATION FACTORS

Frame { Frame + | Frame + | Frame +

Slabs Slabs + Slabs 4

Mode Soft Infill | Stiff Infill
7 3234 0729 -.0242 -.0648
8 -.0404 -.0015 2974 -0137
9 0781 .0549 -.0167 - 1770
10 .0089 -.0023 0015 -.0258
11 0088 .0499 -.0080 -.0765
12 -.0049 0019 J1m -.0793

Vertical Ground Motion

1 -.0127 0133 -.0001 0612
2 0012 | -.0045 -.0049 -.0020
3 0006 -.0006 -.0136 .0093
4 -.0031 -.0521 Q0204 0586
5 .0002 0129 1315 -.1410

6 .0024 -.0015 0549 1261
7 0498 1307 1176 1541
8 -.0079 0129 0402 0188
9 0140 -.2527 -.1575 .1638
10 -.0007 L0058 1632 -.0402
11 -.0255 0063 L0194 0622
12 0002 2726 2273 -.0965

These natural periods clearly indicate that the infill (and the floor slabs) has a very
significant effect upon the dynamic character of the building, shifting the period of the iower
three modes most significantly as well as altering their participation. .The third mode is shifted
most dramatically by the infill from the results obtained using the Frame + Slabs model; by
39% when using soft infill modeling and 55% when using stiff infill modeling. The periods
alone tell only part of the story, though, and one must consider the mode shapes and participa-
tion factors as well. Perspective projections of the ﬁrst 12 modes of each model were prepared
and compared, the first six mode shapes are reproduced here (Fig. B5.2 to Fig. B5.7). (These

drawings are straight-line approximations to the true mode shapes calculated so the reader is
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encouraged to imagine some smoothing.)

An examination of the participation factors, with the inode shapes in mind, suggest the '
longitudinal motion of the Frame + Slabs model is largely uncoupied from. its transverse
motion. That is to say longitudinal (east-west) ground motion seeks the participation of the
principal longimdinal modes (ie, modes 3 and 6) primarilly and transverse ground motion seeks
the participation 6f the principal transvers modes (ie. modes 1, 2 and 4). the infill appears to
have the effect of coupling the transverse response to the longitudinal response as the mode
shapes are not distinctly longitudinal or transverse, indeed they have a torsional nature, and the
participation factors of the lower three modes for both longitudinal and transverse ground

motion are of significant magnitude.

It also appears that vertical motion excites principally the higher modes (see discussion
below of component modes and cantilever response) as may be expected. The infill appears to
have the effect, though, of introducing these higher modes eariier in the modal s‘equence. It is
likely, then, that the set of the first 18 modes will prove insufficient to com;;letely capture the

response to vertical excitation. The secondary objective posed above (section 1.2) to;
"Study the importance of vertical motion of beams in the response of the building ..."
may thus be compromised.

From these drawings, the tabulated natural periods and participation factors it is clear that
| the dynamic character of each model is significantly different from the others. The two infill
models do have similar lower modes though. In essence thé Frame model, the Frame + Slabs
mode!, and the two Frame + Slabs + Infill models constitute three completely distinct struc-
tural systems, from a dynamic point of view, and must, therefore, be expected to have com- -
pletely different seismic behavior. One may not, reasonably, use a model like the Frame +

Slabs model to model the behavior of a building that makes extensive use of infill.

The comparison of the Frame model and the Frame + Slabs model indicate the impor-
tance of the slabs in coupling the response of the building’s frames. This aspect of behavior is

well known and is often modeled by constraining degrees of freedom within the plane of the
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floor slabs to be rigidly coupled (ie. rigid floor diaphragm simplification). When employing a
general three-dimensional anal&sis program one must take special care to modef this important
aspect of behavior. It is beliecved that the use of so called ’equivalent’ beams in three-
dimensional analysis may not provide sufficient in-plane stiffness to accurately model the in-

plane rigidity of the slabs (see section 3.3.2).

The comparison between the Frame + Slabs model and the two Frame + Slabs + Infill

models is of principal interest here. To this end it will be convenient to distinguish between;

Body Modes

Modes that may be characterized as involving the deformation of the structure as a whole.

Component Modes

Modes that may be characterized as involving, principally, the deformation of a com-

ponent part of the structure {eg. cantilevers).
In a general sense it may, then, be said that the infill tends to;

1. Suppress the development of some of the lower body modes (eg. modes 4, 5, and 6 of the

Frame + Slabs model).

2. Alter the form of the important lower fundamental modes (ie. modes 1, 2, and 3), cou-

pling longitudinal to transverse motion.

3. Introduce component modes (eg. cantilever "flopping”) earlier in the modal sequence.

For example consider and compare the two groups of similar mode shapes below.
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Table B5.4 Similar Mode Shapes For Different Models Of The Escuela De Niileras '

SIMILAR MODE SHAPES
(period in secs.)

Mode Frame + Frame + Frame +
Shapes Slabs Slabs + Slabs +
(cantilevers) Soft Infill | Stiff Infill

Mode 8 Mode 4  Mode 4
(0.148) 0.159) (0.152)

Mode 7 Mode 5 Mode 5
{0.150) (0.152) (0.150)

and, of course,

4. Shift the periods of similar mode shapes and fosters the development of completely

dissimilar mode shapes.

The first three modes are particularly interesting. In the the Frame -+ Slabs model
we see the familiar lower modes; a transverse lateral body mode (with some slight tor-
sional component}, a torsional body mode, and a longitudinal lateral body mode. The
first three modes of the models including the infill contribution, on the other hand, show

significant torsional components in all the lower three modes.

It is appropriate to reconsider the response spectra presented in section 4.2 in light
of these ﬁnd?ngs. The response spectra of the Guatemalan event indicates a relatively
lower response (in terms of pseudoac&eleration and consequently member forces) in the
0.3 to 0.7 second period range than in the lower 0.1 to 0.3 second period range (Fig.
B4.3). Such increased response at lower periods is a characteristic of the Guatemalan
quake not shared by the El Centro and Pacoima Dam events (Fig. B4.4) or of propoéed

design response spectra [B20]. The infill has the effect of shifting the lowest modes out
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of this response trough toward the lower period range of greater response. In as much as the
lower modes will, most likely, dominate the response of the structure to the Guatemalan exci-
tation this effect may account for the relatively greater damage suffered by the Escuela De
Nifieras than other buildings of similar size but without a frame-infill system. In other words,

the infill may have had the effect of tuning the building to the Guatemalan quake.

5.5. Response History Analysis

5.5.1. Introduction

Complete three dimensional dynamic analyses of the Frame + Slabs model and the two
Frame + Slabs + Infill models were computed by the superposition of the response of each of
the 18 modes discussed above to each of several ground motion excitations. The ground

motion excitations considered included;

1. 1976 Guatemala/189 - horizontal components.

2. 1940 E! Centro (0.5g) - horizontal components.

3. 1940 El Centro (0.5g) - horizontal and vertical components.

4. 1971 Pacoima Dam (0.5g) - horizontal components.

5. 1971 Pacoima Dam (0.5g) - horizontal and vertical components.

{The vertical components of the 76 Guatemala/189 are not available. The measured Pacoima

Dam record rather than the Derived Pacoima Dam record was used in this study.)
The response parameters of principal interest in all these studies included;
1. Selected floor displacement components.

2. Selected interstory drift components.

103



3.  Column member forces - shears, axial force, bending moments and torsion.

4.  Infill member forces and infill nominal shear stresses.

5.5.1. Guatemalan Ground Motion Response

The available ground motion record for the Feburary 4, 1976 Guatemalan quake was gen-
erated from a seismoscope trace of the event. As such the record is rather uncertain (see sec-
tion 4 above) and only the horizontal components of the ground motion could be obtained, the
nature of the vertical component is simply unknown. Furthermore, these horizontal com-
ponents have been generated for two separate sequences in time, I and II, with some certainty

that sequence I was first in time.

The Frame + Slabs and the two infill models were each subjected to the ground excita-
tion (acceleration) of both components simultaneously of the combined record of sequence 1
plus sequence 1. As the reported components were colinear with the principal axes of the
building and the reference axes of the models, the N-8 excitation was applied directly to the
N-S base degrees of freedom and the E-W excitation to the E-W base degrees of freedom. The
duration of the combined sequences was 6.9 seconds. The details of the building response are

discussed below.

Displacement Response

It is difficult to characterize the complete thtee dimensional response time history of the
models of the building as the number of displacement parameters considered is so great (1086
degrees of freedom). Yet with a knowledge of the mode shapes, presented above, the roof dis-
placement envelopes presented in figure B5.8 suggest the important features of this displace-

ment response.

It is seen that the infill has a significant effect on the displacement response of this build-
ing, as anticipated from inspection of the modes of vibration alone. In a general sense both the

soft and the stiff infill idealizations tend to decrease maximum displacement response, when
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compared to the modet ignoring the infill contribution, but certain local maximum displace-
ments are seen to be practically equal to those maximum displacements obtained when the infill
contribution is ignored. We are lead to the paradoxical conclusion, then, that the infill will tend

to stiffen the building in a global sense but may not reduce all displacements.

This curious conclusion results as a consequence of the increased importance of the tor-
sional response so evident in the lower mode shapes and again reflected in the roof displace-
ment envelopes of the infill models. On the otherhand, the envelopes for the Frame + Slabs
model indicate that lateral deformations play the dominant role and torsion plays a small role in

the response of this model.

The response of the two infill models is not very different. The stiff infill model does
tend to reduce displacements in a general sense but again local displacements are seen to be
greater than in the soft infill model. It is expected that the response of the real system may be

bounded by these two extremes.

Maximum story drift indices were computed for each frame in both the N-S and the E-W

directions for each of the three models. Some of these results are reported below.

1t is recognized that the serviceablity of a building may be compromised if the building
sustains large drifts during a seismic event (eg. damage to furnishings and partitions) even
though the structural system may suffer no distress. Consequently, it is reasonable to design
buildings so that they are stifl enough to minimize drift. Unfortunately there is very little reli-
able data to establish these drift limit states, indeed, there is not sufficient data available to

even establish a suitable measure of drift (ie. a measure well correlated with damage) [B15].

Recognizing the need to define drift limit states tentative proposals have been made,
based largely on judgement. A drift limit state must be defined in terms of both a limit to a

suitable measure of drift and a load level underwhich this limit is to be considered.

In the United States the Uniform Building Code (UBC 76) stipulates;
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Table B5.5 N-S Drift Of The Escuela De Nifieras Due To The Guatemala 76 Excitation

MAXIMUM NORTH-SOUTH DRIFT INDICES
{Guatemala 1976)
Floor | Transverse | Frame + | Frame + Frame +
Frame Slabs Slabs + Slabs +
No. Soft Infill | Stiff Infill
1 0.0036 0.0024 0.0017
3rd 4* 0.0637 0.6011 0.0009
7 0.0037 0.0027 0.0020
1 0.0041 0.0023 6.0013
2nd 4* 0.0042 0.6011 0.0008
7 0.0042 0.0027 0.0016
1 0.0037 0.0036 0.0026
1st 4 0.0045 0.0025 0.0016
7% 0.0045 0.0018 0.0007

* Corresponds to an infilled frame.

Table B5.6 E-W Drift Of The Escuela De Nifieras Due To The Guatemala 76 Excitation

MAXIMUM EAST-WEST DRIFT INDICES
(Guatemala 1976)

Floor | Transverse | Frame + | Frame + Frame +
Frame Slabs Slabs + Slabs +

No. Soft Infill | Stiff Infill
3rd A 0.0019 0.0010 0.0010
2nd A 0.0041 0.0016 0.0013
1st A 0.0054 0.0038 0.0030

"Lateral deflections of drift of a story relative to its adjacent stories shall not exceed
0.0050 times the story height unless it can be demonstrated that greater drift can be
tolerated. The displacement calculated from the application of the required lateral forces
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{for strength design) shall be multiplied by (1.0/K) to obtain the drift. The ratio (1.0/K)

shall not be less than 1.0. ..." (section 2312h)

(It will be recalled that K is an inverse measure of a buildings probable ductility ranging from

0.67, for the most ductile structures, to 1.33, for the least ductile structures.)
" This proposal is similar 1o others in that;

1.  the measure of drift is taken as the "horizontal drift" (ie. the ratio of interstory lateral dis-

placement to story height).
and

2.  the load level underwhich the limit is set is different from the ‘load level used for strength

design (strength limit states), usually a larger load level is considered appropriate.

In Canada the National Building Code limits the horizontal drift to 0.005 also, but at a
load level three times the equivalent static seismic loading used for strength design (this NBC
static loading is consistently lower than the UBC static loading, though) [B27]. In Mexico City
a drift limit of 0.008 is set under a seismic loading defined by a design response spectra for
deformation that is substantially greater than that used for strength design [B24]. Although the
Japanese Building Standards Law has no drift provision Aoyama’s {B1] current proposal for a
seismic code sets a limit of 0.010 under a seismic loading based upon a simplified inelastic

analytical procedure using elastic design response spectra.

New Zealand takes a different approach to the problem. A first drift limit of 0.006' is set
for a static equivalent load twice that load used for strength design above which brittle elements
{eg. glass) or elements that have sufficient stiffness to alter the structural behavior of the build-
ing as a whole (eg. masonry infill panels) are to be separated from the principal structural ele-
ments. A second drift limit is also set, for the same loading, that must not be exceeded in any

case.

It is generally, but not universally {B15], agreed that horizontat drift, as defined above, is

a suitable measure of drift yet there appears to be little evidence to support this. Although one
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must certainly expect greater levels of damage with larger horizontal drift any level of damage
does not correlate well with this méasure. For example Newmark [B20] reports that bond
failure between masonry infill and its surrounding frame may occur at horizontal drifts of from
0001 to .0030. Such a wide range indicates a practically useless correlation. It is also generally ‘
agreed that strength design seismic load levels intended for equivalent static elastic analysis are
unreasonably low for deformation analysis needed to set drift limits. Rosenblueth notes

further;

"The question, however, is not so clear-cut. We should limit drifts essentially to control
serviceablity. We should therefore be more interested in shorter return periods than
when we are concerned with collapse. We should even adopt different design spectral

shapes for design against collapse than for drift limitations. ..."[B24]

Possibly the horse is in front of the cart; before considering the appropriate loading to be con-
sidered for drift limitations one must first find a measure that is well correlated with the servi-

ceability problem of concern; damage to partitions.

Due in large part to these drift limit proposals, that were introduced as tentative sugges-
tions only, horizontal drifts of from 0.005 to 0.010 have become informally associated with the
initiation of damage to nonstructural partitions. A growing faith in these numbers and an

apriori belief that horizontal drift is well correlated with damage has resulted.

Horizontal drift, as defined above, was originally intended to provide some nominal meas-
ure of the state of shearing strain (distortion)} in building partitions. Although it is now recog-
nized that horizontal drift is not a good measure of distortion* and other measures have been
proposed (eg. tangential story drift) it is not reasonable to expect a simple reiation between a
single nominal measure of strain and damage to exist for all wall materials and/or construction.
The assumption that such a limit state exists is contrary to basic structural mechanics in that a

structural element’s resistance to stress/strain (ie. an element’s behavior) is generally

* For example a rigid rotation of a building about a horizontal axis through its base results in horizontal drift
without distortion. :
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dependent upon the element’s construction, support conditions and material behavior.

There also appears to 'be some uncertainty in the proper use of the conventional limit
state of horizontal drift; should it be considered as a limit for the analysis of a structural ideali-
zation including the stiffness contribution of the partitions or an idealization ignoring this con-

tribution?

In the present study the drift indices of the idealization ignoring the stiffness contribution
of the partitions approached this popular limit state of 0.0050. We know that the damage was
véry great to the partitions of this buildiﬁg. We can not, however, conclude that this observa-
tion justifies the use of the number 0.0050 as it has been shown that the structural idealization
of the building ignoring the contribution of the infill represents a structure that is altogether
different from the real structure and as such may not be correctly used to predict the behavior
of the real building. We must conclude that the correspondance between the popular limit state

of 0.0050 and the observed behavior of this unrealistic modeling is merely fortuitous.

The infill models are expected to provide a more realistic prediction of the be;havior of the
response of the building. The drift indices predicted from this more accurate modeling are well
below the limit state of 0.0050 and yet we know the damage to the partitions was extensive and
severe. Indeed the smallest drift indices are associated with the infill partitions, the very parti-
tions that suffered the greﬁtest damage. We know that infill may very effectively stiffen a frame
and as such limit local drift.” This is, of course, accomplished at the cost of the tendency of
these stiffened frames to transmit higher shear forces and thus, typically, infill partitions may be

expected to suffer higher shear stress levels while still limiting drift.

The attempt to find & single number to characterize a drift limit state for partition damage
must be expected to be a fruitless venture. The materials and method of partition construction
must surely come into play. Taking 2 more traditional approach, the author attempted to cofre-
late a nominal measure of maximum shear stress in the infill panels with the known, albeit unc-

ertain, material behavior of the infill wall material. This will be discussed subsequently.
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Member Force Response - Columns

Column member force histories were computed for all columns of the Frame + Slabs
model and the two infill models for the combined effect of gravity and seismic loading. Max-
imum member force values and their time of occurrencewere recovered from this computation.
As the analysis was three dimensional, six force parameters were considered for each column

end including two shears, two bending moments, an axial force and a torque.

To investigate the influence of the infifl upon column member force response a compari-
son was made between the maximum force quantities obtained for the Frame + Slabs’model
and each of the two Frame + Slabs + Infill models (ie. Soft Infill and Stiff Infill). A stress

increase ratio was defined to facilitate this comparison as;

R = [ F;'rr_ﬁli - F JSrame ]
ik _—F'._—_"
Srame ik

where;

R, = stress increase for member i, end j considering member force k. With k= 1106

corresponding to each of the six member force components.

Fppn = maximum member force computed including the stiffness contribution of the

infill.

Freme = maximum member force computed ignoring the stiffness contribution of the

infill.

Stress increase ratios were computed for the stiffness contribution due to the stiff infill
model as well as the soft infill model for each of some 69 columns. This produced two sets of
828 stress increase ratios {69 columns x 6 member forces x 2 ends per column). These values
have been plotted in a manner similar to member force diagrams on perspective representations
of all transverse frames of the building (Fig. B5.9 to Fig. B5.20). On these drawings the
column axes correspond to a zero member fofCe increase (ie. no change in member force),

values plotted to the right (northward) correspond to a positive increase and to the left
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(southward) a negative increase (ie a decrease in member force). A scale is included showing a

five-fold increase keyed to the length of the cantilevers for convenience.

These figures require some patience, at first, to read but with this initial effort provided
they reveal a great deal about the nature of force redistribution in the complete three dimen-

sional frame due to the influence of the infill.

Although the stress increase ratios provide a valuable relative comparison the significance
of any relative increase is ultimately determined by the absolute value of the 'forces in question
and the capacity of the member to resist this force. For this reason more conventional member
force envelopes were plotted, again in perspective representation, for both infill models (Figs.
B5.21 to B5.32). These member force envelopes may be used in conjunction with the stress

increase envelopes to identify the significant member force increases.

The capacity of any column must be defined in terms of the interaction of all six member
forces, in general. The capacity of any column of this building is typically determined by con-
sideration of shear alone as the tie spacings were so great in the column and thus the shear
capacities were very low. One interaction diagram is presented here (Fig. B5.33) for the
column of principal interest in the study, the first floor column of transverse frame 3. {(see Fig.
B2.9). In as much as this column is an axysymmetric square column ihis one interaction
diagram will define the capacity for the combination of axial load and either M, or M, and
may be used to estimate the biaxial bending capacity of the column as well. Furthermore, as all
columns ih the building are 40 x 40 cm and are practically limited by their shear capacity one
may reasonably use this one diagram to approximately estimate the shear capacity of any

column in the building.

In this interaction diagram the ultimate flexural capacity was generated from first princi-
pals assuming an ultimate concrete compressive strain of 0.003. The ultimate shear capacity of
the column (based upon the reccomendations of the American Concrete Institute code - ACI
318-71) is also indicated on this figure assuming a likely moment distribution over the height of

the column, under lateral loading, as shown. Ultimate shear capacities of a full height column
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(3.0 m) and a short column (0.9 m) are presented. This interaction diagram was generated

using the program RCCOLA [B14].

It should be noted that this figure (Fig. BS.33) is included here solely to give scale to the
results obtained in the response history analysis of the building. As all analyses were elastic |
and therefore did not account for inelastic dissipation of energy the computed member forces
will be over estimated. Consequently, member forces in the critical columns are well beyond
the capacities defined by this figure. Nevertheless, & careful examination of the critical column
member forces reveal combinations of relativeiy low axial loads , with occaissonal tensile excur-
sions at times, in combination with relatively large bending moments that ir;dicate, in light of
the interaction diagram, the likely failure mode of shorter columns must be expected to be a
shear failure mode. It will be seen that partial height infill has the effect of producing short

column behavior.

The force redistribution due to the contribution of the soft infill is very similar to that of
the stiff infill, the latter showing greater exaggeration than the former in most respects. For
this reason it is best to direct one’s attention to the results obtained in the comparison of the

stiff infill model to the model not including any infill contribution.

With the exception of column torsion the infill tended to reduce maximum member force
response in the upper stories while increasing member forces in the lower stories. This redis-
tribution from the upper to the iower story columns is generally significant with stress increases
typically between 1.0 and 2.0. Shear and moment increases associated with short columns due
to the constraint offered by partial infill or as found below grade in the western end of the
building were most dramatic. In particular the short columns found in the basement level

suffered moment increases as high as 26.0.

The increases for column torsion are not significant as the torsional moments are small in
absolute sense. These increases result, however, from the greater torsional response of the

building as a whole resulting from the infill influence discussed above.
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Although the infill can effectively carry vertical loads thereby reducing axial loads on the
adjacent columns the interaction between the frame and the infill may, nevertheless, result in
larger axial loading of the columns under seismic excitation. Such an increase is evident in
figures B5.9 & B5.10. In at least one instance the infill not only increased the maximum
compressive force in the column but caused large tensile excursions that were not observed in
the model without the infill contribution (see discussion below of critical column 54). Curi-
ously, the columns that suffered the greatest axial load increase are located below grade in
transverse frame 6 and as a result of their location these columns were not inspected by the

U.C. reconnaisance team.

It is natural to consider the stress increase of the column shear, ¥y, (east direction) and
the column moment, M,,, (about the north-south axes) together,as we may associate these
member forces with longitudinal (east-west) distortion of the building (Figs. B5.13 & B5.15 or
Figs. B5.14 & B5.16). These results are the most dramatic with relative stress increases associ-
ated with Jongitudinal partial infills as high as 26.0 for M,, and 3.5 for ¥,. These values, asso-
ciated with the basement column of transverse frame 2, are, however, not as dramatic in the
absolute sense (see Figs. B5.25 & B5.27 or Figs. B5.26 & B5.28) and as such are not practically
significant. The reconnaisance team was unable to inspect these basement columns and thus

their real behavior is unknown.

The increases in the northern, first floor columns of transverse frames 3 and 4 are seen to
be especially important in light of the combined consideration of the relative stress increases
and the absolute values of member forces. The computed infill force levels were also greatest
in these areas. As the actual damage suffered by the building was concentrated in these areas it
appears that the prediction of the behavior of the building and the observed behavior of the
building were in accord in the general sense. To investigate the success of prediéting local
behavior the response of a specific column of this area will be discussed in detail. This column,
the northern column of the first floor tranverse frame 3, (henceforth referred to as column 54)

was selected for detailed consideration because it was among the two most severly damaged
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columns and lended itself to modeling more easily than the other critically damaged column.

The short stub columns located below grade in transverse frames 5, 6 and 7 showed only
slight increases in shear, V,, and moment, M,,, yet the absolute value of these member forces
were, nevertheless, significant. As noted the location of these columns did not allow inspection

and their real behavior is unknown.

It is also natural to consider the shear, ¥, together with the moment, M,,, as these
forces may be associated with transverse deformations (Figs. B5.17 & BS5.19 or Figs. B5.18
B5.20). Surprisingly these member forces are seen to decrease throughout most of the structure
with only the short stub columns, found below grade, showing both a relative increase and
significant force levels as a result of infill influence. Yet the observed damage clearly indicated

distress in columns due to transverse deformations.

It appears, then, that the infill models’ behavior captures the longitudinal behavior of the
real building but not the transverse behavior. One may ask why? In the longitudinal direction
partial height infill panels play a key role in the response of the building. These partial height
infill panels constrain the adjacent columns to behave as short columns, that is to say the infill

forces a relatively greater participation of these columns in resisting the lateral loads.

In the transverse direction, on the other hand, all the infill is of full height. Full height
infill panels actually rglieve adjacent columns of shear and moment due to lateral loading as
long as the infill stress levels do not exceed the capacity of the infill material. If, however, the
full height infill stress levels become excessive local or complete failure of the infill panels may
resultydemanding a concomitant force transfer to the columns. The elastic infill elements used
to model the infill panels behavior will not, of course, "fail" and as a result these infill panels

will continue to relieve the column demands at all loading levels.

In another sense the full height elastic infill models tend to protect the adjacent columns
from distressing deformation in the plane of the infill while the partial height infill panels will
not. One must, therefore, look to the infill stress levels rather than the column member forces

to find areas of potential distress to both the infill and the adjacent columns when considering
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full height infill panels. An inspection of column member forces may be sufficient when con-
sidering partial height infill panels, but an examination of infill stress levels will provide some

additional indication of potential problem areas.

The forgoing discussion suggests a failure mechanism for these full height infill-frame
subsystems. Perhaps in the actual response of such infill-frame systems the full height infill
panels may be stressed sufficiently to cause a partial failure of the panel thereby transforming
the panel] from a full height panel to a partial height panel. Such transformations were evident
in the inspection of the building under study (see Fig. B3.3)., Upon being transformed from a
full height panel to a partial height panel the adjacent column is transformed from a protected
column to a short column and consequently suffers a sudden increase in the lateral load it must
resist (see Fig. B3.1). This failure mechanism is illustrated schematically in figure B5.34. It is
likely that simply breaking the bond between the infill and the upper beam will effectively. cause
such a transformation. This bond failure is expected to be accomplished at relatively low stress
levels in most instances and for this reason the protection offered by full height panels may be

a theoretical possibility but practically unrealistic.

Member Force Response - Column 54

The damage to column 54 was dramatic {Fig. B3.1). The column was completely severed
by a diagonal shear failure plane defined, roughly, by an outward normal with unit components
along each of the three axes defining the structural geometry (ie. a 1,1,1 plane) (Fig. B5.35).
Such a plane suggests the shear failure was due to a state of biaxial shear - combined V, and

V,

b

The member force response histories computed for this column indicate that the infill
resulted in significant increases in the V, shear, some decrease in the ¥V, shear and, impor-
tantly, several excursions into a tensile state. Such tensile excursions were not observed when
the infill contribution. was ignored. Furthermore, in the soft infill modeling the early fensile

excursion was coincident in time with the maximum V), shear while in the stiff infill modeling
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the early tensile excursions occurred simultaneously with significant ¥, shears and occurred
close in time to the maximum shear fesponse. In both infill models the maximum shear at the
top of the column had a positive x sense (an easterly sense) and was significant in magnitude
while the shear in the y direction was not significant, The sense and significance of these |
shears would suggest a failure plane with 2 outward normal vector with (x,y,z) components of

(1,0,1), different from the failure actually observed.

This column was restrained in the longitudinal (x or easternly) direction by a partial
height inﬁ]l panel and in the transverse (y or southernly) direction by a full height panel. As
noted above, an elastic model of a full height partition may not "fail" and thus protects the
adjacent column from distortion at all levels of loading. On the otherhand the partial height
infill panel forced short column behavior and thus resulted in the increased and significant ¥V,

shears observed.

The computed maximum fxominal infill shear stress levels of the full height infill panels
associated with this critically damaged column were found to be larger than all other panelsl and
well above the probable strength of the panels. Two full height panels were associated with this
column separated by a door opening (see Fig. B2.9), a northern wider panel and a southern nar-
rower panel. The computed maximum nominal infill shear stresses for these panels were,
respectively, 1.91 MPa (277 psi) and 2.60 MPa (377 psi) using the stiff infill modeling and 1.28
MPa (186 psi) and 1.66 MPa (241 psi) using the soft infill modeling. (It will be recalled that
the direct compressive strength of the- infill was likely to be in the range of 1.75 to 2.25 MPa
and the shear strength would be expected to be a fraction of these values.) Furthermore these
infill panels reached their maximum stress levels very close in time to the maximum response

of the column to ongitudinal deformation.

it appears, then, that the differences between the observed behavior and the predicted
behavior may be reconciled if it is assumed that the transverse full height infill panels failed
partially leaving partial height infill panels in both the longitudinal and transverse directions.

The column would then be expected to suffer a shear failure along a failure plane defined by
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the outward normal of (1,1,1) as obsevered.

It is important to em;;hasize that this failure mechanism is postulated upon the combined
evidence of the observed behavior and the predicted behavior. One may not expect to predict
such a nonlinear sequence of events from just one elastic analysis alone, although a series of
elastic analyses, removing or softing elements as they reach their capacity may offer some

insight. A single elastic analysis may help to point to areas of potential initial distress, however,

and in this limited sense such analyses are useful.

Member Force Response - Infill Panels

Response histories were computed for twelve member force components (corresponding
to the twelve degrees of freedom) of each infill element for both the soft infill model and the
stiff infill model. From these histories nominal panel shears stresses were computed. The
nominal shear stress, at each time step, was taken equal to the total horizontal load resisted by
the panel divided by the panel’s horizontal cross sectional area. The stress distribution across
.the panel was not computed. From this computation maximum nomina! shear stresses were
recovered for each panel along with their time of occurence. These maximum values were

compared to the observed infill panel damage.
Four damage levels were identified during the post earthquake survey;
N.D. - no damage
S.D. - slight damage
P.D. - partial damage
and,
B.D. - badly damaged.

Although only a few infill panels fall into each of these categories (only two suffered partial
damage) a mean value of the computed maximum nominal shear stress within each category
was evaluated. Many of the short partial height infill panels were not included in the post
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earthquake survey (eg. the southern walls at the ground, second and third floor levels, see Fig.
B3.4) and consequently were not included in this evaluation. These mean values (along with
an indication of the standard deviation about the mean) were plotted against the damage indices
to investigate the correlation between this measure of infill distress and the observed ‘damage

(Fig. B5.36).

It is seen that the correlation is positive, albeit rather uncertain. The uncertainty is
greater at the higher damage levels in part because there were fewer infill panels in these
categories and in part because the elastic analysis cannot be expected to capture the inelastic
force redistribution that most certainly occurred in the real response. Nevertheless it appears
that the stress levels computed via an elastic analysis may effectively point to areas of potential

initial failure.

It is interesting to compare these computed stress levels with the likely shear capacity of
the infill material. It has become common practice to relate the shear strength of concrete and
masonry to the square root of the direct compressive stress of the material, f,, (ie. the prism
strength). For this reason the data plotteﬁ in figure B5.36 is normalized with respect to \/f",.
The probable crushing strength of the material was 2.00 MPa +or- 0.25 MPa (see section 2.4

above) an uncertain number.

Newmark [B20] reports that infili panels will suffer initial cracking at a shearing stress of
approximately 0.23m, MPa, and may sustain a maximum shearing stress of 0.28\/j7,,,, MPa,
[B20]. The stress levels correlated with the initiation of damage (ie. between N.D. and §.D.) of
approximately 0.5.//",, MPa, and 0.4\/7',;, MPa, for the siiff and soft models, respectively, are
double Newmark’s suggestions. This is to be expected as the elastic analysis does not account
for energy dissipated inelastically that was clearly an important part of this building’s response.

As a result the elastic force levels that were developed must be expected to be overestimated.
The Uniform Building Code. (UBC 1976) sets the maximum allowable shear stress in

unreinforced masonry' walls at 0.024+/f,,, MPa (0.3\/f, psi). This reccomendation may be

appropriate for unconfined shear strength but as infill panels may sustain some confinement,
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depending on the completeness of the infilling and the stiffness of the surrounding frame, this
reccomendation may be too conservative. Nevertheless it seems reasonable to reccomend a
limitation on panel shear to avoid pane! damage and the reccomendation must necessarily be
very conservative as the material properties of the infill are seldom _we]] known. It may be rea-
sonable to set separate reccomendations for panels of partially infilled frames (perhaps

0.024+/f’,, MPa) and panels of completely infilled frames.

For completely infilled frames it would be reasonable to allow greater stress levels with
more rigid surrounding frames. A suitable measure of the relative stiffiness of the surrounding
frame may be provided by the dimensionaless parameters discussed in part A of this study.
Perhaps a reasonable range of allowable stress levels of from 0.024y/7, to 0.1005/f,, MPa,
would be appropriate for the corresponding range of frame stiffness from very soft frames to
very stiff frames. This would provide a safety factor against initial cracking of 2.3 at the upper
end if Newmark’s suggestions afe correct. The surrounding frame would, necessarily, have to
be designed so that its stiffness could be utilized, that is, it must have sufficient strength to

provide the confinement and should not fail when the infill fails (cracks) (see Klingner [B13]).

5.5.3. Response to the El Centro and Pacoima Dam Records

The response of the building to the 0.5g El Centro and 0.5g Pacoima Dam records was
investigated, in part, to characterize the Guatemalan event by comparison to these more fami-
liar quakes, in part, to study the sensitivity of the building, the Escuela De Nifieras, to records
of different frequency content and, in part, to study the importance of vertical accelerations
upon the response of the building in general and the infill in particular. The El Centro and
Pacoima Dam records and their SDOF response spectra have been discussed above (section
4.2). The reader is reminded that the first 10 seconds of the original records were employed
here, adjusted by direct proportion to have maximum peak accelerations of 0.5g. The actual
Pacoima Dam record and not the commonly used "Derived Pacoima Dam" record was used

here.
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Displacement Response

The displacement response of the Fraﬁle + Slabs model and the Frame + Slabs + St;ft
Infill model to the horizontal components alone of the two additional records was computed and
maximum response values were extracted from this computation. The displacement response
of the Frame + Slabs + Soft Infill to the combined horizontal and vertical components of
these two records was also determined and maximum values were recorded. The soft infill
modeling alone was used to model the stiffness influence of the infill as it was thought to better

characterize the behavior of the real structure.

Envelopes of the maximum roof displacements due to the horizontal components of the
0.5¢ El Centro and the 0.5z Pacoima Dam records are compared to the response to the
Guatemalan event in figures B3.37 and B5.38. The responses of the Frame + Slabs + Soft
Infill model to horizontal components alone and to the combined effect of horizontal and verti-

cal components were very nearly identical for both records.

It is seen (Fig. B5.37) that the Frame + Slabs model of the building responded to ail
records in a manner apparently dominated by nontorsional translational behavior. This model,
however, demonstrated a significantly greater sensitivity to the 0.5g El Centro event than the
other two quakes. The response to the Guatemalan and the 0.5g Pacoima records was nearly
identical. It will be recalled that the three fundamental modes of this model had periods of
0.604, 0.586 and 0.540 seconds. The SDOF response spectra considered above (Fig. B4.4) indi-
cated a greater response to the El Centro record, in this period range, than to either the
Pacoima Dam or Guatemalan records.. In as much as it appears that the two fundamental trans-
lational modes (ie. modes 1 and 2) dominate the response of this model (having the largest
participation factors) and these modes affect independent degrees of freedom one would expect
the SDOF response spectra to provide a good estimate of the greater sensitivity to the El Cen-

tro event and such was the case.

One may expect, by the same reasoning, that the Frame + Slabs model would be some-

what more sensitive to the Pacoima event than the Guatemalan event yet the maximum
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responses to these two quakes is nearly identical. Upon closer examination it is seen that this
model has significant body modes (modes 4 and 6) in the period range of 0.150 to 0.200
seconds, a range in which the Guatemalan record had a greater SDOF response than the

Pacoima Dam record (yet still less than the El Centro).

The roof displacement envelopes for the second model - the Frame + Slabs + Soft Infill
Mode] - on the other hand indicate the greatest sensitivity to the Pacoima Dam record, some-
what less sensitivity to the El Centro record and significantly less sensitivity to the Guatemalan
record with all responses apparently dominated by torsional behavior. Physical arguments based
upon SDOF response specira become practically difficult as the torsional behavior couples the
transverse and longitudinal displacement responses. In a very general sense, however, the infill
has the affect of stiffening the structure shifting its response into a period range where the rela-

tive differences between the three records is not as great as it would be for the frame alone.

Member Force Response - Columns

The response of the critically damaged column, column 54, to the 0.5g El Centro and the
0.5g Pacoima Dam records was investigated. The Frame + Slabs model and the Frame +
Slabs + Soft Infill model were considered to investigate the influence of the infill stiffness con-
tribution on the behavior of this one column. The complete nature of the force redistribution
throughout the entire structure due to the inclusion of the stiﬁ'néss contribution of the infill
was not investigated in detail (vis-a-vis the investigation of this force redistribution for the

Guatemalan ground motion responses discussed in section 5.5.2).

As in the earlier studies the infill tended to have a significant affect upon the behavior of
this column. Stress increase ratios (see section 5.5.2 above for the definition of this parameter)
due to the influence of the infill for theb five significant member forces considered are tabulated
below for the Guatemala/189 record, the 0.5g El Centro record and the 0.5g¢ Pacoima Dam

record.
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Table B5.7 Stress Increase Due to Infill - Column 54

Ground Motion Record

Member El Centro | Guatemala | Pacoima
Force (0.5¢) (0.5¢)
Axial -0.15 0.60 0.80
Shear Y 0.75 -0.37 -0.04
Moment XX -0.81 -0.48 -0.17
Shear X 0.49 1.01 1.41
Moment YY 0.95 1.69 2.15

(It will be recalled that a zero ratio corresponds to no change in member force, a negative ratio
corresponds to a decrease and a positive ratio an increase in member force.)

In all three cases the infill had a similar affect upon the column. The transverse full
height infill panel adjacent to the column tended to inhibit distortion of the column in the
transverse plane thereby reducing the shear, V,, and moment, M,,, associated with distortion
in this plane. (Of course, these reduced member forces associated with the transverse distor-
tion of the column are an artifice of elastic behavior in that failure of the infill was not allowed.
The analyst must be careful in interpreting such results and look to the stress levels in the infill
as well as the force levels in the columns; see section 5.5.2.) The longitudinal partial height
panel adjacent to the column, on the otherhand, forces short column behavior making the
column effectively stiffer (without, of course, increasing its strength) and consequently forcing

it to carry greater lateral loads, that is higher shear, ¥,, and higher moment M,,.

The comparison offered by this table is especially relevant in that it provides a comparison
of the relative sensitivity of t_he column to each of the three ground motion records. The table
has been arranged to reflect a consistent trend in this relative scnsitivi.ty. It may be seen that
the Pacoima Dam event is most effective in creating distress in this column in that it results in
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more column distortion in the plane of the full height panel (ie. less stress reduction, due to
the infill, of ¥, and M,,) and causes greater stress increase due to the partial height longitudi-
nal panel. The Guatemala record is less effective in causing distress in the column and the El

Centro record is least effective.

In as much as the stress increase ratios are comparisons of responses of linear systems
with and without the stiffness contribution of the infill panels they are independent of the
intensity of the event and thus provide a relative measure of the sensitivity of the structural

system to the frequency content (and duration) of the event.

The responses of the critical column fo the horizontal ground excitation alone and the
combined horizontal and vertical excitations were compared for both the 0.5g El Centro and the
0.5g Pacoima Dam records. The vertical component had an insignificant affect upon the

response of this single column in both cases.

Member Force Response - Infill Panels

Again it is interesting to compare the responses to the two additional records with the
Guatemalan response and also investigate the importance of vertical accelerations upon the
infill panel force response. Attention was limited to four important infill panels that completely

infilled transverse frames.

For tliese selected panels the maximum infill member forces due to both the 0.5g El Cen-
tro and the 0.5g Pacoima were, on the average, 75% greater than those experienced in the

Guatemalan study with some maximum member forces two and one half times those from the
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earlier study. Unlike the column response discussed above the maximum member forces for
the El Centro and the Pacoima records were very nearly identical. Again the vertical com-

ponent of ground motion had an insignificant affect upon these maximum force responses.

Conclusion

It appears that this building was not sensitive to vertical accelerations, as far as the
column and infill response is considered; It will be recalled that the analyses were based upon
mode superposition using only the first 18 modes that appeared to be insufficient to capture the
complete nature of response to vertical excitation (see section 5.4). Although an objective was
set to study the importance of vertical deflections of the transverse, heavily loaded, cantilevered
beam upon infill force response the details of such behavior were not investigated. (In as much
as the constraint approach modeling will include this aspect of behavior this objective became of
secondary concern.) The maximum displacement response and maximum infill force response
were consistent showing, roughly, twice the sensitivity to the 0.5g El Centro and the 0.5g
Pacoima Dam records as the Guatemala/189 record. The evidence of column force response
indicates, on the dtherhand, that the building was most sensitive to the Pacoima Dam record,

somewhat less sensitive to the Guatemala/189 record and least sensitive to the El Centro

record.
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6. Conclusion

6.1. Summary

This study reviewed the construction and post earthquake evidence of the seismic
behavior of a building, the Escuela De Nifieras, then investigated its dynamic character through
a series of detailed linear elastic analytical studies. The building is typical of many moderate
size buildings that utilize structural frames infilled with masonry (ie. frame-infill structural sys-
tems) and suffered seismic damage that has become characteristic of this type of system (eg.
"captive" column and infill panel shear failures). The structural contribution of the infill to the
frame was modeled, analytically, by a constraint approach developed as part of the study (see
Part A of this report) and the influence of the infill upon the structural response to different
earthquake excitations was considered in detail. The suitability of the proposed constraint

approach to model frame-infill interaction was critically evaluated.

6.2. Conclusions

Infill, even of relatively light construction®, may have a primary influence upon the
dynamic character and seismic response of a structural frame as the infill will tend to
significantly stiffen and strengthen the frame. If ignored, such sources of strength and stiffness
may lead to behavior completely unanticipated by the structural designer that may well be catas-
trophic. The response of a frame-infill system must be expected to be altogether different from
that of the frame alone. Frame-infill system behavior may not, then, be reasonably modeled by

a bare frame structural idealization, the structural contribution of the infill must be included.

Infilling provides construction economy, use advantages and an attractive means to stiffen
and strengthen structural frames but, unfortunately, this potential is often compromized by the

brittle strength characteristics of commonly used infill construction as well as the brittle (shear)

* A partition constructed of wood studs sheathed with decorative plywood forced & shear failure of a princi-
pie column of transverse frame 2 of the building studied.
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column behavior induced by frame-infill interaction. Such potential may, however, be realized
through improved infill construction methods (see Klingner’s encouraging results [B13]) and

through rational analysis of frame-infill system behavior.

One analytical technique, suitable for modeling the static as well as dynamic linear elastic
behavior of complex frame-infill systems has been presented here. This approach, a constraint
approach, is theoretically consistent and, apparently, effective yet nevertheless has limitations.
Some of these limitations are common to linear elastic analytical methods in general and some

are specific to the approach presented here. These limitations are related to;
i uncertainties in modeling the structure,

ii. the completeness of the analytical model,

iii. uncertainties in modeling the load (excitation),

iv. theoretical approximatipns and simplifications,

and

v.  problems in interpreting analytical results.

Uncertainties in modeling the structure (ie. in elastic analysis, mass, stiffness and damping
uncertainties) must, properly, be identified in order to reasonably interpret analytical results.
The nature of these uncertainties are, however, specific to the building under study and may or
maynot be significant. Bound studies, if carefully formulated, may define their significance.

Nondimensional analysis may serve to limit and generalize such studies.

The structural analyst is critically limited by the completeness of his model. At the global
level he cannot expect to capture 3D response phenomena with a 2D model of the structure.
At the local level he cannot expect to capture a two dimensional displacement field (eg. infill
panel displacement ﬁeld) with a single degree of freedom element (eg. an "equivalent” strut).
Simplified models carry not only the penalty of loss of accuracy (usually) but may not be able
to capture phenomena that may prove to be critical. The Escuela De Nifieras was sufficiently

complex to demand a complete 3D modeling, it is believed that most buildings are as complex.
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The uncertainty in modeling the expected seismic excitation for a proposed building
design is always significant, in part, because of the uncertain natufe of future events and, in
part, because the experience of this study as well as others suggests that most buildings are sen-
sitive to the characteristics of the seismic excitation. The structural analyst seeks to find the
excitation, that has a reasonable probability of occurrence, that will drive the structure to its
most critical response. It appears that there is presently no more reliable means to do this than
to consider the response of the structure to several probable design excitations that cover the
range of variations of the dynamic characteristics of the expected ground motions. Indeed

there is no reason to expect that only one "most critical” response exists,

The analyst is limited by multiple theoretical approximations that must be kept in mind.
Important here are the assumptions peculiar to the constraint approach and the infill elements
developed from this approach. The approach is based upon the assumption that the infill panels
are constrained to deform to the form of deformation of the surrounding frame {ie. to the form
of the beam shape functions here). Although this approximate assumption appears to provide
an accurate means to mode! the stiffness contribution of the infill to the frame it does not allow
a detailed estimation of framing member force variation or infill stress field*. Rather it pro-
vides a mean estimation of member forces and infill stress local to the infilled frame that,
albiet useful, may well underestimate the extreme values that can be expected to occurr (see

section 6 of Part A of this report).

Linear elastic techniques do not include inelastic effects that are inevitably a part of strong
motion seismic response of structures. Consequently, when interpreting the results of linear
elastic analysis individual member forces (and displacements) may not be taken literally, rather
they must be considered in terms of available member capacity, time of occurrence and in rela-
tion to other member force responses. In particular, when interpreting analytical results of

frame-infill system response modeled with the proposed linear elastic infill element it is
* An approximation to the "exact” stress field may, however, be obtained through the development of a

nodal-displacement-to-stress-field transformation matrix in a manner very similar to the development the
infill stiffness matrix presented here.
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necessary to consider column member force levels in terms of not only the column’s capacity
but also in relation to adjacent infill panel stress levels, capacities and time variation of both

(see discussion of member force response section 5.5.2).

The possibility of a correlation between the predicted maximum nominal infill shear stress |
and the observed damage to infill panels for the building under study was considered. The
correlation proved to be positive althmylgh the amount of data considered was too meager to
provide confidence. Nevertheless, it is believed that damage limit states for infill panels may be
established by limiting (nominal) infill shear stress (or strain, possibly) to appropriate allowable
stress (or strain) lev_els. Possible allowable stress levels were discussed (see section 5.5.2). The
foad level(s) for which such limits should be considered depend on the type of analysis used
(ie. linear or nonlinear) and upon the structural importance of the infill. If the infill is part of
the primary structural system it should sustain moderate quakes without damage while if it is
nonstructural in nature (ie, does not contribute significantly to the stiffness of the primary struc-

tural system) then it need sustain only minor quakes without damage.

6.3. Implications For Design

Infill must be considered by the structural designer of a building even if it is of apparently
light construction. The structural designer may choose to;

1. separate the infill from the surrounding frame to inhibit its structural contribution to the
lateral resistance of the structure and thereby avoid the problems so characteristic of con-
ventional frame-infill system response,

2.  stiffen the structural frame system sufficiently (eg. through the use of shear walls or diag-
onal bracing) to inhibit deformation and thus limit frame-infill interaction and thereby

avoid the problems characteristic of conventional frame-infill system response,

or,
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3. employ the infill directly to stiffen and strengthen the structural frame and thereby gain

the construction and use advantages offered.

The first option demands careful attention to infill support details se that forces (inertial
as well as others) normal to the panel are resisted and yet in-plane frame-infill interaction isl
inhibited. Clearly such details must remain effective throughout the life of the structure and
therefore may require maintenance and inspection during this time to provide this assurance.
Such details are likely to compromise the construction and acoustical advantages characteristic
of the conventional direct use of infilling. This approach of separation does, however, avoid

the analytical problems of frame-infill response analysis.

The second and third options are different only by degree. One may achieve the effect of
the second option (ie. of designing a stiff primary system to avoid frame-infill interaction} by
employing a "soft" yet ductile infill construction. The second option suggesis, however, the
possibility of utilizing infilling as a second line of resistance that may become effective should
the primary structural system soften during an extfeme seismic event. For both options it is

important to;
1.  use infilling rationally;
i, infill in a regular and symetrical manner in plan,

ii. infill in a regular and continuous manner in section, avoiding abrupt changes in
infill/frame stiffness (eg. avoid a nonuniform distribution of openings in infill panels

over several stories of a single frame),
iii. avoid partial height infilling,
2. design the frame-infill subassemblage so that failure behavior will be ductile (see Klingner

[B13]),

and,
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3. include the stiffness contribution of the infill in the design analysis of the proposed struc-
ture and consider a set of design earthquakes of différent, yet probable, characteristics as

the nature of the critical design earthquake may not be obvious.

The designer may choose to separate specific infill panels from the surrounding frame (eg. par-

tial height panels) to gain a more advantageous distribution of “active" infill panels.

.

The importance of infill contribution to frame-infill system response should alert the
designer to consider other seemingly unimportant secondary structural and nonstructural ele-
ments in design considerations of the building as well as any modifications to the building in

the future.

Drift Limits

The need to identify suitable damage limit states as design criteria to avoid nonstructural
damage during minor earthquakes and to limit nonstructural damage while avoiding structural
damage during moderate earthquakes has been recognized by the structural engineering profes-
sion. Drift limits have been proposed to answer this need, yet, if the stiffness contribution of
infilling is included in the analysis of frame-infill system seismic response, predicted drift will,
necessarily, be limited in those areas that are infilled -. the areas that may suffer the greatest

damage®. Consequently, conventional drift indices have little meaning in such analyses,

Drift limit proposals have been postulated upon the belief 'that partiiions do no
significantly contribute to the stiffness of the primary structural system thus drift determined
from the analysis of the primary structural system alone may be expected to be correlated with
damage to partitions (and, perhaps other nonstructural elements as well). This study has
attempted to show that infill partitions may, however, contribute significantly to the stiffness of

the primary structural system and thus the analysis of the primary system alone may have little
* In the building studied infilling had the effect of limiting drift local to the infill, drift in other areas was

greater (see Table BS.5), yet'the damage was concentrated in the infilled areas. Feor this building, then, there .
was g negative correlation between damage and drift,
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relation to the behavior of the combined primary-secondary {eg. frame-infill) system. When
partitions significanly modify the system response, as infill partitions do, then conventional drift
limits are no longer appropriate as they will not be well correlated with the damage to these par-

titions and as such can not provide a suitable criteria to limit this damage.
A damage limit state must be understood to include;

1. limiting values of response parameters that are well correlated with (specific types of)

damage,
as well as,
2. the load level(s) and load characteristics underwhich these limits are to be considered.

Nominal infill shear stress has been proposed, in this report, as a suitable damage limit state
response parameter for infill panels.. The load level(s) under which nomina! infill shear stress is
to be limited depends upon the structural importance of the infill (ie. the significance of the
stiffness contribution of the infill to the primary structural system). If the infill is of a non-
structural nature it need sustain only minor quakes without damage, while if it is structura! infill
it should sustain higher load levels without damage. Limiting values of this parameter have

been proposed (section 5.5.2).

6.4. Recomendations For Research And Development

Frame-infill system response behavior is not yet well understood. If infilling structural
frames is to become a reliable construction technique additional experimental as well as analyti-
cal research is needed to develop a more complete understanding. With this understanding new
constraction {echniques may be deQeloped and better analytical methods for the prediction of
frame-infill response may be formulated. There should be an emphasis on improving the ine-
lastic response of these systems (ie. developing construction details to improve the ductility and
hysteretic behavior of the frame-infill subassemblages) and developing analytical methods to

model this inelastic response.
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Experimental investigations should consider realistic frame-infill systems that are sup-
ported and loaded in ;1 manner that simulates conditions that may be expected to occurr in
actual structures. The hysteretic behavior of completely infilled frame systems, partially infilled
frame systems, multiple and mixed partially and completely infilled frame systems should be '
considered. The reliability of construction details to separate the infill from the surrounding
frame should be evaluated, in-plane as well as out-of-plane behavior will be important. The
mechanical characteristics of commmonly used infill materials and construction need to be deter-
mined for purposes of analysis and determination of the capacity of the infill to resist loads.
Means to repair damaged infill should be investigated and suitable response parameters should

be correlated to the nature and degree of observed damage.

Analytical capabilities may be expanded by a direct application of the proposed constraint
method to infill panels of nonrectangular geometry, infill panels with openings, infill panels
constructed of nonisotropic materials (eg. masonry), and other constraint assumptions not con-
sidered here. Analytical and experimental studies may be needed to evaluate the suitability of
such developments. The constraint method may also be extended to consider aspects of inelas-
tic behavior by consideration of nonlinear infill material behavior as well as nonlinear constraint
conditions. A means to estimate, in greater detail, the member force variation and infill stress
field local to a single frame-infill subassemblage is needed. Other means to model the inelastic
behavior of frame-infill systems may be developed upon the basis of an improved understand-

ing of the mechanisms of response.

The structural importance of other secondary structural and/or nonstructural elements
should be investigated. The influence of non-infilled partitions, stairways and precast "architec-
tural” elements (eg. fascia) among others may be important. The contribution of these ele-
ments may be considered, analytically, using a constraint approach as well, this should be inves-
tigated. The structural contribution of flat slabs, joiSt-slab systems and waffle slabs may be

modeled also using a constraint approach, this, too, should be investigated.



As other secondary structural and nonstructural elements enter into structural considera-
tions then their resistant capacities am; damageabilities need quantification. Thus means to esti-
mate these capacities for each new important class of elements need to be developed. Damage
limit states for these elements need to be established and guidelines for the use {eg. distribu-

tion and details) of such secondary structural and nonstructural elements should be formulated.

The whole matter of drift limits to limit nonstructural damage should be reevaluated.
What measures of drift, if any, are suitable and when are they applicable? What load level(s)
and what types of analysis should be considered in their application? Are other response

parameters more suitable?

If the structural designer is to use existing analysis programs to their capabilities (eg. 3D
analysis and inelastic analysis) means to facilitate preparation of input as well as checking and
interpreting output will have to be developed. "Preprocessors" and "postprocessors” 'serve this
need, graphical capabilities are desirable in such processors, but this is not enough. The
designer will need some guidance on which response parameters shéuld be considered and how
they may effectively be reviewed. A emphgsis must be placed upon presenting a sense of struc-
tural behavior rather than simply listing maximum values of selected response parameters. The
three dimensional representations of mode shapes and member force distribution, used in this

study, provide a first attempt to do this, other means of presentation should be investigated.

If the structural designer is to consider the response of a structural idealization to several
design egrthquakes, as proposed here, guidelines for selecting sets of design excitations that will
provide comparable response results need to be provided. In the present study ground motion
records were scaled so as to have SDOF linear elastic response spectra of‘ roughly similar ampli-
tude. For linear elastic dynamic analysis it may prove useful to consider a set of different exci-
tations scaled so as to produce identical maximum responses of a single key response parameter
(eg. roof displacement or shear in a critical element) or, perhaps, a scalar norm of response
such as maximum tota! base shear or maximum total strain energy. In areas with reliable and

detailed seismic history it may be possible to establish a set of probable design excitations to be
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considered. There is a need;

1. 1o establish the importance of considering a set of design seismic excitations {possibly, an
envelope of several response spectra for preliminary design and a set of ground motion

records for design development and detailing),

2. to investigate the means o select a set of comparable design earthquakes (or an envelope

of design earthquake response spectra for preliminary design purposes),
and,

3. to investigate the means to formulate meaningful comparative analyses using sets of

design earthquakes and to interpret such analyses to achieve better design.
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FRAME + SLABS

MODE |

FRAME + SLABS + FRAME + SLABS +
SOFT INFILL STIFF INFILL

FIG. B5.2 MODE 1 -- MODE SHAPES AND PERIODS OF FOUR
MODELS OF THE ESCUELA DE NINERAS

FRAME FRAME + SLABS

MODE 2

FRAME + SLABS + FRAME + SLABS +
SOFT INFILL STIFF INFILL

ESCUELA DE MINERAS fSCUCLA DE NINFRAS
E168 HOOF 2 (T2:<0.%72 5LC.,)

FIG. B5.3 MODE 2 -- MODE SHAPES AND PERIODS OF FOUR
MODELS OF THE ESCUELA DE NINERAS
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FRAMEL FRAME + SLABS

E5CHLLA DF WINERAS
Litz MODE 3 (f3=0.%52 SEC.) 167 moOE 3 t¥3:0. 59D SEF.)

MODE 3

FRAME + SLABS + FRAME + SLABS +
SOFT INFILL STIFF INFILL

£SCUFLA DF NINERAS ESCUELA DE NINERAS
FICE MODE 5 (T3=H._131 SEC ) £165 mMOOC 3} (T3=0.246 3EC.)

FIG. B5.4 MODE 3 -- MODE SHAPES AND PERIODS OF FOUR
MODELS OF THE ESCUELA DE NINERAS

FRAME FRAME + SLABS

£SCUELA DE NINERAS
162 MUOE & 1TA-0.39E St

MODE 4

FRAME + SLABS + FRAME + SLABS +
SOFT INFILL < STIFF INFILL

ESCUELA BF NIKNFHAS
€iT& MBDE 4 €TexC.1%y SEL.]

FIG. B5.5 MODE 4 -- MODE SHAPES AND PERIODS OF FOUR
MODELS OF THE ESCUELA DE NINERAS
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FRAME FRAME + SLARBS

ESCUELA DE NIHERAS
£162 MODE 5 (YS=0.350 SEC.)

MODE 5

FRAME -+ SLABS + FRAME + SLABS +
SOFT INFILL . STIFF INFILL

ESCUELA DE NINERAS ESCUELA O NINERAS
E1CS MEOE §  (T5-0.152 SEC.1 €165 mMADE 5 (T5=20.150 SEC. )

FIG. B5.6 MODE 5 -~ MODE SHAPES AND PERIODS OF EOUR
MODELS OF THE ESCUELA DE NINERAS

FRAME FRAME + SLABS

MODE 6

FRAME + SLABS + FRAME + SLABS +
SOFT INFILL STIFF INFILL

LSCURLA UL NINERAS
€165 MOBE €& (T6=0.110 SEC.)

FIG. B5.7 MODE 6 -- MODE SHAPES AND PERIODS OF FOUR
MODELS OF THE ESCUELA DE NINERAS

~ 153




R/C Frame + Slabs
R/C Frame + Slabs + Soft Infill 4.0
{_. —R/C Frame + Slabs + Stiff Infill '

FIG. B5.8 ESCUELA DE NINERAS ROOF DISPLACEMENT ENVELOPES
GUATEMALA EARTHQUAKE, FEB. 4, 1976
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- STRESS I[NCREASE QUE TO INFILL
FIG' 85‘9 AXTAL SOFT INFILL
FIG. 85-10 STRESS INCREASE pUE TO INFILL
AXTAL STIFF INFILL
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FIG. B5.11 STRESS INCREASE DUE TO INFILL
TORGUE SOFT INFILL

FIG. B5.12 STRESS INCREASE DUE TO INFILL
TOROUE STIFF INFILL
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FIG. B5.13 STRESS INCREASE DUE 70O INFILL

SHEAR X SOFT INFTLL
F1G. B5.14 STRESS INCREASE DUE TO INFILL
SHEAR X STIFF INFILL
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FIG. B5,15 STRESS INCREASE DUE TO INFILL
’ ’ "MOMENT YY SOFT INFILL

FIG, B5.16 STRESS I[NCREASE DUE TO INFILL
MOMENT YY STIFF INFLlLL
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FIG, B5.17 STRESS INCREASE DUE TO INFIIL
SHEAR Y SAOFT INFILL

N ~ N
5 ha
i '\\\;r\\
\y\
FIG. B5.18 STRESS INPRtASEC DUE TO INFILL
L HEER Y STI1FF INFILL
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FIG, B5.19 STRESS INCREASE OBUE TO INFIIL
’ MOMENT XX SOFT INFILL
A
FIG. B5.20 STRESS INCREASE DUE TO INFILL

MOMENT XX STIFF INFILL
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FIG. B5.21 MEMBER FORCE ENVELOPES - GUAT.7s
' AXxTAL MN SOFT INFILL

FIG. B5.22 MCMBER FORLEC ENVELOPES - GUAT.76
) AxTAL MN STIFF INFILL
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FI6. B5.23 MEMBER FORCE ENVELDPES - GUAT.76
' - TOROUE MNM . SOFT INFILL
=2 0
. ’{,LO
FIG. B5.24 MEMBER FORCE ENVELOPES - GUAT.76
TORQUE  NMN-M STIFF INFILL
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FIG. .2 MEMBER FORCE ENVELOPES -~ GUAT. 78
1G. BS SSHEAR X MN SDFT INFILL
& (Xe)
<L 1o
FIG. B5.26 MEMBER FORCE ENVELOPES - CUAT.7
SHEAR X MN STIFF INFILL
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LOPES — GUAT. 7
FIG. B5.27 MEMBER FORCE ENVE
© MOMENT vy MNm SOFT INFILL
=2 1w
[+]
E INe]
j |
FIG. B5.28 m™MEMBER FORCEL ENVELOPES - GUAT.®
MOMENT vy MN-M STIFF IMFILL
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FIG. B5.29 MEMBER FORCE ENVELOPES - GUAT.76

SHEAR Y MN SOFT INFILL
’ ’\ﬁ_w
\’%o,r.o
-
l " S
FIG, B5.30 MEMBER FORCE ENVELOPES - GUAT.76
SHEAR Y MN STIFF INFILL
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FIG. B5.31 MEMBER FORCE ENVELOPES - CUAT.76

MOMENT xx  MNM SOFT INFILL
=2 10
o
E E !E ~ E .
FIG. B5.32 ™MEMBER FORCE ENVELOFPES - GUAT.7s
MOMENT XX MNM STIFF INFILL
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AXIAL FORCE (KN)

f,=3I0MPg [le o
Y (45 KS)) 40cm
4%8 BARS’ |+ 40 cmd

L=09m/
/

f,=228MPa
(33KSI)

—ULTIMATE FLEXURAL CAPACITY

~—-ULTIMATE SHEAR-MOMENT, Ms,
camc:rv (ACI 318-71)
2000

0 | 150 300
MOMENT (KN-M)

FIG. B5.33 ULTIMATE CAPACITY OF A TYPICAL FIRST
FLOOR COLUMN OF THE ESCUELA DE NINERAS (eg. Col.54)
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Under Low Excitation Levels Initatign of Failure of [nfil]

Infi1l Panel Protects Adjacent Under High Excitaticn Levels
Cotuns

In Subsequent Excitation Failure
of Infill Leads to Short Column
Behavior

FIG. B5.34 TRANSFORMATION FROM FULL HEIGHT TO PARTIAL
HEIGHT INFILL AND ASSOCIATED COLUMN FAILURE

K

[1.1,1]

[1.0,1]

s i

X ¥ X
Observed Shear Failure Predicted Shear FaiEure
~— Plane Defined By A [1.1,1] Plane Daefined By A [1,0,1]
¥ Outward Normal Qutward Normal

%X Column 54 Restrained By A Partial
Height Infill Panel And A Partially
Destroyed Full Height Infill Panel
Suffered A Short Column Shear Failure

Y

FIG. B5.35 DETAIL OF THE DAMAGE TO COLUMN 54
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' 2.0 v + . ' 2. . . : ’
With Stiff Infill Model With Soft Infill Model
: .
Vim
mean| (MPa)
1.0
0O o}
N.D. S.D. PD. B.D ND. SD. RD BD
Damage Level Damage Level

FIG. B5.36 CORRELATION OF NOMINAL INFILL SHEAR STRESS,
T , AND OBSERVED DAMAGE LEVEL
LND—NO Damage, S.D-S1ight Damage, PD-Partial Damage, BD~Bad Damage
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FZP—Guatema]a/189 r“"t;i 3
_______________ — — ¥
Z0.59 Pacoima Dam g oM
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FIG. B5.37 ESCUELA DE NINERAS ROOF DISPLACEMENT ENVELOPES
FRAME + SLABS MODEL

0.5g Pacoima Dam
(.59 E1 Centro

Guatemala/189

FIG. B5.38 ESCUELA DE NINERAS ROOF DISPLACEMENT ENVELOPES
FRAME + SLABS + SOFT INFILL MODEL
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APPENDIX

Implementation and Use of the Infill Element Code for SAP IV

The implementation and use of an infill element code is outlined in this section. The
code is written o be compatible with SAP IV*, a well known and popular structural analysis
program for the dynamic and static analysis of linear structural systems, and is simply inserted
into it.

The code is based upon the approach to modeling infill panels presented in Part A of this
report; the constraint approach (section 3. Part A) and its approximate extension (section 4.
Part A). The code reads in material, geometric and location data and accepts only rectangular
elements with sides parallel to the global coordinate axes. Nondimensional stiffness terms are
then computed, based upon the element aspect ratio, using the polynomial approximations dis-
cussed in section 4, Part A. The nondimensional infill stiffness is then dimensionalized (the
inverse of equation 4.2, section 4.) using the infill geometric and material characteristics,
transformed to global coordinates and added to the global system stiffness. Four types of infill

may be considered,

1.  complete stiff infill - infill that completely infills the surrounding frame and is constrained

by this frame to deform along its edge in both transverse and longitudinal senses,

2. complete soft infill - infill that completely infills the surrounding frame and is constrained

by this frame to deform along its edge in only the transverse sense,

3. partial stiff infill - infill that partially infills the surrounding frame and is constrained by

this frame to deform along its edge in both transverse and longitudinal senses,

and,

* Bathe, K.J., Wilson, E.L., & Peterson, F.E., "SAP IV: A Structural Analysis Program for Static and Dynam-
ic Response of Linear Systems", EERC Report No. EERC 73-11, June 73/ April 74
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4. partial soft infill - infill that partially infills the surrounding frame and is constrained by

this frame to deform along its edge in only the transverse sense.

The implementation- of the code is straightforward. The code consists of: one subroutine,
ELMT?9, that simply replaces the do-nothing subroutine of SAP IV of the same name, and an
overlay, OVL9, that simply replaces the do-nothing overlay of the same name. This overlay
consists of an overlay directive, a program (ELT9), three subroutines (INFILL, INFILK &
NONDIM) and a block data subroutine (IFDATA). The subroutine NONDIM forms the non-
dimensional infill stiffness using the polynomial approximations whose coefficients are stored in
[FDATA. The subrouting INFILK dimension_alizes the nondimensional infill stiffness (using
transformation code flags from subroutine INFILL), improves the rigid body mode representa-
tion of this stiffness (sec pg. A6), and forms the local force-to-global displacemenll transforma-
tion rﬁatrix. The subroutine INFILL reads in the pertinent input data, checks admissibility of
elements and computes the transformation code flags. (In as much as admissible elements must
be rectangular with sides parallel to the global axes the transformation from local to global

degrees of freedom involves only changes of sign of individual stiffness terms.)

Once these subroutines are inserted into SAP IV the use of the infill element is straight-
forward and completely analogus to the use of other elements of the SAP IV eiement library,
A user’s manual for the infill element follows that may be inserted into the "[V Element Data”

section of the SAP IV user’s manual. The infill element source code is also included.



SAP 1V User’s Manual Insert
IV ELEMENT DATA (continued)

TYPE 9 INFILL ELEMENTS

Infill elements are identified by the number 9. Forces and moments corresponding to the
local degrees of freedom, shown below, are calculated for each infill panel. Only the stiffness
contribution of the infill panel is computed, associated gravity loads, inertial mass and other
panel loads are not considered.

=
HF
1A -
'1' WTH 4]’

FL0

. The infill elements were developed to be used in conjuction with surrounding frames
composed of conventional beam elements, as indicated above. As such, the member force
variation in each surrounding framing member will be estimated by straight line approximations
to the actual force variation. Each straight line member force variation approximation will be a
(minimum elastic strain energy) mean fit to the exact solution and as such may significantly
underestimate extreme values of member forces (especially at member ends).

The infill elements are described by the following sequence of cards;
A. Control Card (315)

notes columns  wvariable entry
1-5 NPAR(1) The number 9
6-10 NELEM The total number of infill elements
11-15 NPROP " The number of element property sets

A3



Element Property Cards (15,2F10.0)

B.
notes columns  variables entry
1-5 N Element property number
6-15 E(N) Infill modulus
16-25 T(N) Infill thickness
C. Element Data Cards (615,2F10.0,215)
notes columns  variable entry
1-5 INEL Element nurtiber
1 6-10 INI Node number [
(€))] 11-15 INJT Node number J
(1) 16-20 INK Node number K
) 21-25 INL Node number L
26-30 IPROP Element property number
2) 31-40 WTH Element width; dimension of infill panel along side 1J
(2) 41-50 HTH Element height; dimension of infill panel along side KI
(3) 51-55 INC Generation increment
@ 56-60 ITYPE Infill type code
1.LEQ. Complete infill with both cubic-transverse and linear-
longitudinal edge constraint (ie. "complete stiff infill")
2.EQ. Complete infill with only cubic-transverse edge constraint
(ie. "complete soft infill")
3.EQ. Partial infill with both cubic-transverse and linear-
longitudinal edge constraint(ie. "partial stiff infill")
4.EQ. Partial infill with only cubic-transverse edge constraint
(ie. "partial soft infill")
NOTES/

(1) Only rectangular infill panels located in principal global planes with sides parallel to any
two principal axes are admissible. This limitation is enforced to avoid computationally ex-
pensive transformations.
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(2)

(3)

4)

The local degrees of freedom and local node numbering are indicated above. Note the
nodes [JKL are ordered neither clockwise nor counterclockwise. Side IJ must correspond
to the free side of a partial panel.

The user may specify the element width, (height), less than or equal to the nodal distance
1J, (KI}). In this way one may attempt to gain some cortection for the lack of considera-
tion of beam, column and infill true dimensions. The local infill stiffness will be com-
puted based upon the given width, (height), and will be added directly to the centerline
frame stiffness. There is no attempt to model the implied rigid joint frame as the
transformations necessary to do so were considered to be computationally prohibitive.

If a series of infill elements occurs in which each element number NE; is one greater than
the previous number NE,_+1 ie;

NE=NE,_;+1
and
I The element in the series have the same element properties, (ie. modulus and
thickness)
ii. The elements in the series have the same element dimensions, (ie. width and
height)

fii. The elements in the series are of the same type, ITYPE

then, only the element card for the first element in the series need be given as input pro-
vided the element nodal point numbers increase by the same increment, INC as;

INL=INI,_,+INC
INJ=INJ,_|+INC
INK=INK,_+INC
INL=INL,_\+INC

The value of INC, if left blank, is taken to be one. The element data for the last infill
element must always be given.

A complete infill panel is defined as one that completely fills the frame while a partial
infill panel fills only part of the frame with a gap on one side. It is assumed that the gap
of the partial panel is sufficiently large to avoid contact-release noniinearities during the
system deformation.

The infill elements are based upon an approximate assumption that the frame constrains
the form of the deformation of the infill panel. Two types of constraints may be utilized
here, both assuring conformation of the infill panel and frame. In the first constraint,
(ITYPE.EQ. 1 or 3), the boundary of the panel is constrained to deform transversely to
the flexural beam shape function, the cubic hermitian shape function, and longitudinally
to the truss shape function, the linear shape function. The second constraint,
(OTYPE.EQ. 2 or 4), utilizes only the transverse cubic hermitian constraint. Constraints 1
or 3 may, then, be thought to approximate the behavior of stiff panels monolithic with the
frame while constraints 2 or 4 will result in a softer panel that may better approximate
typical masonry panel behavior.

A Warning

The infill elements are based upon a kinematic assumption that the surrounding frame

constrains the form of the deformation of the infill panel. To avoid the computationally prohibi-
tive task of forming infill element stiffnesses by constraining a suitable mesh of plane stress ele-
ments using appropriate congruent transformations a nondimensional parameter study was
undertaken to relate individual nondimensional infili stiffness terms to the aspect ratio of the
panel by polynomial approximation. It is by these polynomial approximations that infill
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stiffness are actually computed in this element.

Due to the polynomial approximation one may expect individual infill stiffness terms to
be accurale to only about three significant figures. As a result the generated infill stiffness,
which in principal should be positive semi-definite, will in many cases be "numerically”
indefinite. This is true for other elements as well but here the degree of indefiniteness is rela-
tively more significant. :

As the infill stiffness contribution to a system is often very large, il is possible that the
addition of the significantly indefinite infill stiffness to a very soft portion of the structure, {ie a
portion of the structure with small stiffness in some sense or norm), will result in a structural
system sliffness that is also indefinite. This will inhibit further analysis as SAP4 does not admit
indefinite systems.

In typical applications this problem should not arise. This problem has been detected,
however, when infill elements were used to add stiffness to frames composed of only three,
very light, beam elements rather than the usual four. Although the theoretical basis of the ele-
ments will allow such a use of the elements the "numerical” indefiniteness of the approximated
infill stiffness was able to swamp the positive definiteness of the surrounding partial frame
resulting in an indefinite structural system, evidenced by negative eigenvalues.

A scheme was therefore devised to improve the rigid body mode representation offered by
the polynomial approximation to the constrained infill element stiffness based upon shifting
eigenvalues,

Given the approximate infill stiffness, K, having nonzero eigen values;
X, 0 0
A=10 &, 0
0 0 X
corresponding to the rigid body modes, ®, which are known apriori as;

0 —~HTH/A
5 —WTH/A
0 2/4
0 —HTH/A
S WTH/A
0 2/A
0 HTH/A
S ~WTH/A
0 2/4
0 HTH/A
S WTH/A
0 2/4

where HTH, the height of the panel, and WTH, the width of the panel are defined in the figure
page A3 and;

A = VAHTH*+4 WTH*+16

We seek to find an improved stiffness matrix, K, having having zero eigenvalues;

oo
A=1{00 0
000

corresponding to the rigid body modes, .
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Furthermore we require this improved stiffness matrix, K, to have all other eigen-pairs
corresponding to the elastic stiffness of the infill to be unchanged from those of K. Then;

K=K — o KoapT

as,
Kb = KD — d'ddKdd D
or;
(000
A=A—-A=1000
000
as desired, recognizing;
1. ,
Moo
d'e=1010
001
2.
OTKD = A
and,
3. ‘
®TKd = A

Unfortunately K not only misrepresents the eigenvaiues of the rigid body modes but also
does not accurately capture the eigenvectors corresponding to these modes. Consequently this
scheme of improving the rigid body representation does not solve the problem exactly but does
appear to improve the representation. Therefore this warning should still be kept in mind.
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INFILL ELEMENT SUBROUTINES FOR SAP IV

I I I I T T T L R T T TR S S TR AL L T2 232

C

10

40
50

SUBROUTINE ELMNTI

COMMON/EL PAR/NPAR(14) yNUNKP, MAARD s NELTYP K1 ¢ NZ2s NI NGy RS MTOT 4y NEQ

COMMON/ JURK /LT sLH,L o SIG‘QO),N&,B?,BH,NQ'NLO
COMMON/EXTRA/MODEX NT8 4 N10SV KT 1O
COMMON A{1l)}

IF {NPAR{1)+FGe2}) GO TO 10
N6E=NSENPAR( 23 ¢NUMNP

NT7=NC+NPAR( 3}

IF (N7+GTMTOT) CALL ERRUR (N7-NTLT)

CALL OVERLAY [(4HSSAP 9,0,6MRECALL)

RETURN
WRITE (6,2
MNUME=NPAR(
DO 20 MM=1, ME

CALL STRSC (A(Nl).A(hJ)gNEQ.O)
WRITE [€,401

DO 20 L=LT,H

CALL STRSC {A(Ni),A(N
NR!T" (b'JO) M¥,L4 (ST

0y
21

IF (NIOSV.EC.I} WRITE (NT10} MMaL o (SEG(LInISLo12)
CONTINUE
RE TURN

FORMAT{/31H seess INFILL FCRCES AND MOMENTS//

ELM

EL
L% ELEM LOADH, TLG,%F L%, T26,%kF 2%, T36,4MIE,Ta64¥F 4%, TSE,¥F E&,Th6, #M&*ELM

9.T76,*F?#,Ieb,#Fst,rgs,smqt,Tloe,tFlot,rl16 *Fll#,rl?é vuxztx

3% NG. NCo¥

ELM
EiM
ELM
ELM
ELM

1

OVPNPVPUN=OSODNPAP WN

A s e g gt e e

BARE AR R Rt o d kA R T R Ak Ak SRR R AR H AR SR E IR AR AR R SR AR LS C R RS RwR

OVERL AY{SSAR,S,0)

B R P I P PP T TR T D T e T PR T S T T e S

[e1aTe}

ERA bk R AR R R R R A RS R R R A R R GRS AR R R RED TR R KRR ER B

<
C
C

fela¥s)

20
30

PROGRAM ELTS Ei9

£L9
INFitl ELEMENT OVERLAY ELQ

L9
COMMCN a(1) ELS
CUMMON/ELFAR/NPAR{L S l'NUNNP.MFARD.KI,Nl,N?,NJ,NA,NS,K? K3 EL9
COMMONZ JUNK FOLM{ 23} 4N64NT yN3 g ARGy N1 D EL9

ELY
NSASNS+NUMNE EL9
CALL INFILL (NPAR(2)NPARIZIZACALYATR2)YAC(NDI) A{N4D, A{NEA) JAL{NG),,ELS
ENUMNF 4 MBAND ) ELY
RE TURN EL9
END [ R-]

SUBDROUTINE INFILL (NELEM,NPROP, ID,X,Y42,E,T,NUMNP,MBAND)
INFILL ELEMENT
COMMUN/EXTRA/MOCEX , NT S

COMMON/ZEM/LMI24) yND NSy ASALI24424)4FF{24,4),XM{24),5A(12,24),

LZERQL12,4)
ODIMENSIUN X(Lls¥ (13,

Z{L) o IDINUMNP, LD2ECL),T (L)
DIMENSION DL{3+3),1X{3)

INETIALIZATION
WRITE ((y22C) NELEMNFROP
N=0

INT ELEMENT PROPERTY DavTh

WRITE (6,240)

D} 40 [=14NFROP

READ (59240} NyCIN) yTIN)

WRITE (6,3285G) NyGC{NI,T(N}

DATA PORTHOLE SAVE

iIF (MODEX«FEGel) WREITE (NT2) (E(N)4T(N)  N=f4NPRCF)

RE A0 AND PRINT ELEMENT DATA. GENERATE MISSING [NPUT.

WRITE (€,260)
L=q

KKK =0

READ (5,270) INEL INIZIRIINK,IMN + IPRCP ,WTHHTH,INC,ITYPE
lf CINELWNE«1} GO TO 60

INi
INS

A8

INF
INF
INF
INF
INF
INF
INF
INF
INF
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-~
oo

80
1%

100

112

[alslaXalaliNa}

N
[}

noenooann=-

nen

160

=000 A0G

70

NK = [NK INF

NL = [NL INF
1F (INCaEG4D) ENC=1 INF
L=L+#1 INF
KEKK=KKK#1 T INF
ML =INEL-L LNF
IF (ML) 3£,%0,100 INF
WRITE (6,280 [INCL INF
CALL EXIT INF
NEL =1 NEL. INF
NI=INI InNE
NI=INI LN
NK = INK INF
NL = INL INF
MPROP=1PROP 1NF
G0 TO 110 INF
NEE =I NEL —#L INF
NT=[N+KKK2]ACR INE
NI INEKKK®ETACR INF
NEK=KNEKKK T IACR INF
NL SLNHKKKE INCR INF
CONTINUE ) INF
WRITE (6,290 NEL NI gNJI MK ¢NL ¢MFROF yWTH HTH, 1 TYPE INF
DATA PORTHCLE SAVE . INF
IF {MODEXEC1) WRITE (NTB) NEL ¢ NI ZyNJpAK 3 RL, MPRCP , K TH4HTH, ITYPE INF
: NF

LOCAL TC GLCHAL TRANSFCRMATICHN }NF
INF

VECTARS INF

INF

=-X{NK) INF

-Y{NK) INF

-Z{NK) INF

~X{NK) INF

—Y[NK} INF

=Z[NK) INF

21¥0L (2,4, 2)=-0L (L4 3)$0L(2,2) INF
TIEDL(Z253)=DL{14+3)%DL{251) INF
13%0L(2,2)-DL(142)%0L{2,1) INF

INF

INF

INF

=12 INF

{1y )DL, 1) INF
YYYY+OL(2,1)%0L(2,41) INF
ZZ=2Z2¢0N L2, 1)L 3, 1) INF
INF

Za TRNSFRMTN CONE-LXX 1YY 122 AND ELEMENT ADMISSIBILITY CHECK INF
INF

1XXeFGe GLOBAL DIRECTICN CF LOCAL XX AXIS INF

TYYeEGe GLOBAL CIRECTICN CF LOCAL YY aAX1S INF

[12Z.FG. GLOBAL OIPECTION OF LOCAL ZZ AXIS INF

INF

1XX=0 INF
I¥yYy=0 INF
1272=0 INF
INF

COMPUTE LUCAL AXIS DIRECTICN COSINES (ADMIT CNLY LIJ=!.0) IKF
INF

XX=SQRY(XX) INF
YY=SQRT{YY) IENF
ZZ=5GRT{Z22) INF
PG 130 1=1,3 INF
TOLI=INTIOL (L, I}/ XX} INF
IDL2=INTI{DL(2,1}/YY)} I NF
IDL 3=INT{COL{(3,1}/22Z) INF
TOL=1ABS{IOLI)+IABS(ICL2)+1ARS(IDLI) INF
IF {IDL+NESY) GO TO L4ao INF
IF ({TABS{ICLL))+EQT) IXX=ISIGSN(I,IDLL) I1MF
IF ({ITABS{ITLZ)}sLGQel) IYY=ISIGN(I,;I[DLZ) INF
IF ({TABS{ICL 33V eFQa1) [ZZ=LSIGA{L,IDL Y [NE
IF {{IXX4EQsUF+sUR{IYY EQeD}sCRe{IZZ+FG.0}} GO TO 140 INF
o TO 150 INF
WRITE (6;300) NEL ENF
CALL EXIT INE
CONTINUE INF
INF

CHECK IF NE® STIFFNELSS IS NELDED INF
I NF

IF (NEL.EC.1) GC TO 160 INF

IF ((IPRCF.NEIPOLD) cORe { WIHAAE oW THCOLD ) o Cha {HTHONE JHTHELD) o CR{ITYIAF
IPE oNE o ITOLDY s OR M { IXXaNE» IXXOLD) aORS(TYYJNELIYYOLD) sOR o TZZ.NESIZZOLINF

2LoYY G0 TC 180 INF
GO TO 170 INF
IPOLL=1PRCP INF
WTHOLO=WTH INF
HTHOLO=HTH INF
1TOLD=1TYPE INF
IXXOLO=1XX [NF
IYYOLD=]YY INF
12z0LD=127 INF
IN
FORM NEw GLCBAL STIFFNESS.ASA, &AC(LCCAL-FCRCE)—(GLCBAL—DISPL.),SAIN'}:
N
CALL INFILK (E 3T WFH  HTH, IPRCP ,ITYPE , IXX, 1YY, 122} INF
INF
FORM ELEMERT LOCATION MATRIX ,iM ;fh:.!:
CONTINUE INF
IxX( INF
Ix INF
Ix I NF
Do INF
X INF
LM INF
[ ] ) INF
LM } INF
LM ) INF
INF
wRITEC ELENE ORMATICN ON TAFLD ITNF
INF
N§=12 INF

A9
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L alakel

2
2%0
260

270
289
290
300

Reproduced from
est available copy,

NDT12

NDM=24

CALL CaLBAN (MUQNDqNB[FyLM,XM.ASA.FF,ND;NDH;NS)
IF (MODEX+EG«1) G0 TO

WRIYE (1) NﬁyNSp(LM(lI.l=lgNDDt((Sl(Ilevl LiNS ), J-I.ND).((ZEROIIQ

1) 4131 4NS) gd=t,4)
CHECK £OR LAST ELEMENT

IF (NELEM=NEL) 30,710,200
CONTINUL

IF (ML.GT«0) GO TO 70
IN=INT

JN=TINJ

FOR“AT(]H]/* I NF I LL ELEWMNMEHNTSE///
141 NUMBER OF IMFILL ELEMENTS =,15
?41H NUMBER QOF INFILL PFRCPERTY SETS—,IE)
FURMAT(//7/26H INFIlLL ELEMENT PRCPERTIES,//
l??u*fYPﬁ*’T141*MCDULUS*.T27.*THlCKNESS*l
FORMAT(IS ,2F10.21})

FORMAT(15,2(5X,G1043))

FOFMAT(///720H INFILL ELEMENT DATA,//

175 RELEMENT#, T21 . #NUDES T30, #NODE*, 701 ,#NCDE%,T66,3KODES,
2T81 y¥PROP o ¥y TS5, KW IOTHE 4 T(O0G , #HEIGHT®, T {20, %1 TYPEX/

JT23,%[ %, TIG X IR, T 4 K&y TOEB, %1%, TE2,23ET#)
FORMAT(GT1E£42F10404218)

FORMAT{ 36F0ELEMENT CARD FRROR, ELEMENT NUMBER=,16)

FORMAT(3X31545(10X,10)45X,2{5X;G10e3),415}

FORMAT (//%easay ADMISSIBLE INFILL ELEMENTS MUST KAVE LOCAL AXIS PARINF

LALLEL TC ANY PAIR OF GLODAL AXIS.®/,0X,*ELEMENTH®,I4,% [S5 [NADMISSIINF

ZBLEs EXECLTION JERMINATED.¥)
END

INF
InF

CREEER AR AT A E ARG A RO R SRR b R R R R Rk R b Ak ko K R ko
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SUBROUTINE INFILK (E¢THyWTh HTH ,IPREP,ITYFE  IXX,1YY,122)
FORMS GLOEAL STIFFNESS,ASA, ARDILCCAL-FORCE)-{GLCEBAL-DISPL .},5A
COMMEN/ZEM/LML24) ,ND N3, ASA{24 424} ,RF(24,4),XM(24),84(12,24)

DIMENSIUN E(1 s THILI»IT(12412)4T(50),SHIFT(3,:3}

FORM NONDIVENS [ICNAL STIFFNESS TERMS T, AND LOCATICN ARRAY
ITYPLWEGe]l COMPLETE INFILL PANEL WITH BOTH TRANS.

EOGE CONSTRAINT,

LTYPE s EGe? COMPLETE INFILL PANEL WITH CNLY TRANS.EDGE

CONSTRAINT.

ITYPELEGe3 PARTIAL INFJLL FANEL WITFH DGCTH TRANS.

EJGE CONSTRAINT.

ITYPE.EQa4 PARTEAL INFILL PANEL thH OMLY TRANS.

CONSTRAINT.
CALL NONDIM (WTH  HTHIT,T,ITYFE }
FORM LGCAL STIFENESS

TTe TR,RR ARE FACTORS TC€ UN-NCNDIMENSICALIZE STYIFFNESS TERMS
TT+RR SIMILARLY.

TR=FACTOR FDR TRANSLATICN TO ROTATION TERMS.

IT=E(IPRGPI¥THI IPROP)
TR=TT*SQRT (WTH& R TH+HTH&HTH}
RR=TTHwTH%HTH

DC 10

—
(ML)

tF ([JeFQa1)
IF {I1.EQe2) $§
ASAL{I,3)=SAlT,d%

IMPROVE RIGID BODY MODES BY SHIFTIRG

o~ o~

BCDY MODE VECTCR, PHIy WRITE CVER SA
THEWTH 4 «%¥ETHEHTHE 164 )
Oy 3

I -
P o= NWEQONICO™e -
Z inNe - oo = e 0 e e w B0
PEEBLONORINO=TOUNMmS
-
- P
"

[E LI O T T T

UE SHIFT MATRIX - SHIFT(3,3}

DO SO K=tyiz
SUMSSUM+ASA(M,KI¥SA(K, )
Ti{M)=5UM

0O 80 I=t,3

AlD
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[aZala)' A"
(=X~

15¢

160
170

180

190
200

SUM=0,0

DO 70 Ksl,12
SUMSSUMESA(K, TIET(K)
SHIFT{14J)}=SUM

REPLACE STIFFNESS MATRIX (4SA) wITH (ASA - PHI¥SHIFTH#PHI TRANS)

DO 120 Jd=1,412
00 100 Ms1,2
SUM=0.0
00 90 K=1,3
SUM=SUM+SHIFTIN  KI*SA{J,K)
T{M)=SuM
na 120 I=t,12
]

BT{K}
Ji=5UM

R
- -

DG 130
SA{I4J)

FORM GLCBAL STIFFNESS,ASA AND (LOCAL-FCRCE)-{GLLCEAL-DISPL .} ,5A

B 200 L=t,
Go TO (145'150,t60), t
IF (IXX.GT.0} GN TO 230
KK =1

GO TO 170

1F (IYY.GT.0) GO To 200
KK =2

GO TO 170

IF (1ZZ.GT.C) GC TO 200
KK=3

DO 190 K=1,4

KKKSKK# (K=1)%3

DO 180 I=1,12
SA{LSKKK)==SA(I,KKK)
ASA(I KKK) ==ASA{TsKKK)
DO 190 J=i,12

ASA(KKK, J)=-ASA(KKK,J}
CONT INUE

RETURN

END

INK
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SUBROUTINE RONDIM (WTk,HTE,1T,7,ITYPE)
cuuucN/Nch/CI(s.ZPJ,c2(4.221,c3t4,42),ca(a,z!).trv(n,7a)
DIMENSICN IT(12,12),T({50}

COMPUTE TNDEPENDANTY STIFFNESS TERMS

ASPECT=WTH/FTH

GO TO (10,30355¢,70), ITYPE

DO 20 I=1,22

TUIISCLUi1eCI{2, IV RASPECTHC L 3, I )FASPECTHEA24C 114, { JEASPECT 13

GU TO 90
y 28
I EC2(2, LI EASPECTEC2( 3, TIXASPECTEE24C 204, { PHASPECTH%3
1,42

TUIY=C3(141)¢C3{( 2, T IFASPECT+CI{ 3, I IXASPECTHE24C 3(4, [ JEASPECTHE]

G0 TC 90

DO B30 I=1,22

TOIV=CA( 1, I)+Ca( 2y [)EASPECTHCA {3, 1 )EASPECTH24CalGy 1)} #ASPECT %]

FORM LOCATILN ARRAY o7

2-12¢y
YPELIJ}

o~ b
P> pat e DD RO
“a~N

NCON

VSN O OB NOW PN

- =

17

CEEFREBE LR TR R FE AT TR R AR AR FXEEFR BB RSERNETRENEE o Er TN e e onk b eborehi bbb bbbt

oo

ALCCK DAT2 [FLATA
DATA USED BY SUBRCUTINE NCNDINV

COMMON/NEOND/C1{4422) 4 C2{4,4221,C3(4442),C4(4423),1
CATA(CIC(TI ), 1=, BO)/ .7265E+00'-.3¢985000, + L3990
t~+ 14BBE+00, -« 2691E-03, .317TE-Q02,~.5013E~04,
2 «BIOTE=01,=eS702E-01,y «1EGTE=-Qly=21718F=-02,
3-,7130E400, +5679E+00,~.13B5E40C, +»13€ECE~01,
4 ¢ T262E=014~¢9619E~03, +4132E~044 +3IDESE-09
Ges T422E~D1, +5316E-01,-e1EG4E~01ly +16176-02y
& »3202E40C -+ 3662E400, +OI4TE-014-+6204E-02,
T=¢5925FE~01y +EBLLIE—01,~+”034E~01y +2043E-02,
8-+ 3I332E+00, +1472E+00,~ & 162E-01y +503BE-02,y
G +EBQIE=DL4—«72670-01, +2L3IBE~QJ1ls~e2145E-02,
$ +3003E+00, +14240+00, +6471E—-01y~+6443E-02,
$=0 2222E~02, «2B2BE-01, +365PE-02y—+40€55-073y
$=+3049E+0¢,y «I?SIE+Q0,~eHT772E~Q1y +£823E-02,
$ #8G02E-019—eS5872E-01y «fEB5E-02y-+5%29E~03,
$ +1625E+003-e4514E400, +2(BaE-014-1959F-02,
$ »3047E~0Z,-+33A3F-01,-«5392E-02y «5911E-03,
$-3 lO1GE#03 - +£105E-0]1 4~ 2 080E~01y «18S6E-02,
$
%

Tv(4,78)
*

—.8383E~01y -€373E-0) y—«8645E-02, .79S3E-03,
3H4AF-01¢~221630-01, «I489E~0L,-.€170E-C3,
$-2G2TTE=02, +B225F=00 ,=20G03E=02; +3347E-03/

DATA(CILE), I=E1,B8)/ —2526E=01, +3IQ04E~0Ll,=+17CAE-01+ +84L1GE-03,

1 +468T7E-02,-+1488E-01, +1236FE~-01,-+€189E-03/

DATA(C2{I )11y B0}/ JTO9SE+0C,~e 36PH6F 00, «10E3E+I0D,~s 1067601,

1-2 L2615 +0C,y +25S0E—01 3y~ eBG47E-0ay—-+4282C-03,
2 27284L—014—e3291F =21, «I€46E-Q1,-21733C~02,

All
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3-.7324E 400, .57700+00,~.1743E4¢00, .l1768E=01,
4 «AGBUE =01 ,=¢2563E=01, J1280E-07, .4344F-02,
Smy 7TOAGE=OL, +5G77E=014=+LT7CT7F=01l, +1217E-02,
6 L IAP2E400, =, I533E+00y +9423E=01y=49071E=02,

7-e€786L~01, +72G0E—01,~,2034E-01y «2011C-024
B-eJ134F 400, +1376E+004-+2SE3E~01y »16E1E-02,
G +E348E-01,~+€608E-01y +2024E-01,-+20456~-02,
$ «1WITEROC, «1SO6E#00, «4G0SE-019~«48S1E-02,
- 111SE-01, +4307E-01, «26E7F~0Z,-,3388E-03,
$-.1981E+00, +2103F+00,~.4786E-01, .4737E-02,
$ .3G2BE-01L,-+3423E-01, .57036-02,~.5437E-03,
$ JI2T2F400,-.4636E+00, .2709€=01,-.25706~02,
& J1697FE-01y=,4B50F=0l,~5509E~03, «i7106-03,
$-e1270F +00,-44872C~21,-.2691E-01, .2SELE-02,
£-.29176-01, +4923E-014+~.3799E-02, +3444E-03,
§ «2621E-01,~.tT760E~01,y o[358E~01,-+C128E~03,
$-.9C071E~02, +6304F-02,-.8C14E-02, .1B09E-03/

DATACC2(1 )4 1=81,88)/=+26G4E<01, «31C4E=~01,~+1772E~031, +9203E-03,

1 «l424F =01, tG55F-01, +1336F~=01,=.6772E-03/

DATA(C (T Y4 I=84 80 1/ «SRINVE+00 4=+ 1341E+00y +2728C~Q1, - 16TLIE-02,

J1283F ¢0C, o1164FE-01,-.2893E-02, +1514F=03,
W ESPEE-Ql,-+3092E~0k s +5438FE-02,-+3132E~02
L 5275E40C,~o3149E+00, +SEBIE-01,4-¢3417E-02,
«7S7IE-01,~+4725E=01y oG265E-02,-+5703E~-03,
«5564E=014=43550E~014 +6G49F~02,~+4175E-03,
€=+2332E400, +2510C+00,~ +399BE-01, +21S4E-02,
7-4 1210E+00, +7657E~0l s~ +B93SE-02y +363IFE-02,
Sy 41509E~01y +3086E-014=27D120-0Zy »3937E-034
G W2G4TF#0C,—+701GE~0ly +8430E-02,—+4072E-0C3,
$ o1 742E400,—+175BE-01y~+2923E-02y «3ISTBE-03,
$~aa343E-01y +A388E—01,-+9255E-02, »SHELE-03,
$ +31056+00, »22831E-02y +7U24E-02y- 3413603,
$~ o AEBIE~02y o PBG4E—024=oB067E-03y 289708,
$—.3568E-01, .2450F-01,-.45836-0Z2, .2822E~03,
$-.1080E-02, 1026E=02,=.,2138F=03, «1407E~04,
$ +5939E-01, «4178F=01,-.7G15F=02, .4538E-03,
$ «2652F-0t, +1626F+00,-.21766-01, .1382E-02,
4 J2490E—01, 25673C-02,-.21GRE~02, .2220F-03,
§ L1452F+00,—.77328F-01,y .1459F-01,=.872GE-03/

Q4 I

ODATALCI(T),1=81,1€0)/+24T6E¢00;—21333E+00) +24SGE-01,1~41441E-02,

1 e 16RBE=014=e2870F ~04 3~ 9599E~032, +925CF~04
2 22833 =91y=e1270E=01y 42304E~02,-«1338E~03,
3 «lOTOF~=Cl 4=+ 090YE~02y +1394E=029~+8430E-04
4=43372E=-01, «2623F-014~.E€226E~02, +2138E~03,
S W 2016C~014=e8724L~021 L32IF-02y~+CEEAE-04
€=e 1593E=01,y «%344FE=N2,=41674E-22y 29562004,
7T «4383E=01,~ : 02y =-+2CGEL

& J1686F=01,~ € +
9=+ €503E-22, +6760E-DAy
$ .5?23{#00,—-!346E*00, 22B810E-0Ly—21741E-02,
$—e 1905E+0C, «106PR+001—«1426E-01y +6662C0-032,
$ sA477OE-Oly—el3F3EE-01y +3009E-0Ey—+355%E-03,
$= s SI0BE+00,y #31584E4+00,4~25%63E-01y 348702,
$ «1047E+U0, «1285E-01 45— «BP244E—02, +66015-02,
$ 24S9PE-014-e8898F-02, #7659E-03y - 269204,
$ «801PE+004—»2078E-01y 21177E-01,—«4947E-03,
2 2 3604L-0ty «77GIE-02,-23303F-02, «2430E-03,
$

«1267E400C,--58116-01, .BS34€-02,-.4356E-03,

1
«1005E-03,
13

dTHA4LE-02y » lBE3F=-02,~.P885AFE~02, JTI62E~-04/
DAYn(LE(I},1=161.16ﬂ)/ e23E3E-01,y, «B0AIE=02,=-.1791F=02,
I oC€4LEL-07, oT7200E=02,- .1q5ae—oe, «1208F=03/
DATA(Ca(lY,1=1, BO)/ .b:SQF&OO.-.éBSlE+OO' «343tE-Q1y-s19G1E=02,
10. 10e - +Co +
2 .cs32r~al,-.3416t—0|, WFLB3E=-05,—«25745-02,
3 WHB07E400,=aPF43E+ 00y «5BI0F=01,=e3261E-02
4 oSHBOF=01,=3281F~01y €231E~02,~«3692E~023
5-2 24306400,y +1929F #0034 =.3194E-01y +1786C~-02,
G +1Q03I0E+0C,—el1 730K ~01 4=+ 7£15E-02y +1792E-03
T-o £EIGEE=01, <30460~01,=47LB4E~D2, +20BSE-03,
8 +2007E+J0,1~eB36EE-014 +1115F-01y—eS161E-03,
Q= s A243E=01y #2311E-014—«6727E-02y +40€SE~03,
$ «2233F 01y~ el13%E-01, +2123E-02,—«1237E-03,

$ +lIBIE~014—e72IRE~02y +141PE-0Zy~e84880E-04,
$-o34T4E-01l, «¢2335E-014-+856BE~0C8y «2736E-03,
$ +S3A0DE—D2,—+5080F-02, «I0I0E-O02y— 5095604,
$- e 15040-01 )y «SS77E-02,~4tEABE~02y «10GGE=03,
S LA42H6E-N1,—+2470F=01ly «451GE-0C,=22B18E=-03,
$~e BSHEIE-0Z, 59370 -02,=L,1171E-02, -5994E-04,
$ L4610E-014=e1T05E=01y «IJE66E-02,=424206=-03,
$ LBTEIE -0 4-e2440E-01y JAQZ4E=02,~.3245E-03
$ wPOTSE+00,-1587E+00, 2699E-01,~1490E=02/
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68-1

68-2

68-3

68-4

68-5

69-1

69-2

€§9-3

©9-4

69-9

69-10

£9-11

69-12

69-13

69~14

69~15

69-16

70-1

70-2

"Feasibility Study Large-Scale Earthquake Simulator Facility," by J. Penzien, J.G. Bouwkamp, R.W. Clough
and D. Rea - 1967 (PB 187 905)a07

Unassigned

"Inelastic Behavior of Beam-to-Column Subassemblages Under Repeated Loading," by V.V. Bertero - 1968
(PB 184 88B)A05

"A Graphical Method for Solving the Wave Reflection-Refraction Problem," by H.D. McNiven and Y. Mengi - 1968
(PB 187 243)A03

"Dynamic Properties of McKinley School Buildings," by D. Rea, J.G. Bouwkamp and R.W. Clough - 1968
(PB 187 902)A07

"Characteristics of Rock Motions During Earthquakes," by H.B, Seed, I.M. Idriss and F.W. Kiefer - 1963
(PB 188 338)A03 ‘

"Earthquake Engineering Research at Berkeley," - 1969 (PB 187 906)Aall

“Nonlinear Seismic Response of Earth Structures," by M. Dibaj and J. Penzien -1969 (PB 187 904)A08

"Probabilistic Study of the Behavior of Structures buring Earthquakes," by R. Ruiz and J. Penzien - 1969
(PE 1387 886)A06

“Numerical Solution of Boundary Value Problems in Structural Mechanics by Reduction to an Initial Value
Formulation,"” by N. Distefano and J. Schujman - 1969 (PB 1B7 942)A02

“Dynamic Programming and the Solutien of the Biharmonic Equation,” by W. Distefano - 1963 (PB 187 941)A03
"stochastic Analysis of @ffshore Tower Structures,”by A.K. Malhotra and J. Penzien - 1969 (PB 187 903)20%
"Rock Motion Accelerograms for High Magnitude Earthouakes,” by H.B. Seed and I.M. Idriss —~1969 (FB 187 940)202

"Structural Dynamics Testing Facilities at the University of California, Berkeley," by R.M. Stephen.
J.G. Bouwkamp, R.W. Clough and J. Penzien - 1969 (PB 189 111)a04

"Seismic Response of Soil Deposits Underlain by Sloping Rock Boundaries," by H. Dezfulian and H.B. Seed
1969 (PB 189 114)A03

"Dynamic Stress Analysis of Axisymmetric Structures Under Arbitrary Loading," by S. Ghosh and E.L. Wilson
1965 {PB 189 026)al0

"Seismic Behavior of Multistory Frames Designed by bDifferent Philosophies,” by J.C, Anderson and
V. V. Bertexo - 1969 (PB 190 662)A10

"Stiffness Degradation of Reinforcing Concrete Members Subjected to Cyclic Flexural Moments," by
V.V. Bertero, B. Bresler and H. Ming Liao - 1969 (PB 202 942)A07

"Response of Non-Uniform Soil Deposits to Travelling Seismic waves," by H. Dezfulian and H.B. Seed - 1969
(PB 191 023)A03

"Damping Capacity of a Model Steel Structure," by D. Rea, R.W. Clough and J.G. Bouwkamp - 1969 (PB 190 663)A06

"Influence of Local Soil Conditions on Building Damage Potential during Earthguakes," by H.B. Seed and
I.M. Idriss - 1969 (PB 191 036}AD3

"The Behavior of Sands Under Scismic Loading Conditicns," by M.L. Silver and H.B. Seed - 1989 (AD 714 982)A07

"Earthguake Response of Gravity Dams," by A.K. Chopra - 1270 (aD 709 640)A03

"Relationships between Soil Conditions and Building Damage in the Caracas Barthguake of July 29, 1967," by
H.B. Seed, I.M. Idriss and H. Dezfulian - 1970 {PB 195 762)A05

"Cyclic Loading of Full Size Steel Connections,” by E.P. Popov and R.M, Stephen - 1970 (PB 213 545)A04
"Seismic Analysis of the Charaima Building, Caraballeda, Venezuela," by Subcommittee of the SEADNC Research

Committee: V.V. Bertero, P.F, Fratessa, S5,A., Mahin, J.H. Sexton, A.C. Scordelis, E.L. Wilson, L.A. Wyllie,
H.B. Seed and J. Penzien, Chairman - 1970 (PB 201 455)R06
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72-10
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72-12
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"A Computer Program for Earthquake Analysis of Dams,” by A.K. Chopra and P. Chakrabarti - 1970 (AD 723 994)A05

"The Propagation of love Waves Across Non-Horizontally Layered Structures,” by J. Lysmer and L.A. Drake
1970 (PB 197 B96)A03

"Influence of Base Rock Characteristies on Ground Response,” by J. Lysmer, H.B. Seed and P.B. Schnabel
1970 {PB 197 897)A03

"Applicabiiity of Laboratory Test Procedures for Measuring Soil Ligquefaction Characteristics under Cyclic
Loading," by H.B. Seed and W.H. Peacock -~ 197C (PB 198 018}A03

"a Simplified Procedure for Evaluating Seoil Liquefaction Potential," by H.B. Seed and I.M. Idriss = 1970
{PB 198 0091A03

"Soil Moduli and Damping Factors for Dynamic Response Analysis,” by H.B. Seed and I.M. Idriss -1970
(PB 197 869)A03

“Koyna Earthquake of December 11, 1967 and the Performance of Koyna Danm,” by A.K. Chopra and P. Chakrabarti
1271 (AD 731 495)A0G

"Preliminary In-Situ Measurements of Anelastic Absorption in Solls Using a Prototype Earthguake Simulator,”
by R.D. Borcherdt and P.W. Rodgers - 1971 (PB 201 454)A03

"Static and Dvnamic Analysis of Inelastic Frame Structures," by F.L, Porter and G.H., Powell - 1971
{(PB 210 135)A06

"Research Needs in Limit Design of Reinforced Concrete Structures,” by V.V. Berterc - 1971 {PB 202 943)A04

"Dynamic Behavior of a High-Rise Diagonally Braced Steel Building," by D. Rea, A.A. Shah and 5.G. Bouwhanp
1971 (PB 203 5B4)a06

"Dynamic Stress Analysis of Poroug Elastic Solids Saturated with Compressible Fluids," by J. Ghaboussi and
E. L. Wilson ~ 1971 {PR 211 396)AN6

"Inelastic Behavior of Steel Begam-to-Column Subassemblages,” by H. Krawinkler, V.V. Bertero and E.P. Popov
1971 {PB 211 335)Al4

"Modification of Seismograph Records for Effects of Local Soil Conditions," by P. Schnabel, H.B. Seed and
J. Lysmer - 1971 (PB 214 450)A03
"Static and Earthquake Analysis of Three Dimensional Frame and Shear Wall Buildings,” by B.L. Wilson and

H,H. Dovey - 1972 (PB 212 904)A05

"Accelerations in Rock for Earthquakes in the Western United States," by P.B. Schnabel and H.B. Seed=~ 1972
(PB 213 100)A03

"Elastic-Plastic Earthquake Response of Soil-Building Systems," by T. Minami - 1972 (PB 214 B868)A08

"Stochastic Inelastic Responsa of Offshore Towers to Strong Motion Earthquakes,” by M.K. Kaul -1972
(PB 215 713)A0S

"Cyclic Behavior of Three Reinforced Concrete Floxural Members with High Shear," by E.P. Popov, V.V. Bertero
and H. Krawinkler — 1972 (PB 214 5535)A0S5

“Earthquake Response of Gravity Dams Including Reservoir Interaction Effects," by P. Chakrabarti and
A.K. Chopra - 1972 (AD 762 330)A08

"Dynamic Properties of Pine Flat Dam," by D. Rea, C.¥. Liaw and A.K. Chopra - 1972 (AD 763 928)A05

"Three Dimensienal Analysis of Building Systems,” by E.L. Wilson and H.H. Dovey - 1972 (BB 222 438)A06

"Rate of Loading Effects on Uncracked and Repaired Reinforced Concrete Members," by S. Mahin, V.V. Bertero,
D. Rea and M. Atalay - 1972 (PB 224 520)A08

"Computer Program for Static and Dynamic Analysis of Linear Structural Systems," by E.L. Wilson, K.~J.Bathe,
J.E. Peterson and H,H.Dovey - 1972 {PB 220 437)A04

"Literature Survey - Seismic Effects on Highway Bridges," by T. Iwasaki, J. Penzien and R.W. Clough - 1972
(PB 215 613)A19

"SHAKE-A Computer Program for Barthquake Response Analysis of Horizontally Layered Sites," by F.B. Schnabel
and J. Lysmeyr - 1972 (PB 220 207}A06

"Optimal Seismic Design of Multistory Frames," by V.V. Bertero and H. Kamil - 1973

"Analysis of the Slides in the San Fernande Dams During the Earthquake of February 9, 1971," by H.B. Seed,

K.L. Lee, I.M. Idriss and F. Makdisi - 1973 (PB 223 402)Al4
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EERC 73-3  "Computer Aided Ultimate Load Design of Unbraced Multistory Steel Frames," by M.B. El-Hafez and G.H. Powell
1973 (PB 248 315)A09

EERC 73-4 "Experimental Investigation into the Seismic Behavior of Critical Reqions of Reinforced Concrete Components
as Influenced by Moment and Shear."” by M. Celebi and J. Penzien -~ 1973 (PB 215 884)A09

EERC 73-5 "Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete Beams,” by M. Celebi and J. Penzien - 1973
{PB 239 568)A03 :

EERC 73-6 "General Purpose Computer Program for Inelastic Dynamic Response of Plane Structures,” by A. Kanaan and
G.H. Powell - 1973 (PB 221 260)A08

EERC 73=-7 "A Computer Program for Earthquake Analysis of Gravity Dams Including Regervoir Interaction," by
P. Chakrabarti and A.K. Chopra -1973 {AD 766 271}A04

EERC 73-B  “Behavior of Reinforced Concrete Deep Bean-Column Subassemblages Under Cyclic Loads,” by O. Kusty and
J.G. Bouwkamp - 1973 (PB 246 117)Al2

EERC 73-9 "Earthquake Analysis of Structure~Foundation Systems,“ by A.K. Vaish and A.K. Chopra - 1973 (AD 766 272)A07
EERC 73-10 '"Deccnvolution of Seismic Response for Linear Systems," by R.B. Reimer -1973 (PB 227 179)R08

EERC 73-11 "SAP IV: A Structural Bnalysis Program for Static and Dynamic Response of Linear Systems," by K.~J. Bathe,
E.L. Wilson and F.Eg., Peterson-1973 (PB 221 967)A09

EERC 73-12 "Analytical Investigations of the Seismic Response of Long, Multiple Span Highway Bridges," by W.S. Tseng
and J. Penzien - 1973 (PB 227 816)}Al0

EERC 73-13 “Earthquake Analysis of Multi-Story Buildings Including Foundation Interaction,” by A.K. Chopra and
J.A. Gutierrez -1973 (FB 222 970)A03

EERC 73-14 "ADAP: A Computer Program for Static and Dynamic Analysis of Arch Dams," by R.W. Clough, J.M. Raphael and
S, Mojtahedi - 1973 (PB 223 763)A09

EERC 73-1% "Cyeclic Plastic Analysis of Structural Steel Joints," by R.B. Pinkney and R.W. Clough -1%73 (PB 226 843)}a08

EERC 73-16 "QUAD-4: A Computer Program for Evaluating the Seismic Response of Soil Structures by Variable Damping
Finite Element Procedures," by I.M. Idriss, J. Lysmer, R. Hwang and H.B. Seed - 1973 (PB 229 424)A0%

EERC 73-17 "Dyramic :chavior of a Multi~Story Pyramid Shaped Building," by R.M. Stephen, J.P. Hollings and
J.G. Bouwkamp - 1973 (PB 240 718)A06

EERC 73-18 "Effect of Different Types of Reinforcing on Seismic Behavior of Shcrt Concrete Columns," by V.V. Bertero,
J. Hollings, ©. Kisti, R.M. Stephen and J.G. Bouwkamp - 1973

EERC 73-19 "Olive View Medical Center Materials Studies, Phase I," by B. Bresler and V.V. Bertero - 1973 (PB 235 986)A06

EERC 73-20 "Linear and Nonlineay Seismic Anélysis Computer Programs for Long Multiple-Span Highway Bridges,” by
W.S. Tseng and J. Penzien - 1873

EERC 73-21 '"Constitutive Models for Cyclic Plastic Deformation of Engineering Materials,” by J.M. Kelly and P.P. Gillis
1973 (PB 226 024)A03

EERC 73-22 “DEAIN - 2D User's Guide," by C.H., Powell - 1973 (PB 227 0l6)R05
EERC 73-23 "“Earthguake Engineering at Berkeley - 1973," (PB 226 033)All
EERC 73-24 Unassigned

EERC 73-25 ‘"Earthquake Response of Axisymmetric Tower Structures Surrounded by Water," by C.Y. Liaw and A.K. Chopra
1873 (aDp 773 052)A09

EERC 73-26 "Investigation of the Failures of the Olive View Stairtowers During the S8an Fernando Earthguake and Their
Implications on Seismic Design," by V.V. Bertero and R.G. Collins - 1973 (PB 235 106)A13

EERC 73=-27 “"Further Studies on Seismic Behavior of Steel Beam-Column Subassemblages,” by V.V. Bertero, H. Krawinkler
and E.P. Popov - 1973 (PB 234 172)A06
EERC 74-1 "Seismic Risk Analysis,” by C.§5. Oliveira - 1974 (PB 235 920)A06

EERC 74-2 “Settlement and Liquefaction of Sands Under Multi-Directional shaking," by R. Pyke, C.K. Chan and H.B. Seed
1974

EERC 74-3 "Optimum Design of Earthquake Resistant Shear Buildings," by D. Ray, K.S. Pister and A.K, Chopra - 1974
(PB 231 172)A06

EERC 74=4 “LUSH - A Computer Program for Complex Response Analysis of Soil-Structure Systems,"” by J. Lysmer, T. Udaka,
H.B. Seed and R, Hwang - 1974 (PB 236 796)A05
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74-10

74-11

74-12

74-13

74-14

74-15

75-1

75-2

75-3

75-4

75-5-

75=7

75-9

75-10

75-11

75-12

75~13

75-~14

75-15

75-16

75-17

75-18

"Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Earthquake Engineering.," by D. Ray
1974 (PB 233 213)A06

"So0il Structure Interaction Analyses for Evaluating Seismic¢ Response," by H.B. Seed, J. Lysmer and R. Hwang
1974 (PB 236 519)a04

Unassigned
*Shaking Table Tests of a Steel Frame - A Progress Report,” by R.W. Clough and D. Tang - 1974 (PB 240 B63)A02

“"Hysteretic Behavior of Reinforced Concrete Flexural Members with Special Web Reinforcement,” by
V.V. Berteroc, E.P. Popov and T.Y. Wang - 1974 (PB 238 797)A07

"Applications of Reliability-Based, Clobal Cost Optimization to Design of Earthquake Resistant Structures,”
by E, Vitiello and K.S. Pister - 1974 (PB 237 231)A06

"Liguefaction of Gravelly Seils Under Cyclic Loading Conditions,”™ by R.T. Wong, H.B. Seed and C,K. cChan
1974 (PB 242 042)A03

"Site~Dependent Spectra for Earthquake-Resistant Design,” by H.B. Seed, C. Ugas and J. Lysmer - 1974
(PB 240 953)A03

"Earthquake Simulator Study of a Reinforced Concrete Frame," by P. Hidalgo and R.W. Clough - 1974
(PB 241 924)a13 .

"Nonlinear Earthquake Response of Concrete Gravity Dams,” by N. Pal - 1974 (AD/A 006 583}A06

"Modeling and Identification in Nonlinear Structural Dynamics -~ I. One Degree of Freedom Medels,” by

N. Distefanc and A. Rath - 1974 (PB 241 548)A06

"Detgrmination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol.T: Description,
Theory and Analytical Modeling of Bridge and Parameters,"” by F. Baron and S,.-H. Pang - 1975 (PB 259 407)Al5
"Betermination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol.II: Numerical
Studies and Establishment of Seismic Design Criteria,” by F. Baron and S.-H. Pang - 1975 (PB 259 408)all
(For set of EERC 75-1 and 75-2 (PB 259 40%))

“Seismic Risk Analysis for a Site and a Metropolitan Area,” by C.S. Oliveira - 1975 (PB 248 134)A09

"analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges,” by
M.-C. Chen and J. Penzien - 1975 (PB 241 454)A09

"An Evaluaticon of Some Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings,® by S.a.
Mahin and V.V. Bertero - 1975 (PB 2446 308)Alé

"Earthquake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results,” by R.W. Clough and
D.T. Tang - 1975 (PB 243 9$8l)Al3

"Dynamic Properties of San Bernardino Intake Tower," by D. Rea, C.-Y. Liaw and A.K. Chopra - 1975 (AL/AD08 406)
A0S

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. I: Descriptien,
Theory and Analytical Modeling of Bridge Components," by F. Baron and R.E. Hamati - 1975 (PB 251 539)A07

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. 2: Numerical
Studies of Steel and Concrete Girder Alternates," by F. Baron and R.E. Hamati - 1975 (PB 251 540)Al0

"Static and Dynamic Analysis of Nonlinear Structures,® by D.P. Mondkar and G.H. Powell - 1975 (PB 242 434)A08
"Hysteretic Behavior of Steel Columns," by E.P. Popov, V.V. Bertero and 5. Chandramouli —1975 (PB 252 36%5)All
"Earthquake Engineering Research Center Library Printed Catalog,” - 1975 (PB 243 711)A26

“Three Dimensional Analysis of Building Systems (Extended Version)," by E.L. Wilson, J.P. Hollings and
H.H. Dovey - 1975 {PB 243 989)A07

"Determination of Soil Liquefaction Characteristics bv large-~Scale Lahoratery Tests,” by B. De Alba,
C.K. Chan and H.B. Seed - 1975 (NUREG 0027)A08

"A Literature Survey - Compressive, Tensile, Bond and Shear Strength of Masonry," by R.L. Mayes and R.W.
Clough = 1975 (PB 246 292)310

"Hysteretic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Components,” by V.V. Bertero and
E.P. Popov - 1975 (PB 246 388)A05 ‘

"Relationghips Between Maximum Acceleration, Maximum Velocity, Distance from Source, Local Site Conditions
for Moderately Strong Farthquakes," by H.B. Seed, R. Murarka, J. Lysmer and I.M. Idriss -1975 (PB 248 172)A03

"the Effects of Method of Sample Preparation on the Cyclic Stress-Strain Behavior of Sands,” by J. Mulilis,
C.K. Chan and H.B. Seed - 1975 (Sunmarized in EERC 75-28)
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75-30
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75-34
75-35
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75-37
75-38
75-39
75~40

75-41

76-3

76-4

"The Seismic Behavior of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force," by M.B. Atalay and J. Penzien - 1975 (PB 258 842)}All

"Dynamic Properties of an Eleven Story Masonry Building," by R.M. Stephen, J.P. Hollings, J.G. Bouwkamp and
D. Jurukovski - 1975 (PB 246 945)}A04

s

"State-of-the=-Art in Seismic Strength of Masonry - An Evaluation and Review," by R.L. Mayes and R.W. Clough
1975 (BB 249 040)A07

"Frequency Dependent Stiffness Matrices for Viscoelastic Half-Plane Foundations," by A.K. Chopra,
P. Chakrabarti and G. Dasgupta - 1975 (PB 248 121)A07

"Hysteretic Behavior of Reinforced Concrete Framed Walls,™ by T.Y. Wong, V.V. Bertero and E.P. Popov - 1975
"Testing Facility for Subassemblages of Frame-Wall Structural Systems,” by V.V. Bertero, E.P. Popov and
T. Endo - 1975 )

"Influence of Seismic History on the Liguefaction Characteristics of Sands,” by H.B. Seed, K, Mori and
C.K. Chan =~ 1975 (Summarized in EFRC 75-28)

"The Generation and Dissipation of Pore Water Pressures during Seil Liquefaction," by H.B. Seed, P.P. Martin
and J. Lysmer - 1975 (PB 252 648}A03

"Identification of Research Needs for Improving Aseismic Design of Building Structures." by V.V. Bertero
1975 (PB 248 136)A05 -

"Evaluation of S5o0il Liquefaction Potential during Earthquakes," by H.B. Seed, I. Arango and C.K. Chan - 1975
(NUREG 0026)A13

"Representation of Irregular Stress Time Histories by Equivalent Uniform Stress Series in Liguefaction
Analyses,” by H.B. Seed, I.M. Idriss, F. Makdisi and N. Banerjee - 1975 (PB 252 635)A03

"FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-Structure Interaction Problems," by
J. Lysmer, T. Udaka, C.-F. Tsai and H.B. Seed - 1975 (PB 259 332}A07

"ALUSH - A Computer Program for Seismic Response Analysis of Axisymmetric Soil=Structure Systems,“ by
E. Berger, J. Lysmer and H.B. Seed - 1975

"TRIP and TRAVEL - Computer Programs for Soil-Structure Interaction Analysis with Horizontally Travelling
Waves," by T. Udaka, J. Tvsmer and H.B. Seed - 1975

"Predicting the Performance of Structures in Regions of High Seismicity,” by J. Penzien - 1975 (PB 248 130)AG3

"Efficient Finite Element Analysis of Seismic Structure -~ 85o0il - Direction,"™ by J. Lysmer, H,B. Seed, T. Udaka,
R.N. Hwang and C.-F. Tsai - 1975 (PB 253 570)A03

"The Dynamic Behavior of a First Story Girder of a Three-Story Steel Frame Subjected to BEarthgquake Loading,™
by R.W. Clough and L.=-¥. Li = 1975 {PB 248 B41)AD5

"Barthguake Simulater Study of a Steel Frame Structure, Volume TI - Analytical Results,” by D.T. Tang - 1975
(PB 252 926)Al10

"ANSR-I General Purpose Computey Program for Analysis of Non-Linear Structural Response,” by D.P. Mondkar
and G.H. Powell - 1975 (PB 252 3B6}ACS

"Nonlinear Response Spectra for Probabilistic Seismic Desiqn and Damage Assessment of Reinforced Concrete
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E. Polak - 1976 (PB 262 859}A0D4

"Coupled Lateral Torsional Response of Buildings to Ground Shaking,” by C.L. XKan and A.K. Chopra -
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{PB 270 567}A05
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J.M. Kelly - 1977 {PB 275 453)a04

"Preliminary Experimental Study of Seismic Uplift of a Steel Frame,® by R.W. Clough and A.A, Huckelbridge
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“Dynamic Analysis of Electrohydraulic Shaking Tables,” by D. Rea, S. Abedi-Hayati and ¥. Takahashi
1977 (PB 282 569)A04

*aAn Approach for Improving Seismic - Resistant Behavior of Reinforced Concrete Interior Joints," by
B. Galunic, V.V. Bertero and E.P. Popov - 1977 (FB 290 870)A0C

EERC ~ 7



UCB/EERC-78/01
UCB/EFRC-78/02
UCB/EERC~78/03

UCB/RERC-78/04

UCB/EERC-78/05%
UCB/EERC~78/06
UCB/EERC-78/07
UCB/EERC-78/08

UCB/EERC-78/09

UCB/EERC-78/10
UGCB/ERRC-78/11

UCB/EERC-78/12

UCB/EERC~78/13
UCB/EERC-78/14
UCB/EERC-78/15
UCB/EERC~78/16
UCB/EERC-78/17
UCB "EERC-73/18
GCB/EERC-78/1%
UCB/?ERC—?B/ZO
GCB/EERC-78/21
UCB/EERC-78/22
UCB/EERC-78/23
UCB/EERC-78/24
UCB/EERC-78/25
UCB/EERC-75/26
UCB/EERC-76/27
UICB/EERC-78/ 28

UCB/EERC-78/29

"The Development of Energy-Absorbing bevices for Aseismic Base Isolation Systems,” by J.M, Kelly and
D.F. Tsztoo - 1978 (PB 284 978)A04

"Effect of Tensile Prestrain on the Cyclic Response of Structural Steel Connections, by J.G. Bouwkamp
and A. Mukhopadhyay - 1978

"Experimental Results of an Earthquake Isolation System using Natural Rubber Bearings," by J.M.
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"Cyclic Behavior of Dense Coarse-Grain Materials in
Relation to the Seismic Stability of Dams," by N.G.
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