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1.0 INTRODUCTION AND LITERATURE REVIEW

The use of precast concrete panels for exterior cladding is becoming
very common in the construction of many high-rise buildings. In genefa],
these precast panels are used because they are architecturally attractive
and relatively maintenance free. In most instances, precast concrete panels
are regarded as non-structural elements; that is, they do not contribute
significantly to the stiffness of the structural system. Presently, the
Applied Technology Council {page 367, 1978) recommends that stiffnesses other
than those of the seismic resisting system should not be included in seismic
analysis as they may not be reliable at higher, inelastic strain levels.
Neglecting the additional stiffness provided by panel elements may in fact
be a conservative assumption with regard to static loads but may not be con-
servative for dynamic loading. A stiffer structure could sustain high damage
because the building cannot absorb as much energy. Undesirable loads may
also be transmitted into the precast panels causing damage to individual

panel elements.

1.1. Previous Investigations

A number of papers have been written on the interaction between struc-
tural framing and precast concrete panels due to seismic events and wind,
particularly with the increasing use of exterjor precast curtain walls in
high-rise construction (Goodno et al. 1979; Mak 1977; Briggs 1976; Eaton
1976; Freeman 1975; McCue et al. 1975; Gjeisvik 1974; Tanner 1974; Weidlinger
1973; Oppenheim 1972; Raggett 1972; Rousseau 1972; Sharpe 1972). Related to

this subject is the interaction of structural framing and shear walls subject



to dynamic loading (Basu et al. 1979; Tso and Ruttenburg 1977; Mahin and
Bestro 1977; Becker and Llorente 1977; Irwin et al. 1971) as well as struc-
tural frames with filler walls (Kost et al. 1974; Fiorato et al. 1970).

Tanner (1974) showed that for the 100 Colony Square Building in
Atlanta, the precast concrete panels contributed a considerable amount of
tateral stiffness to the structure. This conclusion is based on the compari-
son of natural frequencies of analytical models with full-scale experimental
results from measurements on the building. The analytical model was based
on a lumped mass idealization with 21-degrees-of freedom,one degree of free-
dom for each floor that is not laterally restrained, Full-scale building
response measurements were based on low levels of building excitation from
the wfnd. These experiments provided insight into. the behavior of structures
with panels when the structure is loaded in the linear elastic range. The
actual amount of additional lateral stiffness provided by precast concrete
ctadding will vary from building to building depending on the type of struc-
tural system, the building geometry, the panel thickness and design, and the
connection detail between the panel and the framework.

The connection between the panel and the structural frame can have a
significant effect on the lateral stiffness contribution of the precast panels.
There are two primary areas of éoncern when this stiffness is to be estimated:
(1) the type of panel-structural frame connection, and (2) the mechanical pro-
perties of these connections when loaded in both the linear and nonlinear
range and the ultimate strength of these connections when loaded to failure.
McCue et al. (1975) categorized the types of panel-frame connections into
two areas which suggest the extremes for a wide spectrum of alternatives for

design.



1. "The isolation of structure and architectural systems to make

the two behave relatively independently. This strategy seeks

to minimize the effect of connections between the primary struc-
ture and the architectural systems in such a way that the rela-
tive displacements and inertia interaction effects are minimal."

2. "The integration of structural and architectural systems to

allow them to move together during a seismic event. This stra-
tegy calls for a primary structure designed for deformations
that are acceptable to commonly used architectural systems, or
alternatively, for architectural systems engineered to sustain
larger deformations. Thus the architectural and structural
systems must be analyzed as a unit.”

Prior to recent work done by Sessa {1980}, only limited experimental
studies had been performed on panel-frame connections. Gjelsvik (1974) in-
vestigated bolt or rod connections for different length-to~diameter ratios
including testing in the post yield or inelastic range. Sessa per-
formed extensive experimental testing of these panel-frame connections based
on a survey of the connections currently used in practice. Sessa in-
vestigated both load support (bearing) and lateral (flexible and slotted) con-
nections and considered the different types of fasteners imbedded in the con-
crete {ferrule loops, etc,). Testing was performed in both the linear elastic
and post yield ranges and was based on static Toading conditions. Results
of these tests and recommendations for determining the mechanical properties
of these connections can be found in his thesis.

Gjelsvik (1974) developed an elastic perfectly plastic analysis model
to be used to predict the interaction between steel frames and precast curtain
wall panels at collapse under static loading. Three groups of assumptions

were made when the method was developed.

1. The structural frame and the panel-frame connections behave in
an elastic perfectly plastic manner.

2. The panels are rigid, weightless, and have enough strength to
transmit the forces applied to them. Each panel is connected
to the frame at four points and provides stiffness only in the
plane of the panel.
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3. The frames and panels interact only through the connecting bolts
and there is no interaction between the individual panels.

Although this analysis method predicts the interaction between the structure .
and the panels at collapse, it fails to describe the behavior of the struc-
ture when it is loaded less than the collapse load and provides Tittle in-
sight into the dynamic characteristics of the system.

Briggs (1976) and Mak (1977) worked together to develop an analytical
method to predict the interaction between structural framing and precast
curtain walls under static loading. Briggs developed both two and three
dimensional element stiffness matrices for an exterior precast curtain wall.
Mak then incorporated the two dimensional panel elemental stiffness matrix
into a static linear and nonlinear computer program for the analysis of the
interaction between precast panels and structural framing.

The panel element derived by Briggs consists of a precast curtain
wall with four discrete attachments between the panel and the supporting
beam. The panel Hs assumed to be rigid while all fhe deformation is attri-
buted to the four panel-frame connections. Again, it is assumed that the
frames and panels interact only through the connections and there is no inter-
actions between individual panels. However, Briggs did perform a kinematic
analysis of the panel movement to determine at what point panel interference
occurs. Briggs, with the aid of the computer progrém developed by Mak, per-
formed a parameter study of the interstory shear stiffness for each combina-
tion of frame (with both AISC Type I and II) and panel connections (isolation
or integration). The value representative of the panel interstory shear
stiffness of the 100 Colony Square Office Building was compared to the experi-

mental study done by Tanner (1974) with good correlation of results.



)

Mak developed his computer program aséuming that the structural fram-
ing behaves 1inear1yve1astic while the panel-frame connections behave in
either an elastic or a nonlinear fashion. Mak used an incremental procedure
to approximate the nonlinear behavior and investigates the effect of panel
stiffness on structural behavior under static loading conditions. Both iso-
lation and integration connections are addressed including a discussion of
the nonlinear behavior of these connecticns. Alse included in Mak's thesis
is a discﬁssion of the interference of the panels based on kinematics and
computer work. It should be noted that the computer program developed by Mak
in its present form is limited to two dimensional frameworks with a maximum
height of three stories with exactly two panels per story, and the program
only considers static loading.

Goodno et al. (1979) developed finite element models and analysis pro-
cedures for predicting the dynamic response of structural framing with precast
curtain walls, and analytically and experimentally studied the cladding inter-
action with primary structure. A finite element model was developed for a
prototype structure {a building in dowhtown Atlanta) with a precast concrete
curtain wall system. The building was modeled as a system of masses lumped
at the flioor level and supported by an elastic frame; thus, each floor level
was represented by three degrees of freedom {two translational, one rotation-
al). The cladding system was initially idealized as having a uniform inter-
story shear stiffness. The interstory shear stiffnesses required to match
experimental frequencies of the actual structure with the analytical frequen-
cies obtained from the finite element model were determined by performing
parameter studies. Finally, a detailed finite element model of a precast
concrete panel with connections was formulated to verify the interstory shear

stiffness developed in the previous parameter study.
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Goodno et al. (1979) ideatized the precast panel and panel-frame con-
nections as a combination of two dimensional, bending, eight node brick, and
one dimensional space frame elements. Figure 1.1 shows the precast panel and
the corresponding finite element model. 'The interstory shear stiffness per
panel was determined from the inverse of the displacement resulting from a
unit load applied at the top of the cladding panel. With this model, the in-
fluence of common panel-frame connection details on the interstory shear
stiffness was performed and sumnarized. Results showed that the interstory

shear stiffness can be estimated using this method and that the contribution

—PRECAST
CLADDING
PENEL

N\
-

a) Typical Cladding Panel b} Finite Element Model of One-Half
of Cladding Panel

Figure 1.1. TIdealization of Precast Concrete Panel {(from Goodno et al. 1979)

of interstory shear stiffness to the structure from the precast panels is
great]y affected by the connection details used. Presently, the analysis
and experimental procedures developed here are limited to the linear elastic

range. Note that a more detailed analysis considering the effect of many



panels interacting with the structure is probably not practical usina the
detailed finite element model because of the complexity of the individual

panel elements.

1.2 Current Research at the University of Idaho

Full-scale Taboratory tests and analytical studies were conducted at the
University of Idaho to explore the nature of curtain wall participation in
the gross structural response characteristics of high-rise buildings subject
to seism%c excitation. This research was performed by the Civil Engineering
Department and was sponsored by the National Science Foundation through
Awards #77-02805 and #77-20884. To accomplish the objectives of the project,

the research was divided up into three specific tasks as follows:

Task I: Full-scale laboratory tests of precast curtain wall connec-
tions,
Task II: Analytical investigation of curtain assemblages.

Task III: Full-scale experimental studies of curtain wall assemblages.

Figure 1.2, taken from the original National Science Foundation proposal,
shows the interrelationship of the four tasks as originally envisaged by the
principal investigators. The contract as it was finally agreed upon between
NSF and the principal investigators included only Tasks I, II, and III. This
report is organized such that the work on each of the major tasks is discussed
individually in the following three sections.

The contract began on May 1, 1978 with an 18 month budget, witha completion
date, as indicated by NSF, of April 30, 1980. A six month no-cost extension

was granted; therefore, the contract expired on October 31, 1980.
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2.0 TASK I: FULL-SCALE LABORATORY TEST OF PRECAST CURTAIN WALL CONNECTIONS

2.1 Connection Utitization Survey

2.1 The General Philosophy of Connection Design

A survey of the structural engineering offices in the San Francisco
Bay Area was conducted in October, 1978, to obtain industry input on what
connection designs are currently being used. A few of the leading
precast companies, as well as the local building code agencies, were
interviewed in order to obtain their input on current "state of the art"
designs. It quickly became apparent that there is a large variety of
connections in use and that these connection designs are very specifi-
cally detailed in crder to accommodate such constraints as complex
geometry of the panels, structural integrity of the system, erection
tolerances and procedures, economic considerations, and serviceability
requirements. It also became apparent, however; that there are basic
components for the most commonly used connections and that there were
some valid concerns about the safety and durability {(ductility and

strength) of these types of connections.

2.1.2 Design Approach

Concerning the behavior of curtain wall panels during a selsmic event,
it is generally accepted that damage to curtain wall panels is going to occur
from a maximum earthquake. Current codes (ACT, 1978; ATC, 1678; UBC, 1979;
SEAOC, 1973) place specific requirements on the design of panels and connection
hardware such that the induced loads are limited by the use of "isolation"

connections or that the connections have sufficient ductility and
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strength so as to accommodate movements due to lateral forces and thermal
changes.

There are then two ways of ensuring this behavior. Either panels
are held on using "slotted” connections or "flexible' connections.
Specific design procedures for both types are discussed in Section 3.

It was also found during the examination of several structural drawings
(as listed in Table 2.1-1) of recently constructed high-rises in the San
Francisco area that there are several commonly used components for either
type of comnection. Table 2.1-2 identifies these connection components
and Figures 2.1.1 throug 2.1.4 illustrate several representative connec-
tion designs. It was, therefore, decided that these basic components
would be tested full scale. (Discussion of the full scale connections

experimental study is found in Section 2,3),

2.).3Safety Concerns

During interviews with several structural engineers within the
industry and Government agencies, it was stated that there are aspects
of the connection behavior which are not sufficiently understood. There
were concerns common to both industry and government, however, there were
some very obvious differences in what each group felt were the major
issues for concern. '

These responsible for design (structural engineers) and fabrication
(the precasting industry) believe in the use of flexible as well as
slotted freedom of movement type cdnnections, depending on the firms
queried. Their concerns are associated with the possible brittle frac-

ture of the flexible connections ar the panel interface after a limited

number of load reversals at high acceleration, and also with the fact



Table 2,1,-1 List of Buyilding Drawings Surveyed
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Story Cladding Connectors
Building Heipht Type Used
100 Colony Square 22 Window box Cast in bolts
Atlanta, Georgla Welded angles
Wedge inserts
Pacific Gas and Electric 34 Column casing Cast in bolts
San Francisco, California Snandral casing Bolted angles
575 Market Street 40 Window box Slotted angles
San Francisco, California Bolted angles
Fantasy Records and Films 7 Column to column Ferrule inserts
Berkeley, California and rods
Bolted angles
to Inserts
601 Montgomery Street 30 Window box No connection
San Francisco, California detalls
333 Market Building 33 Column casing Loop Inserts
San Francisco, California Threaded vods
Angles bolted
‘and welded
595 Market Street 31 Spandral to Loop inserts
San Francisco, California spandral Bolted angles
Threaded rods
General Foods Boiler House 3 Multlstory Cast in belr
San Leandro, California Face plate
Bent plate
Steel with
slotted holes
Transamerica Building 60 Window box Inserts and

San Francisco, California

threaded rods
Bolted angles




Table 2.1-2 Connection Components

Panel Fasteners
Wing Nut

Four Strut

Loop

Thin Slab

Plate Steel with

Nelson Studs

Connection Body
Threaded bars
Partially threaded bars

Slotted angles
Non-slotted angles
Gusset plated angles

Tee sections
with welded rebar

Wi/ /(A

12

Structure Fastener

Bolts
Angles and bolts

Cast in bearing
plates

Direct welding

[smw y)
T —

B8

sl
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that the UBC requirements are forcing the over-design of panels and con-
nections. On the other hand, those agencies responsible for administer-
ing the code requirements are concerned with the overall performance of
the "isolation" connections. The concerns of these agencies include:
1) brittle fracture of flexible connections:
2) slotted types rendered ineffective by movements that do not
return the connection to the center position of the slot;
3) slotted connections not being properly aligned during construc-
tion;
4) welded connections lacking ductility,
The experimental study of the various connection configurations was
implemented so that information on these aspects of connection behavior
could be obtained. Section?.5discusses the finding of the study with

regards to these concerns.
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2.2 CURRENT DESIGN PROCEDURES

2.2,1Code Requirements and Guidelines

The three principal design considerations for the fabrication and
utilization of architectural precast pane}s are:
1) strength and deformability;
2) function and expected performance (serviceability, geometry,
etc.);
3) fabrication and erection procedures.
Connections which held the panels on the structural framework should be
. designed such that the proper transfer of laods is made considering:
1) safe performance under gravity, wind, and earthquake loads;
2) fabrication and erection process and tolerances, to include

economic constraints;

3) protection from fire and corrosion and building water tightness;

4) architectural geometry.
With these facts in mind, the general design approach involves the solu-
tion of several basic structrual mechanics problems in order to achieve
the desired performance of the ind{ividual connectio%s. A complete
discussion of the seismic load requirements and how the governing codes
are affected is the primary objective of this paper; whereas the other
design conditions will not be investigated.

Loads transmitted to the individual connections by seismic activ-
ity ave a function of the ground accelerations experienced by the build-

ing foundation, the position of the panel on the building, the mass of
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the panel, and the relative stiffness of the supporting structure.

According to Section 2312 of the latest revision of the UBC (1979),
precast non-load bearing wall panel connections should be designed to
resist a lateral force Fp to be applied at the center of gravity and in
any horizontal direction, and is calculated using the equation;

Fp=2ICpWp.... ... Egn1l2-8 Ref. 8
where Z = numerical seismicity of the site as specified by
the seismic contour maps of UBC.

Zone Number 1 2 3 4
Z Value 3/16 3/8 3/4 1

I = occupancy importance factor, which shall be taken as 1.0 for
an entire connector assembly.
Wp = the weight of the panel.
The latest established provisions for Cp, the horizontal force
factor:
Cp = .30 for the wall panel;
Cp = .40 for the body of the connector; 1-1/3 times the force
determined for the wall panel;
Cp = 1.20 for the connector fasteners; 4 times the load determined
for the wall panel.
Also from UBC (1979) and SEAOC (1973) require that for seismic leads,
connections and the joints between panels accomodate the following
movements not less than
1) 2.0 times the story drift caused by wind loads; or
2) 3.0/K times the seismic story drift;
3) or 1/2 inch, whichever is greater,

where K = horizontal force factor, as given by Table 23-I of
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the 1979 UBC.

The current code provisions for the Cp factor are based on the
assumption that "the additional design capacity of the fastener (e.g.,
inserts, welds, dowels, or bolts) will force any potential excess dis-

tortion to occurin the more ductile connector body (e.g., structural

Table 23.-I of the 1979 UBC

Value

Type or Arrangement of Resisting Elements of ¥

1. All building framing systems except as hereinafter
classified 1.00

2, Buildings with a box system 1.33

3. Buildings with a dual bracing system consisting of a
ductile moment resisting space frame and shear walls
or braced frames using the following design criteria:

a., The frames and shear walls shall resist the total
lateral force in gccordance with their relative
rigidities considegring the interaction of the shear

walls and frames 0.80

b. The shear walls acting independently of the ductile
moment resisting portions of the space frame shall
resist the total reguired lateral forces

c. The ductile moment resisting space frame shall have
the capacity. to resist not less than 25 percent of
the required lateral force

4, Buildings with a ductile moment resisting space frame
designed in accordance with the following criteria:
The ductile moment resisting space frame shall have
the capacity to resist the total required lateral forces 0,67

steel angle rods, or plates) rather than the more brittle fastening." (Murphy,
1971). This emphasis on the performance of the body connector has influenced
the current designs toward either the use of slotted connections or flexible

members having the necessary ductility to accomodate the design movement.
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2.2.2 Flexible Connections

Flexible connections are used as a lateral support normal to the
plane of the panel for the curtain wall panel. These connection bodies
are often comprised of completely threaded rods, partially threaded rods,
thin angle Qtructural steel, or thin plate steel welded to anchorlplates
which in turn are anchored with welded Nelson studs. The panel fasteners
are either ferrule inserts only, ferrule inserts with plate and Nelson
studs, or just the plate and studs. Attachment to the panels, therefore,
is made by bolting to inserts or welding to the plates.

The basic approach most generally used to design this type of
connection is ocutlined in Sessa (1980). The flexible
lateral connection, as seen in Figure 2.2,1, 1is designed to withstand

gravity and seismic loads which are applied normal to the panel surface.

T |

18

4{

Figure 2.2.1. Flexible lateral connection.
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The approach then is to define the critical combination of loads and
design the panel fastener, connection body, and structural fasteners

accordingly.

2.2.3 Slotted Connections

Slotted connections are used as a lateral support for the curtain
wall panel as are flexible counections. The only real difference between
the two types is that the slotted connection (which is a very popular
type among structural engineers today) eliminates the need for designing
flexibility and ductility into the connector body. All movemént of the
structural frame is accommodated by the free travel in the plane of the
panel as provided by the slotted holes. Slotted holes are used with
various types of structural angles, tees, and plate steel, witﬁ angles
being the most widely used.

The design of the angle with the slotted holes provided for free-
dom of movement, is straight forward in that only loads normal to the
panel need careful attention. There is no load in the connection in
the horizontal or vertical direction in the plane of the panel., There-
fore, the approach in designing this type of connection is teo, first,
define the panel displacement that the connections must accommodate and
second, to identify the normal design load and third; to solve for the

appropriate panel fasteners, connection body, and structural fasteners.

2.2.4 Bearing Connections

The support connection is that comnection (usually two per panel)

which 1s used to support the gravity loads of the panel and consequently
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it must serve to transfer forces from the panel to the structural frame-
work. This is the most complex of connectlons to design in that the
loads applied are the most severe and translation and rotation of the
panel must be restricted in all directions at this point.

The procedure, therefore, is similar to designing a flexible
connection in that critical design loads must first be identified in
the normal direction as well as vertically and horizontally in the plane
of the panel. Additionally, these loads must be accommodated while
movement 1is constrained for the most part. {Some designs allow some
displacement through. elastomeric pads, etc. to accommodate minor move-
ments.) Again, once the critical loads are identified, each part of
the connection from panel reinforcement to structural steel framework

attachment must be analyzed for proper transfer of forces.
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2.3 EXPERIMENTAL STUDY

2.3.1 Connection Description

An extensive array of connection configurations was tested during
the progfam. The four basic inserts used as fasteners on the precast
panel were tested in three sizes, These inserts were tested with and
without face plate steel to identify any possible advantages for either
configuration. Threaded bars were used as the connection body during
the loading of the block-insert test specimens. Photos2.3.1 and 2.3.2 depict
a typical insert-threaded bar connection configuration. Table 2.3-1
lists the insert types, sizes, and indicates those also tested with face
plates. TFerrule inserts with threaded bars spanning from panel to
structural framework is a standard flexible connection of the industry

which are used as the lateral support for the tops of panels.

Table 2.3-1 List of Bar Insert Connectious Studied

Size (with 1 in.

Insert Type Size (without plate) thick plate)
Ferrule loop 1/2" 3/4" 1" /4" 1"
Wing nut 172" 374" A 34" 1
Thin slab 1/2" 374" 1 3/4" 1"
Four strut 1/2" 3/4" " 3/4" 1"

Structural steel angles are utilized as "dissociative" connections

1

when slotted holes are employed and as "integrative'" comnections when
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either they are bolted tightly in place an/or they are welded directly
to the face plate poured in the panel and to the structural framework.

A dissociative connection is one which allows the structural and archi-
tectural systems to behave independently. An integrative connection is
one which allows the structural and architectural systems to jointly
participate in resisting movement during the seismic event. Table 2.3-2

indicates the sizes and and thicknesses of the structural angles tested,

and the type of panel configurations used.

Table 2.3~2 List of Angle Connections Studied

Angle Size Two 3/4 in. Tw?nzéitin. 3/SeigédFigIEt
L1 x L2 x t Inserts Only *  and Plate ‘Plate

4 x 6 x 3/8 X X X

4 x 6 x 1/2 b e X X

4 x6x 5/8 X X X

6 x 8 x 1/2 X X X

6 x 8 x 3/4 X X X

Each angle size was tested as an "integrative' type by torquing down the
bolts and by welding to the piates. Also, each angle size was tested as

an assoclative type by using slotted holes. Photos 2.3.3 and 2.3.4 show the
three mounting blocks and slotted type angles, respectively.

Photos 2.3.5 through 2.3.12 clearly show the pre-casting configurations of
each insert type and the structural steel angle fastening systems. The
industry standard for anchoring face plates is by welding Nelson studs
to the plates or by welding rebar bent to meet the plate. The use of
rebar was chosen over Nelson studs because the purpose of the study did

not dictate a need to test either system specifically and the rebar was
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Photo 2.3.9 Inserts for Structural Photo 2.3.]0 Four Strut Insert with

Angle Mounting Steel Plate

Photo 2.3.11 Precasting Forms Photo 2.3.12 Anchored Plate
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easier to work and was readily available.

Photo Series 2.3.5 through 2.3.12 also contains details of the pre-cast
rebar, insert, and plate setups for those blocks used to test the various
angles shown in Table 2.3-2. All angles tested were 9 inches long and

the holes were centered 5 inches on center as shown in Figure 2.3.1

"

Bolted Welded Stotted

Figure 2.3.1 Typical Angles Tested

2.3.2 Testing Equipment

The objectives of this study dictated a need for equipment for
material handling, load application, and data recording. The procedures
established for obtaining the load displacement and energy dissipation
data set the equipment requirements. The investigator also used the
University's existing MTS equipment (manufacturéd by the MTS Systems
Corporation) for load application and the Vishay digital strain indica-

tors, dial'gauges, voltmeter, and the X-Y plotter incorporated into the
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MTS system for data acquisition.

The material handling equipment which was used to move the 300
pound concrete test specimens into position on the connector reaction
frame was built by project help. The connector reaction frame was also
designed and built by the project. The civil engineering lab contains
18 in. x 16 in. x 1 in. built up box secticn rigid frames built into
the wall and floor system. The connector reaction frame was bolted to
the south wall box member.

The reaction frame which was designed and built before ﬁhe con~
crete test specimens were fabricated was given the necessary adjustabil-
ity and strength to accept and hold various size connection test blocks.
Figure 2.3.2 shows the frame dimensions and material specifications.
Photo 13 shows the entire frame assembly. The frame was made capable
of accepting blocks ranging in size from 20 in. % 20 in. x 1 in. to 26
in. x 26 in. x 16 in. The vertical load capabilities of the MTS actuator
system was 6,5 kips and the frame therefore was built io withstand this
amount of load with negligible deflection. The mechanism used to hold
the blocks 1in place 1s shown in Photo 2.3.14. This hold down plate was
brought to bear on the.concrete by tightening down the four 1/2 im. x
4 in. bolts threaded through the clamped angle.

The procedure for instailing a test bleck in the reaction frame
is as follows:

1. Loosen the 3/4 in, bolts of the base on the reaction frame

and lower the base with the 1-1/2 ton hydraulic jack as shown in Photo 15
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Photo 2.3.13 Connector Reaction Frame
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Photo 2,3,14 Adjustable Clamp Mechanism of the Reaction Frame
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172" Gusset Plates
<:» 3/4" Plate
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) | | S
1/2" SAE Bolts
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Holes are drilled and
Bui]ding tapped for the 1/2"x 13
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Frame course threaded bolts.
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Figure 2,3;2 Connection Reaction Frame
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Figure 2.3.2 Continued
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Photo 2.3.15 Lower Base of Reaction Frame
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2. Raise the block up te the base level via chain holist, and
slide into the frame,

3. Center the block and tighten the bottom clamp against the
block.

4. Jack up the block and base to meet the top half of tﬁe frame
as tightly as possible without cracking the block.

5. Tighten thé top clamps securely.
With this procedure completed, the block 1s ready to receive the connec-

tor body and begin the testing procedure.

In order to cobtain the desired load~displacement information for
connections which are pinned at the structural framework and also for
those that are fixed at the supporting structure, special adaptors had
to be designed and fabricated for the MTS actuator. The pinned effect
was obtained by using ball swivel joints in three sizes (1/2 in., 3/4 in.,
and 1 in.) for the three sized bars used as connector bodies. A "Weld-
on" ball socket was welded to a short length of threaded rod for attach-
ment to the MTS load cell. Press fit bushings were used to obtain the
three sizes of adaptors. Photo 2.3.16 shows each of the three swivel joint
assemblies with bushings in place. See Figure 2.3.3 for detailed
drawings of each adaptor.

To obtailn the fixed end effect at the load peoint on the bar-insert
connector test, twe different assemblies were designed and fabricated.
The first assembly was used to load the 1/2 in. and 3/4 in. bars and the
second assembly was used to test the 1 in. bars and then used to check

data which was collected using assemly one on the 1/2 in. and 3/4 in.
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LOAD ADAPTOR MECHANISMS FOR THE MTS

BUSHING

1/2" Bar Adaptor 3/4" Bar Adaptor 1" Bar Adaptor

Figure 2.3.3a Pinned End Load Adaptors



2.3.3b Fixed End Load Adaptor #1
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bars. Photo 2.3.17 shows the two assemblies. Tipure 2.3.3 contains detailed

drawings of each. The need for a simple easily mounted adaptor dictated
the use of the lever arm system to induce a mement on the threaded bar at
the point of loading equal in magnitude and opposite in sign to accom-
plish fixityf

Adjusting the length of the lever arm, as shown in Figure 2.3.4,
the researcher was able to match the fixed end moments within the bar.
Exact end moment parlty was not necessary for obtaining the lond-dis-
placement data, however, care was taken to get them as close as possible

"to simulate maximum possible fixity.

If £/2, then

XT-J m, = Pl- XP

»<i
[

P(L - %)

it

ralx

’n,Z::F 2 :l'"x m, = kP = P

Figure 2.3.4 Fixed End Load Application System

For the tests involving the various structural angles, a load
applicaticn adaptor was fabricated as shown in Photo 18. This mechanism
was designed to produce only normal vertical loads with negligible moment
induced to the MTS actuator. (MIS actuators are designed to withstand

only axial loads.) Although this mounting system was fabricated in order



Photo 2,3.18

Structural Angle Load Applicator
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to test the angles, it proved useful In testing the bar connections.
(It was the base for assembly 2 used to test the 1 in. bar-insert panels.)
It was a more stable and repeatable testing mechanism and was chosen over
the original fixed end adaptor to complete the bar test for those reasons.
See Photo 2.3.19. Figure 2.3.3b provides a detailed drawing of the setup.
When the experimental study reached a point where the angles were ﬁoo
large for the MIS actuator to load to their yileld point, an extension
was installed on the angle to gain the necessary mechanical advantage.
The MTS actuator had to be held down in order to be able to
reverse loads in any of the tests. A piece of channel (4 in. x 2 in.)
was welded to the floor box section. The channel had two sets of slotted
holes in which 3/4 in. x 6 in. bolts were slipped through before the
welding occurred. Two S shaped sections (3 in. x 4 in.) with 1/2 in.
plates welded on one side (see Photo 2.3.20) were used to span between the
actuator base legs, and were bolted down with the two 3/4 in. bolts from
the channel. This system showed no upward movement of the actuator
during the tests (as indicated by a dial gauge indicator graduated in
thousands of an inch). These hold downs were used primarily dering the
cyclic tests, the static tests were all conducted in a positive vertical

force method.

2.3.3 The Test Procedure

The test procedure used for this study was determined by the type
of connection that was being tested and what type of test that was being
conducted. The variocus experimental procedures used are difficult to
comprehend without listing each of them in a step-by-step manner. The

discussion here will therefore be general in nature with Sessa (1980).



Photo 2.3.19 Fixed End Load Applicator #2

Photo 2.3.20 Hold Down Assembly for MTS Actuator
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providing detailed notes on the step-by-step methods used throughout
the data collection phase of the program. Also, Sessa (1980)s provided
in such detail so that vepeating the test procedure exactly would be
feasible.

In the beginning of the testing program it was decided that each
bar connection would be loaded vertically in a pinned end static mode
at points 3 in., 5 in., 7 in,.,, and 9 in. from the concrete panel surface.
A typical x-y plot frém the MTS system is shown on Figure 2,3,5. Note
that only one load application is done at each point. It was originaily
thought that this would provide the accurate characteristic load dis-
placement curves needed. This procedure was used for all of the 1/2 in.
bars and a few of the 3/4 in. bars. Subsequently, tests were repeated

three times at each length to ensure an accurate repeatable performance.

Cal Factor
D
Connection Description Scale Excitation Date
Load
2= 54in., 7 in. 9 in. Displacement

Figure2.3.5. Facsimile of the MTS X-Y Plot of Load-Displacement
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Calibration of the MIS was accomplished with a voltmeter, a known
value load ring, and the x-y plotter of the MTS. Appendix C includes
the calibration procedure used and the results for later reference.

The lecading sequence for each Insert-bar test block was as follows:

1. Static load to a predetermined set point (% of theoretical
yield) for each pinned end loading at lengths 3 in., 5 in.,

7 in., and 9 in. on one charﬁ.

2. Static load past the yield point for lengths 7 in, and 9 in.
pinned end. (Alsc on the same chart as 1.)

3, Static load to a predetermined set point (% of theoretical
yield) for fixed end loading at lengths of 7 in. and 9 in.
on the second chart.

4, Static load past yield point for lengths 7 in. and 9 imn.

Also on the second chart.

5. Clamp down the MTS actuator and run cyclic tests at 2 cps
with the loads 10% past the yield point and with fixed dis-
placements.

(Note: This was done only for selected test specimens when it became
apparent that this was a very time consuming procedure and that the MTS
had very marginal cyclic load capability for the frequency and the large
displacements necessary for the flexible connections.) A detailed
description of the cyclic loading procedure may be found in Sessa (1980).

The procedural loading sequence then became steps 1 through 4
only, with step 5 postponed until all static tests were completed. The
only changes made on this sequence as the program progressed was that

each test was done three times to emsure a repeatable load application.
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During the load application for each bar strain measurements were
recorded in order to insure repeatable performance of the test specimen
and to compare with the theoretically predicted stresses. During the
1/2 in. bar tests, electrical strain gauges were installed on each bar
and the yielding of the bar during the second test required the installa-
tion of new gauges on new bars for each set of tests. In order to save
time and money, as well as to improve the data gathered, it was decided
to use the same bars with gauges installed for all elastic range tests.
This meant that only six bars of each size would need to be instrumented
with gauges. Those test specimens that were loadéd past their yield
point were not instrumented. The data received from such tests (the
yileld point and post-yield stiffness) did not require strain readings for
further comparisons. The six bars used for each size of insert tested
weTe:

1. DNumber one, for testing spécimens without steel face plate

and pinned end load application.

2, Number two, for testing specimens having steel face plates of

various thicknesses and pinned end load application.

3. Number three, for testing spécimens without steel face plates

and fixed end load application. (9 in. bar length)

4, Number four, for testing specimens having steel face plates

and fixed end load application. (9 1in. bérilength)

5. Number five, for testing specimens without face ;late steel

and fixed end load application. (7 in. bar length)

6. Number six, for testing specimens having face plate steel

- and fixed end load application (7 in. bar length)



The object of using these same six bars for each sized insert was
to be able to attribute any significant variations in load-displacement
curves to the insert itself and not the bars. The reason for loading

~each bar length at leat three times was to make certain that the load
application adaptor was performing the same function each time,

Puring the calibration runs using the load cell and LVDT Of the
MTS systeﬁ, it was found that for various settings of the calibration
factor and excitation controls the chart print out (x-y plot) was
different for the same loads and displacements. The excitation and
calibration fa;tor settings were recorded on each chart and the appro-
priate correction factors were employed to generate the accurate load
and displacement values necessary to obtain the stiffness coefficients.
A voltmeter was used to read the output electrical signal from the MTS
load cell directly. These values were recorded for each load sequence
in order to check the x-y plots for accurate load representation, Dial
gauges were placed on the MTS at the peint of loading in order to check

- the corresponding deflections produced by the applied loads. The volt-

meter readings and the dial gauge recordings served as a check for the

~© MTS print out obtained on the x-y plotter.

The tests run on the structural angles were conﬁucted in the same
.manner as those for the bars., The only significant difference being
the actual lcading sequence and the adaptors used to apply the load.
The dial gauges and voltmerer were used to check MTS print outs as in
the case of the bar tests.

Figure 2.3.6 is provided to illustrate the layout of the test

equipment, in a simplistic form, as it was used for the duration of the
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Figure 2.3.6 Layout of the Test Equipment
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experimental study.

2.3.4 Results of the Experimental Study

The results of the study are presented for the three basic types
" of connections tested; the bar-insert connection, the slotted structural
angles, and the welded and bolted structural angles. Sessa (1980) lists
the following information in tabulated format:
1) ferrule insert specifications; and connection hardware
specifications;
2} the concretg compressive strength cylincer test results;
3) recorded strain readings, for those tests in.which gauges
were used;
4) loads and displacements for each connection tested statically;
5) yield points of each connection loaded past the yield point;

6) the pre-~yield and post-yield load-displacement coefficients.

2.3.4.1 Bar Insert Connections

The bar-insert static tests showed that the stiffness coefficients
.for a particular connection depends on the following:

1)} the unbraced length of the connection body, as measured from
the concrete panel fastener (at the surface of the panel) to
the fastened point on the structural frame;

2) the moment of inertia of the connector beody;

3) the degree of fixity at the point of attachment to the struc-
tural frame.

Figure?.3.7 1s a normalized plot of the elastic stiffness coefficients

versus the ¢/d ratios for each of the inserts tested with pinned end load



application., Figure 2.3.8 is the plot of the elastic stiffness coeffici~
ents versus %/d ratios for each of the inserts tested with fixed end load
applications. The shape of these plots can be seen when it is realized
that

3
§ » PL

EI
and for a ecircular section
I =d*

hence

and

3
K/d » (%) .

The effect of the &/d ratio on the stiffness coefficient is most
obvious in the range of 2/d between 5 and 10 for the pinned end config-
uration, and between 10 and 15 for the fixed end configuration. The
effect of the panel insert type on the stiffness for given size connec-
tion 1s minor when comparing various types of ferrule inserts. . This
effect is minimum due to the similarity of dimensions for a given type
and size of fastener. 1In Figure 2.3,9 the shaded area between the pinned
end curve and the fixed end curve 1s where the elastic stiffness coef-
ficients for most conventional bar-insert connections will be located.
Those inserts which obtain greater fixity at the pénel and structure
attachments may have stiffness coefficients greater than those found in
this experimental study. The post-yileld or inelastic stiffness coeffici-
ents are plotted for various &/d ratios in Figure 2.3.10 for the fixed and

pinned end load application. This data indicates that the post-yield
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Figure 2.3.7 Elastic Stiffness Coefficients for (Pinned End) Bar-Insert
Connections, Experimental Results



51

K/d ( kips/in./in. of bar diameter)

A ' LEGEND
- ® WING NUT
A FOUR STRUT
60 ® LOOP
\ ® THIN SLAB
50 ¢
40+ 1
o
-3
-
. 1
301 A
LOAD
20 r
Ot
P 24

Figure 2.3.8 Elastic Stiffness Coefficients for Bar-Insert
Connections without a plate, experimental results.
(Fixed end)



K/d (kips/in./in. of bar diameter)

A

60+
|LEGEND
O Pinned
50 ® riyxed
Note: This plot is a composite

40l P P

of the plots on Figure 4.4.1

and 4.4.72 |
30 ¢
20 -
10 F

.; Lid -

Figure 2.3.9 Comparison Plot of Fixed and Pinned End Elastic
Stiffness Coefficients, Experimental Results



53

K/d (kips/in./in. of bar diameter)

A
®
LEGEND
.80 F PINNED FIXED
O ®  WING NUT
fal A FQUR STRUT
\® ® Lo0p
L
.50 o B THIN SLAB
40t
30¢
20k
A0 F
2 . P L/a
5 20

Figure 2,3.10 Post Yield Stiffness Coefficients for Bar-Insert
Connections without Plate, Experimental Results



stiffness factors are negligible when compared to the elastic range val-
ues, i.e. elastic-perfectly plastic behavior is probably an adequate
idealization.

Similar tests were conducted on the bar-insert comnection with a
steel face plate added. The insert was tack welded to the face plate
and cast in concrete with the plate Qurface flush with the panel surface

as shown in figure 2,3.11,

-
p- ¥}
A L 12" x 12" x (1/2, 3/4, 1") plate
40 Tack welded insert
A
Rebar attached to insert
o 4 s

Figure 2.3,11 Cut away view of Insert with plate panel.

Hole size in the plate is the critical parameter when determining the
effect of the face plate on the stiffness coefficient. If the bar which
is threaded into the insert contacts the hole surface, then the distance
% 1is measured from the plate surface. However, 1f the hole is large
enough that the bar does not contact the hole surface, then the distance

£ 1s measured from the insert itself., The obvious effect of hole size

1s to change the effective length of the bar and thereby alter the stiff-

ness of the connection, depending on the fit of the bar and thickness of
the plate. Throughout the conmnection tests, the concrete surrounding
the individual inserts remained intact and showed no signs of failure.
Some local cracking did occur occaéionally but the integrity of the sys-

tem was not affected. The value of face plating inserts does not lie
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with protecting the concrete. The lack of significant cracking around
the insert during repeated yielding of the bar and the fact that the
stiffness coefficients remain the same indicates that steel face plates
are not necessary. Figure 2,312 ig g plot of the elastic stiffness
coefficients for various 2/d ratios for fixed and pinned end 1oad
application on bar-insert connections with face plate steel. Figure
2.3.13 is a plot of the stiffness coefficients vs. £/d ratios for the
various connections 1oaded-into the inelastic range. The post-vield
stiffness values are again found to be negligible when compared with
the elastic range values. Although there is quite a range of post-yield
values the overall ratio of values is always very low. Other results of
the experimental tests on bar-insert connections cannot easily be listed
in a table or shown on a graph and should be discussed here. The stiff-
ness of the bar-insert connection is affected by several factors that
may be described as construction dependent. These effects are:

1. It was observed that the amount of exposed threads on the
bar after being threaded into the insert affects the stiffness coeffici-
ent by reaucing the.nominal cross sectional area which resists the
bending of the bar. The amount of threads appears to reduce the number
of plastig load cycles the system can tolerate beforg developing a crack.
Note that the only bar to develop a crack was the 1/2 in. size insert
connection after approximately two hundred cycles into the plastic range
(at 2 hz) which had 1/4 in. of thread exposed at the panel side.

2. The stiffness of a bar insert connection can also be reduced
by not matching the thread gauge of the bar to that of the insert. This

phenomenon exists when the bar has a loose fit into the insert.
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3. As specified by the manufactor of inserts, the full strength

of an i{nsert in pullout {is obtained when the bar is threaded into the
ingert within 1/2 in. of the base. Not adhering to this requirement will
also reduce the in~plane stiffness of the bar insert connection system,
although not as much as the first two items will.

4, The yield point of a bar insert connection will increase when
cyclically loaded past the elastic load limit. A yield point of 160
pounds was experieﬁced before any cycles and 244 pounds after 500 cycles
for a 1/2 in. bar-insert connection. This increase in elastic load limit

1s due to strain hardening of the low carbon steel bars.

2,3.4.2 Structural Angle Connections

The stiffness coefficients obtained from testing the various
angles in the welded, slotted, and the bolted configurationsvof fastening
are listed in Table 2.3-3 and shown in Figure 2.3.1 for vertically ap-
plied loads and Table 2.3-4 for horizontally applied loads. The stiff-
ness coefficients for angles are dependent upon the following:

1) the distance from the applied load to the panel surface, ;

2) the thickness of the structural angle, t; and

3) the stiffness of the panel at the attachment point of the

connection,
The welded angles are particularly sensitive to point 3) above in that
thin flexible anchor plates allowed rotation where thick rigid anchor
plates resisted rotation significantly.

It was observed that for the slotted angle connections tested, the
overall performance of the connection system was dependent on the method

of attachment. Tables 2.3-3 and 2,3-4 list the stiffness coefficients



Table 2.

3-3

Stiffness coefficients for structural angles, vertically applied load (lbs/in)

Non~Slotted Angles

+Slotted Structural Angles

*Ingert Insert Only Insert with Plate
: with ‘ Vertical Both Vertical Horizontal Both

Size (in.) Welded Insert Plate Vertical | Horizontal] Tight Loose | and Vertical Tight
Ly x L, x t Bolted Bolted Loose Loose Loose

4 x 6 x 3/8) 70,195 28,586 37,214 15,151 - 22,763 27,964 26,562 31,250
4 x 6 x 1/21 75,721 64,794 74,124 28,782 - 30,625 32,258 29,904 52,083
4 x 6 x 5/81223,671 102,986 § 146,970 45,776 —-— 47,169 | 105,042 93,552 129,533
6 x 8 x 1/2) 71,526 49,586 51,409 40,952 37,513 54,347 40,322 37,878 52,083
{6 x 8 x 3/41131,497 84,667 79,316 62,662 54,704 111,940 88,967 80,906 125,000
*Inserts used with the angle

tests were 3/4 in. ferrule

loop type.

L

*+Slotted angles were used
A-325 bolts for
attachment

3/4 in.

6§



Table 2.3-4 Stiffness coefficients for structural angles;horizdntallyapplied load {(1lbs/in)
Non-Slotted Angles tSlotted Structural Angles
FInsert Insert Only Insert with Plate
with Vertical { Horizontal and Vertical Horizontal Both
Size (in.) Welded |*Insert | Plate Locse Vertical Loose Both Loose and Verticall Tight
L, x L, x t Bolted j Bolted
4 x 6 x 3/8182,052} 214,071} 208,083} 137,751 - 208,333 227,272 62,500 312,500
4 x 6 x 1/2]203,125] 249,416] 312,250} 260,416 58,823 416,666 240,384 67,204 416,666
4 x 6 % 5/8 272,161 374,500{ 356,852} 277,777 167,142 833,333 373,134 142,614 500,000
6 x 8 x 1/2§ 260,260 313,000{ 169,152 94,696 57,471 277,777 390,625 91,028 625,000
& x 8 x 3/4] 301,590 357,785[215,086} 294,117 93,632 357,142 104,602% 42,515% 1178,571%*

*Inserts used with the angle
tests were 3/4 in. ferrule

loop type.

tSlotted angles used 3/4 in.
A-325 bolts for attachment,

09



61

for the various methods of attachments used during the tests.

Slotted angles attached to panels with face plates showed no per-
formance advantage over slotted angles attached to panels without face
plates. The panel slid over both surfaces with equal efficiency provided
the bolts were sufficiently loose (backed off approximately one half turn
from finger tight). 1If, however, the bolts were left finger tight, the
angle tended to bind up and not slide freely from 6ne end of the slot to
the other. The stiffness coefficients listed for slotted angles are
those obtained by loading the angle after the bolts had been broﬁght to
bear on the end of the slotted holes. TDuring the sliding part of the
motion, the angle provides zero stiffness. Figure 2.3.14 illustrates

schematically how the angles moved during this test sequence.

2 s o
4
a
pat
o
4
V-
a
__1)____, Load *_*4F______ Load
Before load is applied After lead is applied

Figure 2.3.14 Loading diagram for slotted structural angles

Having pointed out the calculated results through the two Tables 2,3-3
and 4 and the basic parameters to which the stiffness coefficient of
structural angles are dependent, a brief discussion of some other find-
ings is in order, The following observations which were made during the
test sequence for the various structural angles indicate the aspects of

the connection details which affected the experimentally obtained stiff-



ness coefficients,

1. "Welded" (nonslotted) angles were secured to various sized
steel plates embedded in the concreﬁe specimens. Fillet welds (3/8 in.)
were run only on the vertical edges of the angles as shown in Figure
2.3.1 to secure the angle to the plate. It was observed during the
vertical leading of these angles that the base of the angle would pull
away from the plate remaining attached only at the welded edges. This
accounts for some of the differences between columns 2, 3, and 4 in
Tables 2.3-3 and 2.3-4. The thickness of the embedded plate as pre-
viously stated also contributes to the variance in stiffness coefficients
as compared to those obtained for the angles attached with bolts and
inserts.

2. The stiffness of an angle connection is also dependent upon
the direction of load application. For example, a vertically upward
applied load will give a lower stiffness coefficient than for a verti-
cally downward applied load. The reason for this difference is simply
the geometry of the deglected shape,

3. The stiffness coefficients of the various slotted angles 1is
affected by the aﬁount of clearance between the head of the bolts and
the angle because any additional space allows more rotation. by the angle
and therefore reduces the stiffness.

4, Cyclic load tests were run on the 4 in., x 6 in. x 3/8 in.
welded angles only, because the MTS system used in this project does
not have the necessary load capability to yield 4 in x 6 in. angles
larger than 3/8 in. thick. During these tests there were nb signs of

concrete cracking or welds cracking. In one specimen, it was found that
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some very minor cracks in the concrete occurred due to the flexing of the
anchor plate; however the integrity of the system was maintained through-
out the sequence of loading (2000 cyeles) and the original stiffness of
fhe connection was also maintained.

5. Yield tests were run on the larger angles (greater in size
than the 4 in., x 6 in. x 3/8 in.) using an extender on the horizontal
leg which measured 12 in. x 9 in. x 2 in. thick and increased the
nominal lever arm from 2.5 in. to 10.5 in. This loading sequence showed
that again the post yield stiffness may be assumed neglibible, i.e.
elastic perfectly plastic behavior of the connection is a realistic

idealization.
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2.4 ANALYTICAL STUDY OF THE CONNECTIONS

2.4.1 Structural Analysis of Bar Insert Connections

The bar insert connectién design is often based on the pullout
strength of the insert and the axial loads expected for the connection
body. The emphasis here, however, will be the panel in-plane loading
effects and to determine the stiffness and yield point expected using
theoretical strength of materidls methods and finite element analysis
methods.

The solution presented for the theoretical elastic stiffness, and
the yield point for the bending of a bar insert connection, is based on
the following assumptions:

1. Complete moment fixity at the panel-bar interface.

2., The bar is initially straight.

3. The bar has a constant cross section through the entire length.

4. The cross section is symmetrical about the center line lying
in the plane of bending,
5. The load applied is defined as a point load for the pinned
end configuration and completely fixed (poin& load and point
moment) for the fixed end configuration.
6. Plane sections before bending remain plane after bending.
The bar insert connection loaaing configuration is expressed in the
idealized form in Figure 2,4.1a and b for‘the pinned end fixed end cases,
respectively.

The stiffness X is defined as the ratio of load to displacement
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and has the units of force/length. The theoretical stiffness for a bar-
insert connection that is loaded as shown in figure 2.4.1a 1is found
using elementary strength of materials to be,

3EI

P
K = ] 2.4.1
where P = point load,
§ = deflection at the point of loading due to the point load P.
<L{
PANEL
4 LENGTH L o Structure
A A
A
] .
4 J o Diameter D
Z i
7 )
A
i’ Load P
CASE 1

Figure 2.4,1a, Pinned end load application

z
PANEL < l Structure
A
A N
P4 V\
Vy
: iameter O
A
4 N
g N
1 N
’ T
Load P

- CASE 1I

Figure 2.4.1b. TFixed end load application.



The theoretical stiffness for the double fixed configuration

shown in Figure 2 4.1t 1s found using a similar strength of materials
approach, to be,

K =

o)

12FI
=47 2.4.,2

The moment acting on a beam may be written as

I
m = GE = GwE

where Wig is defined as the elastic section modulus. Figure 2.4.2
depicts a typlcal stress strain relationship for the bending of beams
made from mild steel. Below the yield point the stress distribution is
linear and the relationship is defined as E, modulus.of elasticity. At
the point in loading when oy, the yield point value, is reached, the
linear distribution is no longer valid. The yield point moment value
is defined as

=0, v 2.4.3

For the two loading situations being discussed here, the yield point load

1s then
Byp . Jy'E
Case I Pyp =1 =7 2.4.4
Case II P = °Mm 20, wp 2.4.5

3 >E

Figure 2.4.2 Stress strain relationship during the elastic plastic
bending of beams.
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For the loading Cases I and II, the load which produces a fully

plastic stress strain relationship in the bending of the bar is for

Case I
m g w
P P
IR e 2.,4.6
and Case 11
2m 20 w
P, LE = {P 2.4.7

where wp is the plastic section modulus. The equations given for the
plastic load limits Pp may also be written as a function of the elastic

load limit Py and the shape factor w. The shape factor is defined as the

4 = 2.4-8

pfiuz

and turns out to be equal to 1.7 for beams of circular cross section.

2.4.2 Structural Analysis of Structural Angle Connections

The analysis of bending for the structural angles tested during
the experimental study is based on the following assumptions:
1. The load application may be idealized as a line load at a
distance L from the base of the angle.
2. Ccmplecé fixity is obtained by whatever attachment method is
used between the panel and the angle.
3. Neglect the Poisson effect in the plane normal to the bending
plane,
The three methods of attachments to the concrete specimens for the angle
tests were:
1. Weld each vertical edge of the longest leg to an anchored base

plate. See Photo 2.3.4,
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.

Fully tightened 3/4 in. A325 bolts into ferrule loop inserts
with the angle bearing on either concrete or steel.
3. Slotted holes with 3/4 in. A325 bolts and ferrule loop inserts
with the angle bearing on either concrete or steel,
Figures 2.4.3a, b, and ¢ illustrate the idealized configuration of each
attachment method and are the basis for the following analysis.

Equation 2.4.1 for a fully fixed cantilever bar insert

3E1
K = =7 2.4.9

also applies to the fully fixed cantilever idealization shown in Figures
2.4.3a and c. The moment of inertia I for the horizontal leg Ll of the
~angle may be calculated as

I P
I = 5bt?, 2.4.10

where b is the width of the angle and t is the thickness. The moment
arm L1 is defined as the distance from the point of load application to
the point of maximum stress, It is assumed here that the point of mini-
mum ¢ross section where the maximum bending stress occurs, i.e., a dis-
tance k (tabulated in the AISC Steel Construction Manual) from the base
of the angle. The stiffness coefficient for either a welded angle or a

bolted angle loaded in the downward direction can be writtem as,

P _ Ebt .
) 413 2.4.11

K =
where P is defined as a line load and K is the stiffness angle.
The stiffness for a bolted angle loaded wvertically up is not
described by eduation 2.4.9 The moment induced by the load P shown in

Figure 2.4.3b causes rotation at the base of the angle and also at the

location of the hold down bolts. Therefore, the load displacement rela-
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Figure 2.4.3a. Idealized angle load application (welded).
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Figure 2.4.3b, Idealized angle load application (bolted).
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Figure 2.4.3c. Idealized angle load application (bolted with load dowm).
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tionship will be dependent on the total movement of the anéle. Figure
2.4.4 illustrates the kinematics used to obtain the stiffness equation
- characteristic for this type of loading. The deflection induced in leg
Ll induced by load P can be described mathematically for the configura-

tion shown in Figure 2.4.3aas

_ PL
§p=_11 2.4.12
3EI
The deflection at point € can be calculated to be
PL.L, L PL.L.Z
- 12,2 _ 172 2.4.13
52" ( EI )(2) T 2RI
and the rotation at point C to be
PL. L.
6 = L2 : 2.4.14
C EI
For small displacements
§3 = GCLl 2.4.15

Therefore, the total deflection of point B due to a load P is

A e W W 2.4.16
"total 1 3 3EL EL
and the stiffness coefficient is
kP EL
8 El3+ L12L2 2.4.17
3
bt ’
where 1 = 17

The analysis of the load displacement relationship for slotted
angles is complicated by the fact that the angles are not held fast to
the panel and wmovement 1is not resisted until the full travel of the slot

is used, The values for L1 and L2 depend on the length and position of
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Figure 2.4.4 Idealized angle load-displacement

the slots. It must be stated here that the elementary strength of mater-

ials and structural analysis approach used to predict the behavior of

structural angles under the prescribed loading situations does have 1limi-

tations. These limitations are due to the assumptions made in order to
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keep the analysis on a simplistic level. There are several aspects of
the actual connection construction that are not included in the model for
analysis which also affect the predicted theoretical stiffness. They are,

1. The face plate steel used to anchor the welded angles is not
rigid as was assumed for analysis purposes.

2. The moment arm Ll does not act exactly like a fully fixed
cantilever beam, therefore it is not as stiff as is predicted
theoretically.

3. The central portion of the angle has two holes drilled in it
which tends to increase the flexibility of the system.

4. The bolts used to secure the angle to both the panel and the
structure have a certain flexibility which will contribute
to the overall flexibility of the connection system. The
elongation of the bolts changes the geometry of deformation
of the connection system, and reduces the system stiffness.
This effect is not considered during the theoretical solution
due to the assumed fixity at the bolt attachments.

5. Those angles welded to the face plate of the panel are done so
only at the vertical edges of the angle. This form of attach-
mént allows the base of the angle to move away from the plate
during upward loading. This also increases the flexibility
of the connection system, and is not accounted for in the
simplistic structural analysis models described earlier.

Table 7,4-1 1s presented here as a summary of the equations used

to theoretically obtain the stiffness coefficients and the yield point

values for the connections tested experimentally. Note that for slotted



angles the equations used for bolted angles loaded up; apply with an

appropriate L2 value substituted.

Table 2,4~1 Elastic Stiffness Coefficient and Elastic Load Limit

Equation Summary

Flastic Load Limit

Connection Type Stiffness K Yield Point,
Bar Insert Pinned 3JET W
3 gy E
L —_—
L
. ‘ ‘ 12ET 2 W
Bar Insert Fixed -7 G% E
' 3 W
Welded Angle Load \'2 i v
g ed Vertical Up Ebt Jy E
41 ° L
1 1
Ebt? gy E
Welded Angle Loaded Vertically Down -3 e
41,3 L
1 1
EL wE
Slotted or Bolted Angle Loaded S AT QXL—'
Yertically Up 1L+ 71 72 1
3
Ebt? g
Slotted of Bolted Angle Loaded WLT g1i~
Vertically Down 1 1

2.4.3Finite Element Analysis for Structural Angle Coqnections

In order to efficiently analyze a structural angle connection while
incorporating as many actual boundary conditions as possible and obtaining
the most realistic solution it is necessary to use a computer solution.
A brief discussion will follow on the SAP IV, computer analysis runs which
were made for each of the welded angles loaded vertically upward, and

each of the bolted angles loaded in a similar manner. Using the SAP IV
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program, it is possible to achieve solutions for the stiffnesses which

m@re closely approximate what was obtained during the experimental study

of the connections.

Figure 2.4.5 and6é are the finite element models of the welded
angle commection and the bolted angle connection respectively. The as-
sumption used to model the experimental loading situations are:

1. When a node is located at a weld it is considered fixed in

all directions.

2. When a node is located at a bolt position it is considered
fixed in all directions.

3. Those nodes which are located at the bearing surface of the
angle to panel contact are not fixed during the first computer
run. Those are nodes 1, 2, 3, 4, 5, 6, and 10, During the

second run those nodes were fixed in the x direction to simu-
late the bearing surface of the panel and angle,

4. All loads are assumed to be line loads and applied as concen-
trated loaas at the five nodes across the base leg of the
angle.

5. A plate-thin shell element was used in order to effectively
model the thickness of the angles.

The results of the finite element analysis are discussed in sec-

tion 2.4.4.2

2.4.4 Results of the Analytical Study

The theoretical results of this study are presented in three sec-—
tions. The first contains the calculated stiffness coefficients and

yield points for the bar insert connections, the second deals with the
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Figure 2.4.6 Finite Element Model for Bolted -
. Fixed Node-
Structural Angle Connection 411 directions

Figureo 4 5 Finite Element Model for kdge Welded Structural
Angle Connection



calculated stiffness coefficients and yield points for the structural
angle connections, and the third section contains a brief discussion on

the energy dissipation values obtainable for the bar insert connections.

2.4.4.1 Bar Insert Connections

The stiffness coefficients for the various sizes and lengths of
the bar-~insert connections tested are assembled in Table 2.4-2, These
values are calculated using the equations developed in Section 2.4.1 and are
valid only in the elastic range of the stress strain curve for the par-
ticular connection considered. The linear relationship between load and
displacement 1is inter?upted between the elastic load limit Pyp and the

plastic load limit P Between these two limits there is a short transi-

P
tion curve and the relationship is again linear after the plastic load
limit is obtained. Figure2.4.7 depicts the typical load displacement
relationship described here.

The value of the elastic load limit is dependent on the yield
strength of the steel used in the connection and the elastic section
modulus which is determined by the shape of the comnection. The shape
of the curve between the elastic and plastic load limits is found empiri-
cally by direct lab testing. Table 2.4-3 lists the calculated values of
the elastic load limit and plastic load liwmits for the pinned end and
fixed end load applications. The yield strength for the 1 018 steel bars
used in the experimental study is taken to be 40,000 psi for hot rolled
and 70,000 psi for cold rolled.

Figure 2.4.8 1s provided here to show the general theoretical

relationship for %/d of the bar insert connection and the normalized

étiffness value X/D. This plot will be used in Section 2,5,1 in comparison
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Table 2.4-2 Elastic stiffness coefficlents, calculated theoretically for

bar insert connections using Table 5.2-1.

© Bar

2 3" s 7" 9"
Pinned End Configuration
o1/ 9,988 2,157 786 369
3/4" 49,944 10,788 3,931 1,849
e 158,211 34,173 12,453 5,859
Fixed End Configuration
1/2" 39,955 8,630 3,145 1,479
3/4" 199,777 43,152 15,725 7,399
" 632,844 136,694 49,815 23,438

with the experimental results.
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Figure 2.4.8.Elastic Stiffness Coefficients for Bar-Insert

Connections without a plate, Theoretical Results
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Table 2.4-3 Theoretical elastic load limit and plastic load limit, for

bar insert connections.

o

2’ 1/2H 3/4"
PE Pp PE PP PE Pp
Pinned End
9" 55 93 184 313 436 742
™70 119 236 402 560 954
5° 98 167 331 564 785 1,336
" 164 279 552 940 1,309 2,226
Fixed End
9" 110 186 168 626 872 1,584
140 238 472 804 1,120 1,908
5" 196 334 662 1,128 1,570 2,672
" 128 558 1,104 1,880 2,618 4,452
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2.4.4,2 Structural Angle Connections

The stiffness coefficients for the various structural angles were
obtained by using the formulations described in Section 2.4.2 and the
finite analysis method described in Section2.4.3. The stiffnesses were
obtained by averaging the results of loading nodes 21 through 25 for the
computer generated solution. Table 2.4-4 1lists the values obtained from
classical structural analysis. Tables 2.4-5a and 2.4-5b 1ist the
values obtained for two runs of the finite element program. The first
run indicated nodes at the bearing surface of the angle (Nodes 1-10) re-
quired fixing in the x direction, The results of the classical method
and the second run of the computer analysis are plotted on Figure 2.4.9

It should be noted that throughout this study, all of the results

listed in tables or plotted on graphs represent solutions for a struc-

tural angle connection 9 in. wide. This was done so that direct correla-

tions can be made between the experimental and theoretical re5ult$.
The elastic load limit of a structural angle loaded vertically

downward is written mathematically as

P = —Z——E’ 2-4-18
yp L
bt?
where Vg T T - The plastic load limit is written as
ag wE
p = L 2.4.19
P L
2
where wp = E%~ » The moment arm length (L) depends on the mode of attach~

ment and the direction of the load. Table 2.4-6 lists the calculated
values of Pyp for each angle tested experimentally, WNote that the ratio
of plastic load limit to elastic load limit is equal to 1.5 in the case
of structural angles. Table 2.4-5 may be used to obtain the plastic load

limit by multiplying the P figure by the shape factor 1.5.

yP
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Table 2.4-4% Theoretical elastic stiffness coefficients for structural angles, as calculated using
Table 5.2-1 classical structural analysis.
Case 1T Case 11 Case 1I1
Welded Bolted Slotred
_ Loaded Upward Loaded Upwaxd Loaded Upward

Angle Ly | L, ) Ly Ly
(in. x in. x in.) (in.) | k (kips/in) (in.) | (in.) k (kips/in) (in.) | (in.) k (kips/in)
4 x 6 x 3/8 3.5 80.25 2.3125 3.5 126,75 3.5 |L.562 34.25
4 x 6 x 1/2 3.5 190.23 2.250 3.5 64.75 3.5 |1.500 83.25
4 x 6 x 5/8 3.5 371.50 2.187 3.5 129.25 3.5 [1.437 166.50
6 x 8 x 1/2 4.5 89.50 3.250 4.5 28.25 4.0 2.000 51.00
6 x 8 x 3/4 4.5 302.00 3.125 4.5 97.75 4.0 11.875 178.75

hv
Crzz

—
™~

N

Case‘III

18
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Figure 2.4.9 Elastic Stiffness Coefficients for Structural Angle Connections
{ Classical Theoretical Results)
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Table 2. 4-5;. Theoretical elastic stiffness coefficients as calculated
using finite element analysis (first computer run).

Welded Bolted
Angle Loaded Vertically Upward Loaded Vertieally Upward
(in. x in. x in. Ll (iﬂ-)‘ % (kips/in.) L1 (in.) k(kips/in.)
4 x 6 x 3/8 3.5 57.14 3.5 31.30
4x 6 x 1/2 3.5 134.50 3.5 74.14
4 x 6 x 5/8 3.5 260.67 3.5 144,65
6x 8 x1/2 4.5 71.20 4.5 32.32
6 x 8 x 3/4 4.5 237.69 4.5 108.91

Table 2.4-5b, Theoretical elastic stiffness coefficients as calculated
using finite element analysis (second computer run).

Welded Bolted
Angle Loaded Vertically Upward Loaded Vertically Upward
(in. x Iin. x in.)YL, (in.) ,
1 k(kips/in.) Ll (in.) k(kips/in.)

4x 6 x 3/8 3.5 66.439 3.5 31.974

b x 6 x 1/2 3.5 153.950 3.5 75.725
4x 6 x 5/8 3.5 293.530 3.5 147,742
6x 8 x1/2 4,5 76,297 4.5 32.69

6 x 8 x 3/4 4,5 252.224 4,5 110.188
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Table 2.4-6. Elastic load limit for structural angle connections (theo-
retical) (Oy = 36 ksi).

Case 1 Case IT Case III
Angle ‘ Fyp g Pyp ¢ Pyp g
(in. % in. x in.X(in.) 1(1bs.) [{in.) (ibs.X¥(in.) (ibs.)] 'E P
Lx 6 x 3/8 2.625 2,892 |3.5 2,169 | 3.5| 2,169 .2109 L3164
4 x 6 x 1/2 2.500 5,400 3.5 3,857 ¢ 3.5 3,857} .3750 . 5625
4 x 6 x 5/8 2,375 9,973 3.5 (6,768 | 3.5 6,768 ,6580 .9875
6 x 8 x 1/2 3.500 {3,857 (4.5 5,264 | 4.0 3,375| .3750 .5625
6 x 8 x 3/4 3.250 9,349 4.5 6,752 | 4.0 7,596 .8440 ¢ 1.2660

2.4,5 Energy Dissipation Characteristics

The total strain energy of a panel connection system may be con-—
ceptualized as shown in Figure 2.4.10 as simply the area under the load-
deflection curve. The area under the portion of the linear representation
(that area which is lightly shaded on Figur92.4-9 }, below the elastic
load 1imit.pE 1s the elastic energy, and is equivalent to half the poten-

tial of the applied loading, i.e.

UE = % pEd 2.4.20
where Py = load in the elastic rangé
d = deflection caused by the load P and U hag the units force-
length.

Equation 2.4.20 can be written as

|
g =35/

dx 2,4.,21
for the Internal elastic strain energy for the bending of a beam element

where the axial and shear energy are small compared to the bending energy.

The load displacement curve is nen-linear from the elastic load limit to
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Figure‘2,4_10 Energy dissipated and recovered.

the plastic load limit; therefore, it would be necessary to describe
this curve mathematically, and to integrate according to equation 2,4,20
_1in order to find the total energy. The load displacement curve may be
idealized by assuming an elastic perfectly plastic relaticnship as shown
in Figure 2.4.11. This assumption was shown to be valid during the ex-
perimental study of the connection assemblies, i.e., the post-yield
stiffness for each connection was found to be very low compared to the
elastic stiffness.

The assumed elastoplastic force deflection curve is then easily
analyzed in order to achieve the various energy dissipation values for
the connection systems studied in the experimental section. The total
energy dissipation, therefore, for an elastic-perfectly plastic response
is

U aissipated = P (D. - D) 2.4.21
° p £ p’ T

where Dp is the deflection cause by the initial Pp loading and where

Df is the final deflection obtained during the loading sequence. All
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Table 2.4-7., Energy dissipation equations.
Bar Insert Connections
Pinned Fixed
O w 20 w
2, = Ji«P—Z P,= 3
3ET 12EI
k = 13 k = L3
p L} L3
D = EL D = P
P T3ET P = 17T
w L2 , O w L’
D =+ ¥PB D = -2 LP__
P 3 ET P 12 ET
Udissipated - Pp(Df - Dp) Odissipated = Pp(Df - Dp
0w lch2 g w lcher2
Bg=T g3 5 Oq = (De-% 21 )
If D <<<D. the If D <<<D_ then
P £ P f
szE . 20 w
g = ¢ P O = —LP o,

Structural Angle Connections

Pinned at Structure

g w
Bg =~ D¢

(1f Dp<<< Df)

Fixed at Structure
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of the energy stored during the elastic deformation is by definitien
recoverable and, therefore, not dissipated.

The load necessary to produce plastic deformation in the fixed
angle supports is extremely high and not likely to occur even under
severe selsmic loading. Table 2.4-7 produces the equations which identify
the specific energy dissipation value for the connection configurations
tested experimentally. The energy dissipated by a connection depends on
the amount of deformation during which the connection experiences loads
greater than the plastic load limit. The duration and magnitude of a
seismically induced load on a curtain wall panel and the connectiohs is
found by analysis of the earthquake parameters for the specific building
and panels in question.

This approach is very complex and not necessary for the writing
of this éaper. However, a simplistic approach using code requirements
UBC,(1979,for panel design regarding accommodations for interstory drift
will be used to identify the energy dissipation characteristics of a
specific panel. The assumption used for analysis will be that an
earthquake of moderate strength would produce approximately .25 g ac-~
celeratiens on the structure and 1% interstory drift and for a severe
earthquake approximately 37% interstory drift. Therefore, the standard
story height of 12 feet produces a drift from 1.44 in. to 4.32 in. for
the assumed earthquake range. The elastic energy of a typlcal bar insert
connection is small when compared to the total energy of the system
when referring to interstory drifts raﬁging from approximately 1 in. to
5 in. Figure 2.4.12 illustrates this point by plotting the values ob-

tained when applying the equations for Udissipated from Table 2.4-7, i.e.,
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g w 1 g w L )
5 = LBy Lt ¥ P
“d L f 3 EI

for the pinned end bar insert connection system. MNote that the energy
dissipation for a fixed end bar insert connection is twice that of a
pinned end system. Also note that the second term of the expression
within the parentheses is the elastic energy recovered during the cycle.
Ignoring this term if Dp <<< Df and taking the energy dissipation for a
connectlon system as the product of the interstory drift times the plastic
load limit 1is a valid approach for obtaining a realistic solution. The
energy dissipation characteristics fo? bar insert connections and'long—
legged thin (1/2 in. or less) structural angles is therefore identified
as the plastic load limit of the connection times the iInterstory drift
at the panel stery. For those structural angles which are thicker than
1/2 in, and are relatively short-legged, the elastic energy is signifi-

cant and must be subtracted from the total energy for accurate dissipa-

tion values.
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2.5 COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS

2.5.1Bar Insert Connections

The discussion on the comparison of the experimental and analyti-
cal results is presented for each of the three basic'types of connections
studied; the bar insert connection, the slotted structural angles, and
the fixed support (welded or bolted) structural angles. The idealizations
used in the analysis of the connections (Sections 2.4.1, 2.4.2, and 2.4.3)
obvicusly do not exist in reality and mathematical correlations must be
identified in order to apply experimental results to future design
situations. The comparison for bar inserts 1is based on the fixity ob-
tained by the connection at the point of attachment at the panel and at
the structural framework. Figure 2.5.1 illustrates the comparison of the
experimental results and the analytical results for a bar insert connec-
tion with regard to stiffness for various 2%/d ratios. The solid line
plots are for those X values found theoretically assuming moment fixity
for the fixed-end load application and zero moment fixity for the pinned
end load application at the point of loading. The values obtained for
bar-insert stiffnesses for the experimental study are probably those
values which can be expected to occur in a panel connection system., The
effect of the degree of fixity, therefore, can be seen as a function of
the necessary %/d of the bar insert to obtain a desired stiffness coeffi-~
clent for the connection system. The reason for the difference between
the theoretical solution and the experimental is that the assumptions

used in the analytical study do not account for the various construction
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factors (as discussed in Seetion 2.3) which increases the flexibility of
the connection system. The finite element approach to analyzing the
connection allows the investigator the ability of very carcful modeling
techniques in order to achieve values for the stiffness coefficients
which are very close to those which can be obtained experimentally. This
type of analysis is not necessary for bar insert connections generally,
because of the simplicity of the system, i.e., single or double canti-
levers. However, should a bar insert system be used in combination with
other flexible connection plates or angles, a detailed analysis using
finite element programs will give results that can be used directly with-
out the use of a correction facter. Whichever method is used for pre-
dicting the stiffness coefficient of a bar insert connection system, it
remalns a matter of engineering judgment as to the exact value to use for
design purposes.

The elastic.load limit for bar insert connections tested experi-
mentally are listed with the theoretical yield points in Table 2.5-1
for comparative purposes. The elastic load limit found experimentally is
reasonably close to that which is predicted theoretically, which indi-
cates a direct correlation exists and calculated values do not need
adjustment for use in designing panel connections. The elastic and plas-
tic load limits are obtained theoretically using the assumptions set
forth in Section 2.4 of this paper. Those assumptions hold true for pure

bending.
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Figure 2.5.1 Elastic Stiffness Coefficients (presented for

comparison) for both Experimental and Theoretical
Results for Bar-Insert Connections



Table 2.5-1. Elastic load limirs. (oy = 60,000)

Pinned Fixed
Bar Insert Length 2| Exp. Theor. Length £ | Exp. Theor.
Size in. 1bs. 1bs. in. ibs. 1bs,
/2" 7 105.5 | 105.4 9 163 164
3/4" 7 362.5 | 354.0 9 610 552
I 9 610.0 | 654.0 9 1,672 {1,309

2.5.2 Structural Angle Connections, Fixed

The stiffnesses for the structural angle support counnections
(those welded securely to the panel and bolted to:the actuator) are
plotted vs. their &/t ratio in Figure 2.5.2 for the loading situation
‘described in the top right cormer of the Figure. Table2.3-3 and 2,4-4
.list the plotted values for the experimental and theoretical results,
respectively. The plot on Figure 2.5.2 incorporates values obtained
from,

1) The theoretical solution as described in section 2.4.2

2) The finite element solution as described in section 2.4.3

3) The experimental results as they were obtained in the lab as

described in Section 2.3

Note that the values obtained in all three circumstances plot out with
the characteristic inverse cubic shaped curve. This verifiles the accu-
racy of eacﬁ method for the determination of the stiffness factors, and
aids in the process of comparing methodology and results. Obviously,
each experimental result is a good prediction of the performance of that

specific counection system when used in exactly the same form on a con-
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structed structure. The next best tool for predicting the stiffness for
structural angles used as panel connectofs is the use of the computer

and finite element analysis methods. As shown on Figure 2.5.2 for welded
angles and Figure 2.5,3for bolted angles the experimental and finite
element analytical curves are shaped similar to those found experimen-
tally. This again indicates the accuracy of the analytical approach even
though exact correlaticns have not been obtained. Table 2.5-2 is a
composite of the values obtained experimentally and those found using the
finite element analysis method.

Table 2.5-2. Experimental and finite element results for the stiffness
coefficient of structural angles.

Welded Bolted

Experimental F.E.M. Experimental F.E.M.
Angle Size K (1bs/in) K {1lbs/in) ¥ (1bs/in) K (1lbs/in)
4 x 6 x 3/8 70,195 57,142 28,586 31,306
4 x 6 x 1/2 75,721 134,485 64,7934 74,142
4 x 6 x 5/8 223,671 260,669 102,986 144,656
6 x 8 x 1/2 71,526 71,194 49,586 32,327
6 x 8 x 3/4 131,497 237,690 84,667 108,916

Note the value for the stiffness coefficients of the 4 x 6 x 3/8 welded
angle 1s obvicusly quite high for the experimental results when compared
to the rest of the angles tested., This particular test result is too far
off to be used, it 1s not feasible in this case for the experimental
result to be higher than the calculated theoretical result. The same

argument holds true for the 6 x 8 x 1/2 bolted angle results.
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The model used for the finite element analysis was simplistic and
a vast dissimilarity exiéts between the experimental results and those
calculated in Sectiomn 2.4. The reasons for such variances lie with the
complicated nature of the structural angle connection, and the very
simplistic assumptions used to analyze the stiffness characteristics.
For example, the torque on the bolts, the anchors for the inserts, and
the inserts themselves are not modeled in any of the analytical studies,
which accounts for part of the dissimilarity. The object of comparing
the theoretical results and experimental results in this manner is to
give the reader a basis with which to proceed for predicting stiffness
values of connections which were not tested during the study. Further
discussion of this will be presented in Section 2.6 of this paper.

There are other observations about the comparisén of the finite
element analytical results, and experimental results that warrang addi-
tional comment. The deflection shapes witnessed by the investigator
during the experimental testing of welded angles were simulated by the
finite element run. Tﬁe bage of the analytical model pulled away from
the anchqr plate at the center line of the angle base in the same manner
as did the lab tested angle. The output for the anhalytical run on the
bolted angle connection also verified the investigator's experimental
observation that the bolted angles showed translation at the base of the
angle (nodes 11-15) and rotation at the angle corner (also nodes 11-15).

During that portion of the experimental study in which the angles
were loaded past their elastic load limilt 1t was noted where each connec-
tion formed the plastic zone., The analytical results from the Sap IV

runs indicated that elements 5-8 experience the highest membrane stresses
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and bending moments for bolted structural angles and elements 9-12 for
welded structural angles, The plastic zones identified during the exper-
imental study are in agreement with those found using Sap 1IV.

The structural angles were loaded horizontally (see Table 2.3-%
for the experimental results) to identify the stiffness properties in
that direction. The stiffness and yield point for angles loaded later-
ally is so high compared to the expected earthquake induced loads that
for analysis purposes complete rigidity may be assumed for the standard
structural angles. For example, a 10,000 1b panel experiencing .4 g
accelerations due to earthquake activity would induce only 2,000 lbs of
lateral force in each of the two base support angles. (See Sessa, 1980)
The stiffness factors for the angles tested ranged from 150,000 1lbs/in.
to 300,000 lbs/in. approximately, which indicates between .0133 in. and
.0066 in. deflection would occur as a result of the lateral loads on the
support angles. In general, the critical design parameter for lateral
loads on an angle support is the shearing resistance of the hold down

bolts.

2.5.3 Structural Angle Connectiocns, Slotted

The stiffness coefficients obtained experimentally and those ob-
tained through calculations using the structural analysis approach out-
lined in Section 2.4.2 are compiled here in Table 2.5-3 for comparison.
The values obtained theoretically are within 30% of those cobtained experi-
mentally and can be used for predicting connection behavior. The stiff-
ness values obtained theoretically are higher than the experimental
values because the actual connection has several construction character-

istics (as discussed in Section 2.3.4.2) which introduce increased flexi-



Table 2.5-3. Stiffness coefficients for the slotted angle connections (loaded vertically upward)

Connect ion Experimentally Obtained Values (lbs/in) ' Theoretical Values
Slotted Structural Anples Slotted
Insert Only Insert with Plate Loaded Vertically Up
Vertical & » Vertical & .
Size Vertical [Horizontal Both Vertical [Horizontal Both ) 21 Qz K (Kins/inl)'
(in. x in. = in.}l Loose Loose Tight Loose l.oose Tight o p* )
4 x 6 x 3/8 15,151 - 22,763 27,964 26,562 31,250 3.5 11.562 34,25
4 x 6 x 1/2 28,782 —— 30,625 32,258 29,904 52,083 3.5 {1.500 83.25
4 x 6 x 5/8 45,776 - 47,169 105,042 33,552 129,533 3.5 {1.437 166.50
6 x 8 x 1/2 40,952 37,513 54,347 40,322 37,878 52,083 4.0 2.000 51.00
16 % 8 x 3/4. 62,662 54,704 111,940 88,967 80,906 125,000 4.0 11.875 178.00

001



bility in the system., The reason for using slotted angles is to dissoci-
ate the structure from the panel during a seismic loading situation by
allowing the structure to move without introducing forces to the panel.
The study has shown that as the structure moves, and the bolts subse-
quently move within the slotted holes of the angle, no load is induced to
the panel or the connection. This changes however if the intérstory
drift of the structure is large enough to overcome the amount of movement
which the slot length is designed to accomodate, 1In tﬁat case the étiff-
ness of the slotted angle conﬁection becomes critical due to the high
loads which the angle will withstand, and éubsequently transfer to the
panel itself. 1If the seismic event is a magnitude greater than or equal
to an interstory drift which causes more movement than the slotted angle
can accomodate the slot bolts will be subjected to repeated impacts from
the angle as the building displaces.

The high stiffness obtained for these connections indicates that
very little additional displacement will be allowed when the bolt reaches
the end of the slotted hole. This implies the need for careful analysis
of the bullding response during seismic activity, increasing the stress
in the angles, the connecfion bolts and insert strength, and the abiliry
of the panel itself to withstand these transferred logds. Further

discussion on this subject is taken up in Section 2.6.
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2.6 IMPLICATIONS FOR CONNECTION DESTIGH

2.6.1 Connection Design Implications

The design of structural angle connections used as supports for
the panels is based on the expected loads and the geometric properties
of the system.' The information obtained from this study indicates that
the angles are extremely stiff and allow little movement of the panel
relative to the support attachments on the structural framework. The
controlling design criteria for these angles is the critical load induced
laterally during an earthquake., The angle designed to sustain these
loads will usually meet the stiffness requirements to restrain lateral
movements of the panel due to the lateral leoads. The high strength and
stiffness for the common support angles may have an effect on the stiff-
ness of the structural framework at the point of attachment. The deep
wide flange sections used as spandral beams, which are often oversized in
order to accomodate the panels and their attachment requirements (as
shown on the drawings listed in Table 2.1-1) and the integration of the
composite floor construction produce a very rigid fioor section upon
which the precast panel would have little effect regarding additional
stiffness. However, for those systems which employ nominal framing for
carrying curtain wall panels, the stiffness added by the panel support
connections may be very significant. TFor this type of papel system the
design of the support connections is still controlled by the necessary
load carrying capacity but close attention to the stiffness properties of

the beam-panel system would allow the designer to make efficient use of
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the strﬁctural framing steel, Note that ATC-3 does not alleow connectors
to be relied upon for added stiffness. The current design procedure for
obtaining the moment capacity of structural angles (as discussed in Appen-
dix A) 1s adequate for the needs of most precast panel systems.

The experimental study was limited to several represcntative types
of structural support connectiens., A designer wishing to obtain a stiff-
" ness coefficient‘for a specific connection design not tested experimen-
tally may find assistance from the comparisons made in se;tion 6 of this
paper between experimental values énd theoretical values. Using the
techniques employed by the author and applying a correction factor based
on the results of this study and sound engineering judgment, would enable
the designer to closely predict the stiffness coefficient of his connec-
tion design,

The design of flexible connections used to accommodate the inter-
story drift caused by the accelerations due to seismic activity is often
controlled by the shear and tension applied to the connection. The
critical load which determines the size of the bar-insert connection is
the tension or pull out force. The size of the bar then determines‘the
unbraced length of the bar necessary to produce the desired flexibility
for accommodating interstory drift. 'A check 1is made to determine if the
unbraced length will inhibit buckling of the bar used as }he connector
body under the expected ﬁormal loads to the panel. The length of the bar
is selected to allpw maximum flexibility in the lateral direction without
sacrificing axial strength to resist buckling. The use of Figure 2,65 1
gives the designer the ability to estimate the flexibility of a bar

insert connection for the controlling values of 2/d.
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There are situations when the desired flexibility is more than
can be obtained with a bar insert conﬁection due to geometric constraints
or excessive normal loads due to wind, for ekample. In these cases, the
use of slottéd connections may be the best answer. The normal loads on
the panel can be easily sustained with structural angles as shown in the
experimental results of this study. The interstory drift may be accom-
modated by silzing the slots such that frame travel is less than one-half
the slot length., The interstory drift problem may be alleviated by the
use of horizonral slots only if care is taken in both design and construc-
tion to ensure free travel of the bolts through the slots. Vertical
displacement due to the drift may be accommodated by vertically oriented
slots. The slotted angle connection does not provide a mechanism for
energy dissipation whereas the flexible bar insert connection does. This
may be of little consequence when compared to the amount of energy
induced by the ground accelerations for Buildings with high natural
frequencies, but for highrise structures with thousands of panels, the
dissipated energy may be a significant contribution in the building
response to seismic activity.

That portion of the study which investigated the dissociative type
of connections, slotted angles and bar-insert connections, 1s of particu-
lar importance to the designers who choose panels which utilize those
types of connections. éeveral observations which were made in the body
of the text of this report are listed here to reemphasize the point for
the designer. | |

1. A flexible bar-insert connection has a low elastic load limit,

and a low stiffness coefficient. This low-stiffness coefficient allows
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the framework to experience severe interstory drift without 1inducing
large loads to the panel, and those loads wﬂich are induced are not
going to cause any damage to the concrete of the precast panel (which has
a EC 2 5000 usually) or to the insert itself. Tt should also be noted
that a steel face plate at the panel surface is not necessary to protect
the concrete surface.

2. Slotted angles are extremely effective for dissociating the
panel from the structure as long as the slots are lined up so the bolts
travel smocthly through them. It is absolutely necessary to ensure that
quality construction is maintained during the erection process so that
the pfoper low friction washers are installed, and the bolts are cor-
rectly placed to ensure smooth travel. If the bolts become bound with
the angle, the panel and spandral beam will experience severe loadings
due to the high stiffness coefficients of the commonly used structural
angles

3. The use of anchor piates and welded angles for bearing support
connections is an acceptable method provided the welds used are adequate.
The welded angle anchor plate system performed very well during the
cyclic tests in the lab, and it can be expected to do so in the field
provided quality construction is maintained,

4. The use of slotted conﬁections must be predicated on an accu-~
rate dynamic respounse énalysis of the entire structure for seismic
activity. Should a slotted connection be used and a seismic event occur.
which has a magnitude sufficient to cause an ianterstory drift larger than
the slots of the connection can accommodate, then severe impact loads are
going to be put on the connection systém, the panel and the spandral beam.

This reduirement, as well as the need for very close coustruction inspec-
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tion indicates that the slotted angle is not aé simple an answer to the
connection design problem as is the flexible bar insert system.

5. The performance of the bar-insert flexible connection is
dependent upon seyeral construction aspects (as discussed in section
2.3.4.10f this paper) which require careful inspections tc ensure proper
installation. Faulty welds, loose nuts, lack of washers and poor align-
ment are all construction items which can drastically alter the perfor-
mance of a bar insert connectlon and even {in this investigator's opinion)

increase the possibility of catastrophic failure of the panel connection.

2.6.2 Safety Concerns

The safety concerns which were raised during discussions with
members of the curtain wall panel industry (designers and fabricators)
were!

1. brittle fracture of a flexible connection at the panel inter-
face gfter a limited number of load reversals due to earth-
quake activity,

2. slotted angles rendered ineffective by movement of the
strﬁctural framework that does not return to original orienta-
tion, i.e., bolt no longer centered in the slot after an
earthquake,

3. slotted connections not properly aligned during construction.

4. welded connections lacking ductilicy.

During tﬁe limited cyclic loading sequence of thils study several
bar insert connections and structural angle (welded type only) connec-
tions were tested and none of these experienced any signs of brittle

fracture, The one bar which did develop a crack was not properly
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tightened into the insert., More tests are nccessary in cyclic loading
before a definitive statement can be made. MHowever, it is the opinion of
this investigator that even though moderate earthquakes are going to
cause the loads necessary fo yield the rods used in flexible connections,
brittle fracture of the bars is unlikely unless thousands of repeated
yieldings occur. Also it is much more disconcerting to the investigator
that poor quality control during the construcgion phase of placing the
panels is more‘likely to cause severe problems for the proper performance
of the panel system than a brittle fracture failure after a limited num-
ber of load reﬁersals.

The problem of slotted angles ﬁot returning to center after an
earthquake can not be adequately addressed here, more cyclic tests will
be needed by future investigators in order to fully answer this question
on connection behavior. It is the opinion of the author, however; that
proper design and dynamic response analysis will prevent this from
occurring during a design earthquake on the building. It also seéms that
1f the connector slot is initially centered during erection, and yielding
has not occurred in the primary structure the connector wili always be
centered. And, should a maxi earthquake be experlenced a noncentered
slotted connection will be a minor worry of the building owner.

Proper alignment of slotted connections is a ;alid concern and can
prove to be a'promineﬁt cause of inducing extremely high loads into the
panel and spandral beam. Should a slotted angle bind for any reason, the
stiffness which the connection then possesses 1s equal to that of a bear-
ing support angle of equal dimension. Obviously the loads this type of
connection can transfer are enormous and could cause severe damage should

the panel and spandral beam not be adequately designed to accommodate them.
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Again it must be emphasized that more cyclic tests should be run
in order to address the concern about the fatigue susceptibility of
welded connections., Tt is the belief of the author that properly de-

signed and field inspected welded connections will resule in an accept-

able system.



2.7 CONCLUSTIONS

The objective of this section was to investigate the energy dissi-
pation characteristics and the stiffness characteristics of some of the
most commonly used curtain wall panel connections. These objéctives were
met and the results have led the author to the follewing conclusions
regarding connection design and performance.

1, Comparisons of analytical and experimental results from this
study indicate that finite element analysis as well as careful structural
analysis using classical methods can provide realistic estimates of the
stiffness coefficients for curtain wall connections.

2. The comnection systems studied here have performed acceptably
with respect to the strength of the ferrule inserts used in conjunction
with threaded bars or bolted structural angles. There were no failures
of the inserts during any of the experimental tests.

3. The in plane stiffness ccefficients associated with the four
basic ferrule inserts indicate that all of these inserts perform identi-
cally under similar in plane loading situations.

4, Panel connections may be assumed to perform as ideally elastic
perfectly.plastic.

5. The energy dissipation characteristics for a cennection system
can be based on the product of the interstory drift and the plastic load
limit.

6. The use of face plates with connections using single inserts

and threaded bars is not necessary. The insert and the concrete of the
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panel do not need additional steel plates'for response to in plane loads.
A useful purpose of the face plate steel may be to increase the pull out
resistance of the insert when designing for high loads normal to the
panel surface.

7. Counstruction practices can play a major role in the behavior
of curtain wall panels during a seismic event. Poor welding, loose nuts,
untightened bolts, misaligned slotted angles are some of the items which
can cause catastrophic failure of a panel under seismic loads.

8. During the cyclic tests that were conducted it was obvious
that the concrete of the panels maintained its integrity. There was no
spalling or cracking and all connections yielded prior to any damage to
the panel. This is significant in that the most severe loads induced by
a seismic event should cause little or no damage to the concrete surround-
ing the panel fastener. This is not to say that panel damage will not
occur from other sources, such as impingement or projectile impact during
a seismic event.

. 9, Anchor plates which use nelson studs or welded rebar for at-
tachment are acceptable for attaching support angles and lateral connec-
_tions. Proper sizing and welding gives this method a reliability equal
to embedded inserts or anchor bolts. During the yilelding phase of the
experimental study each anchor plate remained in pla;e and showed no
signs of failure for all of the welded support connections tested.

In summary, the overall performance of the basic curtain wall
connections tested during this experimental study was excellent. High-
rise buildings, which make use of the precast panels for curtain walls,

may be assumed to respond favorably during a severe seismic event.



Panels may be damaged but should, given proper construction practices,

remain oo the building in one piece.
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3.0 TASK IT: ANALYTICAL INVESTIGATION OF
‘ CURTAIN WALL ASSEMBLAGES

3.1 Introduction

Recently, a large number of advances have been made in the theoretical
and computational analysis of nonlinear structures and a number of general
purpose computer programs for nonlinear analysis have been developed. Three
excellent papers have been written which summarize the current solution
methods available for nonlinear dynamic analysis (Argyris et al. 1979; Mond-
kar and Powell 1978; Bathe 1976). Many others have addressed the nonlinear
dynamic analysis problem including Morris (1977), Clough and Penzien (1975},
and Oden (1972). Most of the authors agree that the only generally applicable
method for the analysis of arbitrary nonlinear systems is the numerical step-
by-step integration of the coupled equations of motion in the time domain,
although modal methods may be used for mildly nonlinear applications (Argyris
et al. 1979).

Mondkar and Powell (1978) summarize the combinations of solution
schemes presently used in computer programs for non]inear static and dynamic
analyses. The available schemes include the step-by-step solution, the
Newton-Raphson iteration, the constant stiffness iteration, and an adaptable
scheme in which the Structural stiffness is reformed only when needed. In the
step-by-step solution procedure, the joad is applied in small steps and the
structure is assumed to respond linearly within each step. In the Newton-
Raphson iteration the structural stiffness matrix is reformulated at every
iteration while in the constant stiffness iteration the stiffness matrix is
only formed once. Many of these schemes and combinations of these schemes

are presently being used. Some of these methods can be categorized as follows:
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1. Step-by-step procedure with stiffness reformation at the end of
every load increment within the step.

2. Newton-Raphson iteration within every time step.

3. Constant stiffness iteration within every time step and stiffness
reformation at the end of every time step.

4. C(Constant stiffness iterations within every time step using the
initial elastic stiffness throughout,

5. Step-by-step procedure in time with stiffness reformation at
specified time intervals.

6. Constant stiffness iterations within each time step but the stiff-
ness is reformulated if convergence is not obtainable in a specific
number of constant stiffness iterations.

7. Mixed iteration procedure within each time step in which Newton-
Raphson iterations are followed by constant stiffness iterations.

For more information about these schemes, refer to Mondkar and Powell (1978),
Desai and Abel (1972}, and Argyris et al. (1979).

No single scheme appears to be optimal for all types of nonlinear
structures and each scheme may differ on the basis of accuracy and efficiency.
Apparently, most of the authors believe that important development and re-
search is needed in all areas of noniinear finite element analysis, particu-

tarly relating to dynamic analyses.

This section presents the analytical methods used to develop the mathe-

matical model used in Task Il and provides the basis for the refined mathe-
matical model to be developed in Task IV. The displacement method was
selected for use in the analysis because it can provide a general solution
method for most curtain wall-framing configurations and can be implemented
on the computer. Traditional elements are used to idealize the structural

framing while the two dimensional planar panel element developed by Briggs
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(1980) is used to model the precast curtain wails. Two fundamental analytical
capabilities are developed in this section: calculation of response due to
static loading and calculation of response due to dynamic loading. In the
static analyses, both linear and nonlinear material properties in the panel-
frame connections are considered while the primary structure is assumed to
behave linearly elastic. Only linear dynamic analysis capabilities are
developed and are based on a lumped mass system to approximate distribution

of masses.

A three dimensional computer program, SAPFAP, was developed to imple-
ment all of these analytical capabilities. SAPFAP is a modified version of
SAP IV (Bathe et al. 1974), a general purpose static and dynamic analysis
program. With this program, individual panel elements can be modeled into
the structural system and the response of the system analyzed. Although
this is a three dimensionaT program, it should be noted that only lateral
stiffness contributions from the panel elements are considered. Computer
models of the five full-scale laboratory tests conducted at the Univer-
sity of Idaho (Task IiI) are then developed using this program and are
analyzed for static and dynamic response. With these models, the tests per-

formed in Task III were analyzed completely and compared to the experimental

values.
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3.2 METHOD OF ANALYSIS

The purpose of this section is to present the theory and assumptions
used to develop the analytical capabilities for predicting the interaction
between structural framing and precast concrete panels. Four types of analy-
sis methods are discussed: {1) linear static analysis, (2) nonlinear static
analysis based on the nonlinear material properties of the panel-frame con-
nections, (3) linear dynamic analysis, and (4) nonlinear dynamic analysis
based on nonlinear panel-frame connections.

Because of the previous work done by Briggs {1976) and Mak (1977},
the displacement method was selected as the basis for analysis. This previ-
ous work demonstrated that the panel element stiffness matrix derived by Briggs
can be used successfully in the displacement method and can provide reasonable
estimates of lateral stiffness contributions made by the precast curtain wall
elements. The displacement method provides a general solution method for
most curtain wall-framing configurations and can be used to predict dynamic
response.

Included in this section is a discussion of a precast curtain wall
element and the method used to predict the response of structural framing

with precast panels due to static and dynamic loading conditions.

3.2.1 Precast Curtain Wall Element

The curtain wall eIemenf model developed by Briggs {1976) consists of
a precast panel that is attached to the supporting structure at four distinct
points. A panel-frame connection is typically composed of structural angle

and bolts both of which have horizontal and vertical stiffnesses that are
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much less than that of a precast curtain wall. Consequently, Briggs assumed
the panel to be rigid while all the deformation associated with the hane1
assembly is attributed to the four connections. Thus, as the supporting
structure is deformed and the panel moves, the distances between panel points
remain constant while the supporting structure changes shape. The idealized
panel element and panel-frame connection is shown in Figure 3.2.7.

A1l loads trdansferred between the panel assembly and the structural
framing must be introduced through the panel connections. Any load distribu-
tion by contact between precast panels can cause inaccuracies in the analysis
and should be noted when the panel stiffness is used in structural analysis.
Briggs performed a kinematic analysis of the panel movement and developed the
basis for determining the rejative panel displacements that will result in
the panels contacting each other.

Briggs developed both a two dimensional and three dimensional elemental
stiffness matrix for precast curtain walls. For each panel-frame connection,
there are six freedoms, three translational and three rotational. 1In the
two dimensional model, only the two in-plane translational freedoms in the X
and Y directions are considered és shown in Figure 3.2.2. For the three dimen-
sional analysis, a more general elemental stiffness matrix was developed with
six freedoms at each node as shown‘in Figure3.2.3. Although the three dimen-
sional model would be the most desirable in structural analysis, it is not
used in the analysis being described for the following two reasons.

First, in the derivation of the stiffness matrix for the panel element,
it is assumed that the stiffness of the connections are known for each free-
dom. These stiffnesses are determined from exﬁerimenta] and analytical data,

and are based on the slope of load-deflection and load-rotation curves.
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‘/

— Precast Curtain Wall

N
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Figure 3.2.1. (a) Idealized Panel Element, (b) Idealized Structure-Panel
Connection (from Briggs 1976)
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Figure 3.2.2. Modé] of Two Dimensional Panel Element (from Briggs 1976)
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Figure 3.2.3. Model of Three Dimensional Panel Element (from Briggs 1976)
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Presently, only load-displacement relationships for typical panel connections
“have been developed for the translational freedoms in the X and Y directions
{Sessa 1980). Consequently, use of a complete three dimensional element
would not be practical at this time.

The second reason the two dimensional model is used is that matrix
inversion is required for the development of each panel elemental stiffness
matrix. The two dimensional panel element requires inversion of an 8 by 8
flexibility matrix while the three dimensional model requires inversion of
an 18 by 18 flexibility matrix as will be shown later on in this section.

It can be shown that it takes approximately 10 times more computational ef-
fort (cost) to invert the 18 by 18 full flexibility matrix than the 8 by 8
matrix. Although inversion of an 18 by 18 matrix is not a large task, inver-
‘sion of this size of matrix for many panel element stiffness matrices could

be costly, particularly in nonlinear analysis where the stiffness matrices
may have to be reformulated for each increment of Toad. Comparing the two

and three dimensional panel element models leads to the conclusion that the
two dimensional model is the most practical choice at this time for developing
the panel element. It should be noted that the two dimensional model only
considers the lateral stiffness (in-plane) contribution of the panel element
and neglects the stiffness contributions perpendicular to the panel. A more
indepth look at the limitations of the two dimensional model can be found at
the end of this section. |

Briggs developed the panel-element stiffness matrix using the flexibil-
ity-stiffness transformation method. (For more information about this method,
see Gallagher (1975)). The two dimensional element is based on the freedoms
shown in Figure.3.2.2andincorporates all 8 freedoms in the following stiffness

matrix.
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-1 | el gl
k= |- 3.2.1
R E RE R oo
where )
-1 -1 0 -1 0
R=10 B/A 0O B/A -1 (3.2.2)
0 B/A -1 -B/A 0

k = Panel elemental stiffness matrix in Jocal coordinates
R = Static equilibrium matrix
F = Flexibility matrix of the panel element supported at the Ul, Vi,

and V2 freedoms {shown in Figure 2.4)
A = Width of panel (between connection points)
B = Height of panel (between connection points)

Individual panel connection stiffness in the X direction for
node 1

<

><

—
U

KYT = Individual panel connection stiffness in the Y direction for
node 1

It should be noted that this stiffness matrix is not arranged in a form tra-
ditionally used in matrix structural analysis but relates forces and displace-

ments as foilows.

FXe] UZ]
FX3 IK]
FY3 V3
FX4 v (U4
Fyal © k V4 _ (3.3.7)
FX1 Ul
Y V1
el v

By proper rearranging of rows and columns of the stiffness matrix and adding
in zero values of stiffness for the stiffnesses in the 7 direction, Equation
3.3.3 canbe expanded into the following matrix equation. This equation describes

the behavior of the panel in local coordinates in three dimensions considering
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Figure 3.2.4.Flexibility Matrix of the Panel Element Supported at the U1, V1, and V2 Freedoms
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only the panel connection stiffnesses in the local X and Y direction; that

is, only the lateral stiffness contribution of panel element is considered.

[FXT] U1l
FY1 V1
F71 W1
X2 v2
FY2 V2
el - W2
ex3l T Kyexte (03 (3.2.4)
rv3 V3
F73 RV
Fxa ua
Fy4 va
24 wal

To transform the stiffness matrix into global coordinates, the stiff-
ness matrix in local coordinates must be multiplied by the transformation

matrix and its transpose. (For example, see Cook {1974).)
T

k=T kT | (3.2.5)
where
L 0 0 0!
| 0 L 0 0
haaz= |, Lo (3.2.6)
R -
1] 12 13
L= {m My My - (3.2.7)
n h, ns
T = Coordinate transformation matrix
L = Matrix of direction cosines

1, my, n = Direction cosines
The stress matrix in global coordinates is formed in a similar fashion;

the stress matrix being defined as the matrix which directly yields panel
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connection forces in terms of the nodal displacements

S=kT | (3.2.8)
and

r=sd (3.2.9)
where

S = Stress matrix in global coordinates

r = Vector of elemental stresses (or internal loads)

d = Vector of elemental displacements

At this point, it is appropriate to identify some of the limitations
of the two dimensional panel element developed by Briggs. As mentioned
throughout this section, the two dimensional element only accounts for the
planar or Tateral stiffness contributions made by the precast curtain wall.
Stiffness contributions made by the panel element other than those in the
plane of the panel are neglected. Since the wind or an earthquake may load
the structure from any direction, neglecting these additional stiffnesses in
a three dimensional problem will lead to a less accurate prediction of the
response of the structure. It should also be noted that Briggs neglected
the rotational stiffness contribution made by individual panel connections
in the two dimensional model. Significant rotational stiffness could arise
in panel connections composed of structural angle but is Tikely to be small
in flexible rod connections. The actual rotational stiffness contribution
would require experimental and/or analytical investigations into each connec-
tion type. Neglecting this stiffness term Teads to a slightly more flexible
panel element.

There are also several limitations when applying the panel element.

The panel element was derived with assumption that the connection pattern is
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rectangular in shape as shown in Figure 3.25. Consequently, panels with non-

rectangular connection patterns cannot be analyzed using this element. A

Figure 3.25. Perpendicular Panel Connection Pattern

numerical iimitation involves connections with zero stiffness; for example,
the stiffness of a sTdtted connection if it is assumed that there is no fric-
tion between the connection and structural frame or the stiffpess of an
elastic-perfectly plastic connection when loaded in the post yield state.

The panel stiffness matrix is formulated from the flexibility matrix given

in Figure 3.2.4. Note that all of the stiffness terms (KX1, KY1, etc.) are

in the denominator of eacE entry thus inputting a zero stiffness will cause
an entry to be undefined. An acceptable way to overcome this and obtain an
approximate solutien is to enter a stiffness term of significant magnitude
less than the other connection stiffness terms for the zero stiffness value.
It has been shown that using a stiffness value equal to one thousandth of

the other connection stiffnesses will provide good results and will not intro-

duce numerical instabilities.
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3.2.2. {inear Static Solution Method

The static analysis process consists of essentially three phases when
using the displacement method (Bathe and Wilson 1976).

1. Calculation of the structural stiffness matrix and formation of
the load vector.

2. Solution of the equilibrium equations.

3. Evaluatiop of elemental stresses.
Although the total solution may be subdivided into these phases, it should
be realized that the implementation of one phase can have a pronounced effect
on the efficiency of other phases when this method is applied to computer
techniques.

A linear static solution requires the solution of the equilibrium
equdtions

R=KD (3.2.10)
where R equals the load vector, K equals structural stiffness, and D equals
the displacement vector. The structural stiffness matrix is formed by the
direct addition of the individual element stiffness matrices, i.e., enforce-

ment of equilibrium. The structural stiffness matrix is given by

k, - (3.7.11)

where gn is the stiffness matrix for the nth element and M is the total number
of elements. Elemental stiffness matrices for beam, truss, boundary, and

panel elements are all merged into the same structural stiffness matrix, Beam,
truss, and boundary elemental stiffness matrices are formed in the usual
fashion described in finite element analysis books while panel elemental
stiffness matrices are based on Equation 3.2.11inSection 3.2.1. Formally ele-

mental stiffness matrices, En’ are of the same order as the structural
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stiffness matrix, K. Nonzeroc entries in the elemental stiffness matrices
occur only in those rows and columns that correspond to elemental degrees of
freedom. The addition of the elemental matrices can therefore be performed
by using the elemental matrices in compact form together with identification
arrays which relate elemental and structural degrees of freedom (Bathe and
Wilson 1976). Consequently, only the compacted elemental stiffness matrices
(which are of order ‘equal to the number of elemental degrees of freedom) and
identification arrays need to be found, thus reducing storage requirements
for a computer program.

The solution of Equation 3.2.10 involves the inversion of the structural
stiffness matrix such that

0=k

where 571 = the inverse of the structural stiffness matrix. It should be

R (3.2.12)

noted that the structural stiffness matrix is never inverted explicitly, but
is solved with numerical methods. These numerical methods lead to a minimum
number of operations to solve the equilibrium equation; i.e., there are no
cperations on entries in the structural stiffness matrix with zero elements.
Once the displacements are known, the elemental stresses or internal fqrces
can be calculated by multiplying the elemental stress matrix by the appropri-
ate displacements as shown below:

re=Sdorr=kTd (3.2.9)
where r equals the vector of elemental stresses {or internal forces), $
equals the elemental stress matrix, and d equals the elemental displacement

vector.
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3.2.3.Nonlinear Static Solution Method

A nonlinear static analysis solution method was developed to account
for the nonlinear material properties in the panel connections. It was as-
sumed that the structural framing behaved linearly é}astic. Four possible
solution techniques were available to approximate the nonlinearity of the
panel connections: (1) the incremental, {2) the iterative, (3) the initial
strain, and (4) the'initial stress methods. (Each of these methods have been
used extensively in the past and are outlined, for example in Desai and Abel
(1972).) Although the incremental procedure is probably not as efficient as
the iterative method in terms of computational efficiency, it was selected
because of the convenient manner with which it could be programmed.

The incremental procedure is a varying stiffness method; that is, the
stiffness matrix is updated after each load increment. The fundamental equa-
tions used to calculate linear static displacements and stresses (Equations
3.2.9end 2.2.70 are used in an incremental form in the nonlinear analysis. To
approximate the exact solution, the total lcad or load vector is subdivided
into egual increments and then the structure is loaded one increment at a
time. At the end of each load increment, the structural stiffness matrix is
adjusted as necessary; that is, the nonlinearity is treated as piecewise
Tinear. Consequently, smaller increments will result in a more accurate solu-
tion. Note that for each load increment, the structural stiffness matrix
must be altered, the equilibrium equations solved, and stresses calculated.
Thus, the moré increments the load is broken up inte, the greater the compu-
tational effort.

Since the stiffness is updated at the end of each increment, the pre-

dicted stiffness of the structure will be greater than the true stiffness of
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the structure. This is shown for a structure where the load vector is divided

up into three increments as shown in Figure 3.2.6. With the higher estimated

R {Load)
—— Estimated Structural Response

R Total | ——— — —.

=
2// |

2/3 R :
B \_ ' |

,{7 . Actual Structural Response
1/3 R % g | l
/ | |
. [
- o _,w.-
P %

D (Displacement)

Fngre 3.2.6. Estimated and Actual Structural Response for a Nonlinear Static
Probiem

stiffness used in analysis, the estimated displacement vector, Dy will be
less than the actual displacement vector, 0y- 0f course, this error can be
minimized by increasing the number of load increments.

The remainder of this section develops the procedure used to analyze
a structure with panels under static loads assuming the panel connections
are loaded in the nonlinear range. The analysis is based on the displacement
method as used in Section 3.2.2, but now the equilibrium equations are solved
incrementally and can be rewritten as follows:

Ry = K; D (3.2.13)

load vector for increment "i"

where Ei

R/N;
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N = number of load intrements;

.
nwan,

structural stiffness matrix for increment "1";

e
1

[}
U]

displacement vector for increment "i";
R = total Tload vector.

Solution of the first increment is essentially the same as a static linear
solution. The structural stiffness matrix is formed by merging the beam,
truss, boundary, and panel elemental stiffness matrices assuming the panel
elements begin with linear properties. Formation of the load vector is the
same as before only now each term is divided by the total number of incre-
ments, N. Once the structural stiffness matrix and incremental load matrix
have been calculated, the displacements for the first increment can be solved
for in the usual manner.

D; = 51-] R; (3.2.14)
Again in an analogous manner, the elemental stresses for an increment can be

calculated.

rio® 8y Qj (3.2.15)

vector of elemental stresses for increment "i";

£
=5
%)
=
o
[~
1

#

elemental stress matrix for increment "i";

[«
1

d, = elemental displacement vector for increment "i".
Note that the elemental stress matrix for the panel element is developed
from the elemental stiffness matrix; thus, it too must be updated at the end
of each increment.
At the end of each increment, the displacements and elemental stresses

must be surmed and stored.

Dy = D + D, (3.2.16)
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where

=
1}

“total displacement vector at the end of an increment (initially
equal to zero);

r. = vector of elemental stresses at the end of an increment {(initially
equal to zero).

At this point the first increment is totally complete. To help visualize
the entire procedure beyond the first increment, refer to Figure 3.2.7 which
is a flow chart of the static nonlinear solution method.

To check if a panel element changes stiffness at the end of an incre-
ment, every vertical and horizontal l1oad in the panel connections of an ele-
ment must be compared to the experimental load-deflection curve (see Figure
3.2.8). It is checked to see if the actual load in the panel connection exceeds
the yield load. If the actual load exceeds the yield load, the stiffness of
that connector is modified to the new appropriaté stiffness. For example,
in FigureB.Z.Qﬁhese graphs are based on the load-deflection curves from
Figure 3.2.8}, the actual load, PX, in the X-direction does not exceed the
v therefore, the stiffness for the second increment will still
be KX1. But the actual load, PY, in the connection in the Y-direction has

yield load PXi

exceeded PY]y but is Tess than PYZy; consequently, the stiffness for the

second increment will be KYZ2. This process is repeated for all four connec-
tions in each panel element. The results are then placed in a matrix that
identifies the connection stiffness in each direction for all four connec-
tions in a panel element as described below.

24
KY1
KXJ
KYJ ' '

ki = (kY (3.2.18)
KYK '
KXL
kYL
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Comments

Formation of structural stiffness matrix
for linear increment

Formation of incremental load vector

Calculation of incremental displacements

Calculation of incremental stresses or
internal forces for each element type

Summation of incremental displacements
and elemental stresses

Formation of the structural stiffness cor-
rection matrix by subtracting the summa-
tion of the updated panel elemental stiff-
ness matrices from the panel stiffness
matrices from the previous increment

Correction of the structural stiffness
matrix for the next increment

Figure 3.2.7. Flow Chart of a Static Nonlinear Solution
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Figure 3.28. Typical Load Versus Deflection Curve for a Panel Connection
(a) X-Direction, (b) Y-Direction
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Figure 3.29. Typical Stiffness Versus Load Graphs for a Panel Connection
(a) X-Direction, (b) Y-Direction
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where KN = stiffness storage matrix after connection stiffnesses have been

updated;
KXI = updated connection stiffness in the X-direction for node [;
- KYI = uypdated connection stiffness in the Y-direction for node I.

Connection stiffnesses from the previous increment are stored in the
same fashion as the matrix KN and result in the matrix KO

KXIT]
KYE'
KxJ'
KYJ'

KO = |pyi (3.2.19)
KYK'
KXL'
LKYL ]

where KO = stiffness storage matrix for the previous increment;

KXI' = previous connection stiffness in the X-direction for node I;

1

KYI' = previous connection stiffness in the Y-direction for node 1.

To determine whether or not any connection stiffnesses have changed,
the updated stiffness storage matrix, KN, must be compared to the previous
stiffness storage matrix, KO, for each panel.

KN - KO = Q (3.2.20)
If Q is the null matrix (all zero entries), the connection stiffnesses for
that panel did not change for that increment and thus no change of the struc-
tural stiffness matrix would be required. If the Q matrix is nonzero, the
panel elemental stiffness and stress matrices must be modified for that panel
element. The structural stiffness matrix then needs to be updated to account
for the alteration of panel elemental stiffness matrices.

Complete reformation of the structural stiffness matrix would require

a significant amount of computational effort. To minimize this effort, a

structural stiffness correction matrix was developed to adjust the structural
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stiffness matrix from the previous increment. Recall that the structural
stiffness matrix is formed by the direct addition of the element stiffness
matrices.

E:
n

K (3.2.11)

11 7=

Equation 2.11 can be rewritten in terms of each different element type for
the previous increment as shown below.

K. =1k kep + £ k' (3.2.21)

7 L kgy T K p
where EBM = element stiffness matrix for a beam element;

kyp = element stiffness matrix for a truss element;

| o=
ho]
H

= glement stiffness matrix for a panel element for increment 1.
For the next increment, the structural stiffness matrix only needs to be
modified to account for the change in panel element stiffness. The beam and
fruss element stiffness matrices do not change, thus the structure stiffness

matrix becomes

Kigp "t kgy * T ket L kg (3.2.22)
where gp = updated panel element stiffness matrix for increment i + 1. The
difference between the structural stiffness matrix between the i and i + ]
increments is given by the matrix A or the structure stiffness correction
matrix.

A= _'_<_1'+] = _IS-; =1L (_k_p - k') (3.2.23)
or

K =K. +35 (k. =k

~i
Now with Equation 3.2.23, the structural stiffrness matrix for the next incre-
ment,_ﬁi+1, can be formed by merging in the & matrix to the structural stiff-

ness matrix of the previous increment. With K4y formed, the solution of



137

the next increment can be solved and the procedure repeated. Once all of

the incremental steps have been completed, the total displacement is given
by the vector D., and the total elemental stresses are given by the vector
Ty (There is one vector of elemental stresses or internal loads for each

element.)

3.2.4. Linear Dynamic Analysis

The three.basic analytical capabilities that were desired to predict
the response of linear systems under dynamic loading conditions were: (1)
calculation of natural frequencies and mode shapes, {2) calculation of response
due to forced dynamic loads, and (3) calculation of response due to loads in-
duced by ground acceleration. For multi-degree of freedom systems, solution
of the equations that provided these capabilities requires tremendous compu-
tational effort. The computer program SAPFAP was developed to minimize this
effort by modifying SAR IV (Bathe et al. 1974), an existing finite element
analysis computer program. (SAPFAP is discussed in detail in Section 3.3 and
Beers, 1980. - fssentially no modifications were made to the dynamic por-
tion of SAP IV. The only change effecting the dynamic section of the program
was the addition of the panel element. Included in this section is an over-
view of the equations used in dynamic analyses and a discussion of modeling

and limitations of the panel element in these analyses.

3.2.4.1. Overview of Equations Used in Linear Dynamic Analysis

Just as in static analyses, the stress analysis process for dynamic
Toading consists of the same three phases:

1. Calculation of the structural stiffness matrix, the mass‘matrix,
the damping matrix, and the load vectors.

2. Solution of the equiltibrium equations.
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3. Evaluation of elemental stresses.
Evaluation of structural response due to dynamic loading conditions is based
on the three following equations:

1. Catculation of natural frequencies and mode shapes:

Kg=u'Mp | (3.2.20)
where K = structural stiffness matrix;
P = mode shape matrix;
w = natural free vibration freguency;
M = mass matrix,

2. Calculation of forced dynamic response:
MO +CD+KD+R(E) (3.2.25)
where C = damping matrix;

E, Q, D = acceleration, velocity, and displacement vectors,
respectively;

R{t) = vector of arbitrary time varying loads.

3. Calculation of response due to ground motion:

MO.+LD.+KD. =-MD, (3.2.26)
where Eg = ground acceleration vector;
D, = relative displacement vector of the structure with

respect to ground.

The structural matrices K, M, and C are formed by direct addition of
the element matrices as discussed in Section 3.2.2. Note that the structural
stiffness matrix, K, is the same as the stiffness matrix used in static analy-
ses. SAP IV uses a diagonal mass matrix; therefore, a Jumped mass analysis
is used where the structure mass is the sum of the individual element mass
matrices plus additional concentrated masses which are specified at selected

degrees of freedom (Bathe et «Z. 1974). The mass.of each element is assumed
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to be concentrated at each of its nodes such that the lumping of the element
mass to these points is determined by statics. In practice, it is difficult,
if not impossibie, to determine for general finite element assemblages the
element damping parameters, in particular because the damping properties are
frequency dependent (Bathe and Wilson 1976). For this reason, the damping
matrix in SAP IV is constructed using the mass matrix and stiffnesses matrix
of the complete structure together with experimental results on the amount

of damping. It should be noted that damping properties can be measured if
the structure exists. For a MOre complete discussion of the assumptions used
in Tumped mass analyses and the use of proportional damping, refer to Clough
(1968), Clough and Bathe (1972), Hurty and Rubinstein (1964), and Wilson and
Penzien (1972). (Taken from Bathe et aZ. (1974).)

A complete discussion of the solution methods used to solve the equi-
librium equations for dynamic analyses is beyond the scope of this paper;
consequently, only a summary of the solution techniques available in SAP [V
will be given (Bathe et q7. 1974).

1. Calculation of frequencies and mode shapes by the determinant
search method.

2. Calcuiation of frequencies and mode shapes by the subspace itera-
tion method. ' '

3. Calculation of forced dynamic response or response due to ground
motion by the mode superposition method.

4. CCalculation of forced dynamic response or response due to ground
motion by direct integration.

5. Calculation of response due to ground motion by a response spectrum
analysis.

for more information about these solution methods, refer to Bathe et «l.
(1974), Bathe and Wilson (1976), and Clough and Penzien (1975). Once the

equilibrium equations are solved, a history of the displacements is known and
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a history of the elemental stresses (or internal loads) can be calculated.
With these histories, the critical stresses and displacements can be deter-

mined.

3.2.4.2. Use of the Panel Element in Linear Dynamic Analysis

The panel element is used just like any other element (beam, truss,
etc.) in linear dynamic analysis. The only basic difference is the way that
the mass of the pané]s is modeled. For the usual beam and truss elements, a
diagonal mass matrix is formed where half of the mass of each element is
Tumped at each node. With the panel element, development of the mass matrix
is not this straightforward. Usually four connections are used to attach
the panels to the framing, two stiff load support {or bearing) connections
which. support most of the dead weight of the panel and two lateral (flexible
or slotted) connections which nominally help hold the panel in place. For
a more complete description and discussion of these connections, see Section
34.1.1 and work done by Sessa (1980) and the Prestressed Concrete Institute
{1977). Since the bearing connections are significantly stiffer than the
other two types of connections, the structure will see almost all of the mass
effects of the panels through the bearing connections. Conseguently, panel
masses must be input as concentrated rigid body masses and mass moments of
inertia at the nodes where the bearing connections are attached to the sup-
port structure. |

Concentrating the panel masses and mass moments of inertia is a reason-

~able approach in determining the structural response of the system under
dynamic loads, but the approach causes difficulty in calculating the loads
in the panel connections. Since the masses are idealized to be at the node

where the panel and supporting structure (say a beam element) are connected,
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both the stiffness of the panel and beam element will be resisting the loads
induced by the panel mass simultaneously. In reality, the lcads due to the
panel mass are first transferred through the panel connections and then into
the supporting structure. Consequently, calculation of the loads in the
panel connections based on concentrated masses and mass moments of inertia
would underestfmate the true loads in the connections. It should also be
noted that in the derivation of the panel element, Briggs assumed that all
the loads on the panel assembly were introduced through the supporting struc-
ture and not by forces on the panel itself. For these two reasons, calcula-
tion of the loads in the panel connections due to dynamic loads was not pur-

sued.

3.2.5 Discussion of Nonlinear Dynamic Analysis

The primary concern in the nonlinear dynamic analysis for these
types of structural systems is the nonlinear material behavior of the panel
connections assuming the structural framing behaves in a linearly elastic
fashion. The only generally applicable method for the analysis of nonlinear
systems is the numerical stép-by-step intergratién of the coupled equations
of motion in the time domain (Clough and Penzien 1975). The response history
is divided into short, equal time increments, and the response is calculated
during each increment for a 1linear system having the properties determined
at the beginning of the increment. At the end of an interval, the properties
of the structural stiffness and damping matrices are modified to conform to
the state of deformation and stress at that time; thus, the nonlinear anaiysis

is approximated as a sequence of successively changing linear systems,
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In view of the complexity of the nonlinear dynamic analysis problem,
development of an accurate solution method was not pursued. The reason
being that the overall effect of the panel connection nonlinearity
was anticipated to have a "weak" or minimal effect on the overall dynamic
response; that is, the frequencies and deflections are primarily
affeéted by the structural framing and not by the panel connections. To
verify this assumption, a computer study was performed using linear dynamic
analysis techniques to indicate approximately the effect of the panel connec-
tion nonlinearity on the response of the structural system.

The basic structure used in the analytical study was a single bay from
a structure with two exterior precast‘panels. Each panel was attached to the
support structure with bearing connections at the base and flexible rod con-
nections at the top. The complete description of this structure and the
analytical combuter models used to perform the analyses can be found in Sec-
tion 3.4 (Test Configuration II). A hypothetical horizontal ground motion
was applied to the system with a ground acceleration equal to S$in (20 nt)
in./sec2 for a total of five seconds. The response of the structure was then
calculated for these five cycles. Four basic tests were performed to indicate
the significance of the étiffness and nonlinearity of the panel connections.
The effect of the panel masses and mass moments of inertia were included for
all four tests. |

Test A: The Jateral stiffness contribution of the panel elements is
totally neglected.

Test B: The lateral stiffness contribution of the panel elements is
included assuming the panel connections behave linearly
elastic.
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Test €C: The lateral stiffness contribution of the panel elements is
included assuming the bearing connections provide full linear
elastic stiffnesses and the flexible connections provide
post-yield stiffnesses.

Test D: The lateral stiffness contribution of the panel elements is
included assuming the bearing connections provide full linear
elastic stiffness in the horizontal direction, and the bear-
ing connections in the vertical direction and the flexible
connections provide post-yield stiffnesses.

These four tests were selected to bound the solution between the full linear
elastic sotution (Test B) and the solution with the panel connections in the
post-yield state (Test D). The true response would be between Test B and

Test D depending on the magnitude of the load in the connections at a specific
time; that is, the connections could be either in the linear elastic or post-
yield state.

Two basic criteria were used to evaluate the differences between analy-

tical models A, B, C, and D:

1. Comparison of the first five natural frequencies. See Table 3.2.1.

2. Comparison of the displacements at nodes 11 and 13 for the u, v,
and. 6Z freedoms (see Section 3.4, Figure 3.4.18. Nodes 11 and 13
represent the points of attachment for the right bearing connec-

tion and tie rignt flexible connection, respectively, for panel
number 2. See Table 3.2.2.

After the data for each test was tabulated, the results of Tests B, C, and D

were compared to Test A (the test where the panel element stiffness was neg-
Tected completely). This data is summarized in Tables3.2.1 and 3.2.2. It should
be noted that the damping was assumed to be zero; consequently, the magnitude

of the displacements developed in this analysis may be slightly greater than

an analysis assuming damping. It has been determined experimentally that the
actual damping ratio of this system is approximately 5 percent. Displacements
listed in Table 3.2.2 are themaximum values that occurred in the system during

the five cycles of ground acceleration.
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Table 3.2.1. effect of Panel Stiffness and Panel Connection Nonlinearity on
(Frequencies, w, are in

the Natural Frequencies of Test 1II.

Hz.)
% Change % Change | % Change
Frequency Test | Test Relative{ Test Relative! Test Relative
w A B to A c to A D to A
wy 2.70| 2.92 +8.1% 2.72 +0.7% 2.7 +0.4%
wy 7.35¢ 7.87 +7.1% 7.37 +0.3% 7.36 +0.1%
wq 10.49 | 10.57 +0.2% | 10.49 0.0% | 10.49 0.0%
wg 14.57 { 14.62 +0.3% | 14.57 0.0% t 14.57 0.0%
wg 16.63 | 16.65 +0.1% | 16.63 0.0% | 16.63 0.0%




Table 3.2.2 Effect of Panel Stiffness and Panel Connection Nonlinearity on the Maximum Displacements
of Nodes 11 and 13. (Displacements and rotations are expressed in inches and radians,

Note that these are relative displace-

ments between the ground and the total displacement.}

respectively, and have been multiplied by 106,

%-Change!

% Change % Change
Test Test Relative Test Relative : Test Relative
Node ' Freedom A B to A C toA D to A

!

1 v 1264 1215 -3.9% 1252 -0.9% 1261 -0.2%

Lower left bearing connection | Vo 82.72 '66.23 -19.9%  81.51 -1.5% ;82.34 -0.5%
point panel 2 } o ‘ 5 ‘ !

f VA 5.833. 4.844 -17.0%  5.768 -1.1% ¢ 5.813 ~-0.3%

13 U 1264 11215 -3.9% ; 1252 -0.9% . 1260  -0.3%

Upper left flexible connection  V ; 6.501° 7.240 +11.4% ' 6.569  +1.0%  6.520  +0.3%
point panel 2 : i : ;

6z -22.6% 6.189 -1.6% 6.260 ~-0.5%

6.291 4.869

Gyl



146

The first two natural frequencies for the test structure were signifi-
cantly increased over Test A, +8.1% and +7.1%, respectively {see Table 3.2.1},
when the panel connections.with completely linear elastic material properties
were considered (Test B). Contrary to this, the stiffness of these panel
elements provided minimal change to the higher natural frequencies (w3, Wy s
and ms). Results from Tests C and D indicate that once the flexible connec-
tions reach a point where the stiffness of the connections are in the post-
yield range, the panel elements have virtually no effect on the natural fre-
guencies of the structure as shown in Table 3.2.1.

When the linearly elastic panel element (Test B) is used, the maximum
relative displacement between the ground and the total displacement in the
horizontal direction of the structure is lowered by 3.9% which is in the
direction of the ground motion. Note that the displacements of the two panel
connection points for the positive V and 87 freedoms are also effected by
these stiffnesses. Although the percentage differences between Tests A and
B appear to be high for these two freedoms, these changes are relatively
insignificant when considering the magnitude of the structural response.
Again, once the flexible éonnections are loaded into the post-yield range,
the panel elements have virtually no effect on the maximum displacements of
the structure,

Reviewing the four analytical tests conducted, there is evidence that
the panel elements investigated provide apprqx1mate]y an eight percent increase
in the first two natural frequencies and about a four percent decrease in the
maximum horizontal displacement while loaded in the 1inearly elastic range.
When the flexible connections are loaded into the post-yield vange, the stiff-

ness of the panel element has essentially no effect on the dynamic response
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(frequencies and deflections) of the sfructure. As mentioned before, the
true dynamic response will be somewhere between these two conditions. It
is concluded that the overall effect of the panel connection nonlinearity
has a "weak™ or minimal effect on the overall structural response (freduen—
cies and def]eqtions), thus it is not recommended that nonlinear dynamic

analyses of these types of structural systems be pursued.
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3.3 DEVELOPMENT OF THE COMPUTER PROGRAM SAPFAP

A computer program was required for the solution of the equilibrium
equations for the interaction between precast curtain walls and structural
framing. Four basic ana]Ytica] capabilities were required.

1. Linear Static Analysis

2. Non]inea; Static Analysis

3. Determination of Mode Shapes and Natural Frequencies of Linear
Systems

4, Determination of Forced Dynamic Response of Linear Systems
Three possibilities were considered to develop these capabilities. The first
option was to completely write the program without the aid of existing com-
puter programs. Because of the complex nature of developing a program for
static and dynamic analyses, this option could not have been completed within
the time frame of the Nationmal Science Foundation project. Consequently, the
second and third possibilities involved the modification of existing finite
element analysis computer programs to accommodate precast curtain wall ele-
ments. ADINA (Bath 1977), a finite element program for Automatic Dynamic
Incremental Nonlinear Analysis, was the top choice for medification because
the nonlinear capabilities were already built into the program. Unfortunately,
the cost of ADINA was prohibitive and there was concern that the program would
not fit on the University of Idaho IBM 370/145 computer system. It was con-
cluded that this was not a viable alternative. SAP IV (Bathe et al. 1974),
a Structural Analysis Program for static and dynamic response of linear sys-
tems, was selected because the cost was reasonable, it could be conveniently
modified, and it could be adapted to the University of Idaho IBM 370/145 com-

puter system.
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SAPFAP, a Structural Analysis Program for Frames with Panels, was
developed by modifying SAP IV, This modification was done by adding new
subroutines and by altering existing subroutines within SAP IV. The develop-
ment of SAPFAP consisted of four stages,

7. Implementation of SAP IV on the University of Idaho IBM 370/145
computer and verifying the original program for accuracy.

2. Addition of new subroutines to SAP IV and modification of exist-
ing subreutines to accommodate the precast panel elements with
Tinear material properties in the panel connections based on
static loading conditions.

3. Modification of the program developed in stage 2 to accommodate
panel elements with linear or noniinear material properties in
the panel connections for static Toading conditions.

4. Modification of the program developed in stage 3 to accommodate
the panel elements with linear material properties for dynamic
loading conditions,

SAP IV consists of a relatively small main program with many support-
ing subroutines. Each‘subroutine carries out a specific portion of the
analysis such as the formation of elemental stiffness matrices or the calcu-
lation of elemental stresses. Table 3.3.1 Tists the subroutines used in a
static linear analysis and the function of each of these subroutines. Eight
element types are available in SAP IV, many of which were not used to predict
the interaction between structural framing and curtain walls. (For example,
a three dimensional brick element.) To save computer storage space, all sub-
routines relating to extraneous elements were deieted. (For a list of the
subroutines and elements deleted, see Beers, 1920), Three dimensional beam,
truss, and boundary elements were retained in the program to account for the
structural system,

Addition of a panel element into SAP IV for the response of linear

systems under static loads required the addition of two new subroutines,
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Table 3.3.1. Summary of Subroutines Used in a Static Analysis

Subroutine Function

MAIN Main program

INPUTJ To input nodel coordinates and boundary conditions

ELTYPE To direct program to different element types

PANEL To direct formation of panel stiffness matrices,
to direct calculation of elemental stresses, and
to print elemental stresses

PSTIFF To form panel stiffness and stress matrices

CALBAN To calculate the bandwidth of the structural stiff-
ness matrix

TRUSS Similar to PANEL but for truss elements

RUSS Similar to PSTIFF but for truss elements

BEAM Similar to PANEL but for beam elements

TEAM, NEWBM
INL
ADDSTFF

SOLEQ

SESOL

PRINTD
STRESS

- STRSC

Similar to PSTIFF but for beam elements
To input nodal loads and masses

To merge elemental stiffness matrices into the
structural stiffness matrix

To direct the solution of the equilibrium equations,
printing of displacements, and calculation of elemen-
tal stresses

To solve equilibrium equations

To print nodal displacements

To direct calculation of stresses for all element
types

To calculate elemental stresses




151

PANEL and PSTIFF, plus small modifications to some existing subroutines. A
source listing of all new subroutines and al)l modified existing subroutines
required to develop SAPFAP can be found in Beers {1980). The subroutine PANEL
is analogous to the existing SAP IV subroutines TRUSS and BEAM. PANEL
directs the formation of the panel elemental stiffness matrices and directs
calculation and printing of panel element stresses, while the actual forma-
tion of the panel elemental stiffness and stress matrices is executed in
PSTIFF. PSTIFF is analogous to the existing SAP IV subroutines RUSS and
TEAM for truss and beam elements, respectively. A flow chart demonstrating
the static linear solution and how PANEL and PSTIFF are situated in the pro-
gram is shown in Figure3.3.%7. Summaries of the subroutines PANEL and PSTIFF
are given in Tables 3.3.2. and 3.3.3, respectively.

Development of static nonlinear capabilities did not require the addi-
tion of any new subroutines once the panel element was merged into SAP IV.
Significant changes were made in the subroutines MAIN, PSTIFF, PANEL, BEAM,
TRUSS, PRINTD, and ADDSTFF. These subroutines were changed to allow the com-
puter program to perform the incremental analyses required to approximate
nonlinear material behavior in the panel-frame connections. Figure 3.3.2 shows
the flow chart for a static nonlinear solution, while Tables 3.3.2 through 3.3.6
summarize the subroutines with significant changes. Again, the source list-
ing in Beers (1980) shows the cohp]ete details of the changes.

Once the panel element was merged inte SAP IV, no additional changes
were required to extract mode shapes and natural frequencies. Consequently,
this portion of SAP IV was adequate. 7o develop forced dynamic response
capabilities, only minimal changes to the subroutine STRSD1 were reguired.
Note that the program SAPFAP will not calculate the forces in the panel con-

nections due to dynamic loads for the reasons discussed in Section 3.2.4. With
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Table 3.3.2. Summary of the Subroutine PANEL

Primary Function: To direct formation of elemental panel stiffness matrices,

to direct caiculation of elemental panel stresses, and

to print elemental panel stresses

Function in a Linear Solution:

1.

2.
3.

To call PSTIFF for formation of the panel elemental stiffnesses
and streds matrices

To call STRSC for calculation of panel stresses

To print panel stresses

Function in a Nonlinear Solution: .

1.

To call PSTIFF for formation of the initial pane1 elemental
stiffness and stress matrices

To call STRSC to calculate incremental panel stresses
To print incremental pane] stresses

To print symmation of incremental panel stresses at the end of

‘each increment

To save incremental and summation of incremental stresses on tape
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Table 3.3.3. Summary of the Subroutine PSTIFF

Primary Function: To form panel elemental stiffness and stress matrices

and to form panel elemental stiffness correction matrices

Function in a Linear Solution:

1.
2.
3.

4.

To input and print panel element properties
To form panel elemental stiffness and stress matrices

To call CALBAN for the storage of panel stiffness matrices on
tape and calculation of bandwidth

To save stress matrices on tape

Function in a Nonlinear Solution:

1.

2.

To perform the same duties executed in the Tinear solution for
the first load increment

To determine which panel connections changed stiffness after each
load increment

To calculate updated stiffness and stress matrices for the panel
elements that change stiffness

To form panel stiffness correction matrices

To save stiffness, stress, and stiffness correction matrices on
tape
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Table 3.3.4. Sunmary of the Subroutine ADDSTFF

Primary Function: To merge ejemental stiffness matrices into the struc-

tural stiffness matrix and to form the equilibrium equa-

tions in blocks

Function in a Linear Solution:

1.
2.
3.

4.

To input element Toad multipliers
To read load and mass matrices from tape

To read element stiffness matrices from tape and merge these
matrices into the structural stiffness matrix

To form equilibrium equations in blocks and save on tape

Function in a Nonlinear Solution:

1.

2.

To perform the same duties executed in the linear solution for
the first load increment

To read the equilibrium equations in blocks from tape

To merge panel elemental stiffness correction matrices into the
structural stiffness matrix

To reform the corrected equilibrium equations in blocks and save
on tape
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Table 3,3.5. Summary of the Subroutine INL

Primary Function: To input nodal loads and masses
Function in a Linear Solution:
1. To read nodal loads and masses and save on tape
Function in a Nonlinear Solution:
1. To input‘noda1 loads and masses
2. To divide all nodal loads by the number of load increments

3. To save nodal masses and incremental loads on tape

Table 3.3.6. Summary of the Subroutine PRINTD

Primary Funcfion: To print nodal displacements
Function in a Linear Solution:

1. To print nodal displacements
Function in a Nonlinear Sclution:

1. To print incremental displacements

2. To print summation of incremental displacements at the end of
each increment

3. To save incremental and summation of incremental displacements
on tape
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the small change made to the subroutine STRSD1, all the dynamic capabilities
of SAP IV are available to the user.

For an in-depth look at the changes required to implement: SAPFAP, one
should refer to the sourece listing showing all of the altered and new sub-
routines fﬂ Beers (1980). Note that Beers (1980) provides a supplement to
the SAP 1V users manual for using the program SAPFAP and demonstrates an

example problem including input and output.
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3.4 APPLICATION OF SAPFAP TO FULL-SCALE TESTS
CONDUCTED AT THE UNIVERSITY OF IDAHO

Presently, at the University of Idaho, full-scale testing of the jinter-
action between structural framing and precast curtain walls is being performed
for both static and dynamic leading conditions. The project is sponsored by
the National Sciencé Foundation and is being carried out by the Civil Engineer-
ing Department at the University of Idaho. Presented in this section is a
brief description of the five different tests being conducted and the analy-
t}cal models developed to evaluate these tests. These analytical models were
u;ed to analyze the tests under static loading conditions and to calculate
the natural frequencies and mode shapes. A summary of these analyses is pre-
sented in this chapter, along with a comparison of .the first two natural fre-

quencies of Test I and the first three natural frequencies of Test II to the

measured natural frequencies.

3.4.1. Fuli-Scale Tests Conducted at the University of Idaho

3.4.1.1. Description of Test Facilities and Test Configurations

The three types of precast concrete panels that were used in the test-
ing program are: (1) the window box, (2) the column cover, and (3) the
spandrel cover panel. (A description of the geometry of the panels and the
different panel configurations used in the test program is presented at the
end of this section.) These five inch thick concrete panels were attached
to the supporting structure with four connections. The three types of_pahe]-
frame connections that were used in the testing program are: (1) flexible,

(2) bearing, and (3) slotted. The flexible connection used in Test Il consists
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of a 3/4 in. diameter threaded steel rod and a 4 in. by 4 in. by 1/4 in.
steel angle. Ferrule loop inserts (3/4 in. diameter) with threaded holes
are cast into the panel to provide the connection between the rod and the
panels as shown in Figure 34.1. The rod is attached to the test frame by the
1/4 in. angle and bolts. Most of the weight of the panel is carried by the
bearing connections which are constructed out of 8 in. by 8 in. by 1/2 in.
steel angles; therefore, virtually none of the deadweight of the panel is
resisted by the flexible connection. Figure 3.42 shows how the bearing con-
nections are bolted to the test frame and panels. Slotted connections are
constructed similar to bearing connections except the bolt holes in the 8 in.
Ey 4 in. by 1/2 in. angle are slotted as shown in Figure3.Z.3, The bolts are
not tightened down; thus, there is minimum resistance in the plane of the
panel until a displacement of one inch is reached (Sessa 1980). With this
much displacement, the connection begins to provide full resistance. Note
that full stiffness is provided in the direction perpendicular to the panel.
For a more detailed discussion of these panel-frame connections, see work
done by Sessa (1980) and the Prestressed Concrete Institute (1977).

The general test configuration consists of one bay of a full-size
building with different configurations of panels attached. The University
of Idaho test facilities and the configuration for Test IT are shown in
Figure 3.4.4. The test frame used to represent the singlie bay of the structure
consists of 4 W8 x 35 steel sections with moment resisting cbnnections as
shown in Figure 3.4.5. At the bottom of the test frame are four lateral support
guides. These ball bearing guides prevent the test specimen from getting out
of plane during testing. Note that they may provide some resistance in the

plane of the test frame due to friction. Steel tubes (8 in. by 4 in. by 3/8
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a) Test Configuration for Test II

b) Uynamic Loading Mechanism and Glide Assembly

Photo 3.4.1. Full-Scale Experimental Tests at the University of Idaho
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in.) connect the top of the test frame to the dispiacement control system

with moment connections at the test frame and pin connections at the displace-
ment contro) system. The displacement control system (see top of Figure 3.4.4)
is used to dynamically load the test specimen and consists of a hydraulic
actuator connected to a W6 x 20 steel beam suspended from a lubricated glide
system.

An external reaction frame is used to support the test specimen and
dynamic loading equipment as shown in Figure 3.4.4. The reaction frame is very
stiff relative to the internal frame; consequently, the reaction frame is pre-
sumed to act as a stationary support for the test specimen. The actual re-
sponse of the reaction due to the loading of the test specimen is addressed
further by Thomas (1980).

Five different test configurations were used at the University of
Idaho to determine the interaction between structural framing and precast
panels. Each test consists of the test frame, one or more precast panels,
and a combination of two to three connection types. A summary of the test
configurations is listed below.

Test 1: Test frame without panels. See Figure 3.4.4.

Test I1: Test frame with two 6 ft by 12 ft window box panels using
flexible and bearing connections., See Figure 3.4.5.

Test II1: Test frame with one 6 ft by 12 ft window box panel using
flexible and bearing connections. See Figure 3.4.6.

Test IV: Test frame with one 6 ft by 12 ft window box panel using
slotted and bearing connections. See Figure 3.4.7.

Test V: Test frame with two 3 ft by 14 ft column cover panels and -
two 4 ft by 9 ft spandrel cover panels using flexible, siotted,
and bearing connections (articulated system). -See Figure 3.4.8.
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3.4.1.2. Tests .for Flexibility and Natural Frequencies

Experimental tests were run to determine the natural frequencies of
the system and also to establish the flexibility coefficients. This was done
before the system was tested for forced dynamic response. To determine the
natural frequencies, each test specimen was excited with a sinusoidal input
through a range of frequencies (swept sine technique). Maximum response
(displacement and strain) occur at the damped natural frequencies; thus, they
are easily identified by LVDT's (instruments used to measure displacement)
and strain gages. Note that there is a possibility that the panel connection
may be loaded into a nonlinear state during testing. This will slightly
alter-the natural frequencies; consequently, these connection stresses should
be monitored during testing.

Static tests performed on each test configuration consisted of two
parts. First, a horizontal static load was applied at point A (see Figure
3.4.9 and the displacements at A and B were recorded. The load wa§ then in-
creased and the resulting displacemehts recorded. Repeating this procedure
for increasing loads provides displacement-load curves for each test specimen;
thus, a measure of the flexibility. After this step was completed for a test
specimen, the loading mechanism was moved to point B and the entire procedure
repeated. Considering only horizontal loads and displacements at points A
and B; the results of these tests can be summarized in a set of equations.

U F.. F P
A A
= | MR | (3.4.1)

Fon 83l (P8

x>

u

(=]

where U, = horizontal displacement at A;

PA horizontal load at A;

FAB = flexibility coefficient.
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The flexibility coefficient, FAB’ can be described as the displacement at A

due to a unit load at B. Remember that for each step of the static test,

the load was gradually increased and the displacements at A and B were recorded.
Plotting these results leads to displacement-load curves for each freedom.

For example, the coefficient Fag is determined from the displacement-load

curve for the displacements at A due to increasing hofizontal loads at point

B. Figure3.4.10 shows the results from a hypothetical test where the slope

of the curve is the flexibility coefficient, Fag-

UA )
(Displace
ment at
A)

—

T

Fag

© Hypothetical Data Point

77.
B
(Load at B)

Figure 3.4.10. Rypothetical Displacement-Load Curve

Presently, only the determination of the first two natural frequencies
for Test I and first three for Test II have been completed. These results
were determined by the experimental procedure discussed previously and are
tabulated in Table3.4.1. Note that the effects of damping were neglected and
the panel connections were not monitored to see if they went into a nonlinear

state. For the time being, it was assumed that damping and the possibility



173

Table 3.4.1.Experimental Natural Frequencies for Tests I and II (Hz)

Frequency Test 1 Test 11
(1)] 5.6 2.6
(1)2 2]-0 7-4
wy -- ‘ 10.0

of nonlinearity did not have a significant effect on the results. This can
be checked in the future when more comprehensive tests are made. Data for
static and forced dynamic response of Tests I and Il has not been finalized
at this time. Once theée tests are completed, Tests III through V will be

conducted.

3.4.2. Analysis of Full-Scale Tests Using SAPFAP

The computer program SAPFAP was utilized to analyze the tests done at
the University of Idaho. The three basic elements used to model the five
tests are beam, panel, and boundary elements. Beam elements were used to
model the test frame, panel elements were used to model the precast curtain
walls and connections, and a boundary element was used to simulate the hydraulic
actuator. Nodes were established at points of support, connection points,
and at enough intermediate points to describe the behavior of the test speci-
men under loading. Beam elements were modeled using actual lengths, not the
clear span between members. This assumption appeared correct because the
results obtained for some initial static and dynamic tests of the test frame
indicated that the model was somewhat too stiff; therefore, using the clear
span for the member lengths would only make the model Tess accurate. Since

the loading is in the plane of the test frame, the W8 x 35 beams will bend
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about their strong axis (I = 126.0 in.4) and the structural tubing wil)
bend about the weak axis (I = 21.4 in.*). The input data for the panel ele-
ments required the stiffness properties for each pane]-frame'connection type.
These properties were obtained from data and equations developed by Sessa
(1980) and are presented in Figure 3.4.11. Note that in Test V, the spandrel
panels are attached to the test frame on the upper and lower flanges of the
test frame beams. (See Fiqure 3.4.8) Instead of using short rigid beam ele-
- ments to model in distance between the center of the beam and the flanges,
slave nodes were used for the panel ~connection points. Slave nodes can be
used to model rigid links into the system for attaching diaphrams or panels

to beam elements. Bathe et al. (1974) provides a more complete discussion

of slave nodes.

3.4.2.1 Static Analysis

Since the displacement control system shown in Figure 4.10 is held
rigid during the static tests, the top of the structural tubing is idealized
as having a pin support at the displacement control system. Figures 3.4.12
through 3.4.15 present the computer models used to analyze each of the five
tests under static loading. One thousand pound loads were applied individu-
ally one at a time in the horizontal direction at nodes 15 and 23 for Tests
I through IV and at nodes 23 and 38 for Test V. These nodes are analogous
to points A and B described in the previous discussion on the experimental
tests. With the computer solutioh, the displacements are identified at nodes
A and B and the flexibility coefficients for each test configuration were
calculated. The flexibility matrices for the five tests are summarized in

Table 3.70. The maximum bending stress and location of the maximum bending
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Table 3.4.2 Theoretical Flexibility Coefficients

Tests 1 through V

Obtained

180

from SAPFAP for

Test I:

Test I1:

 Test I1I:

Test IV:

Test V:

i

=

i=nj

(mall

[l

126.74
41.46
108.34
39.15
1713.58
| 39.76

[125.41

| 41.25

124.86
| 41.14

41

30.

39.
30.

39.
30.

41.
30.

41.
30.

. 48]

39)

10

10

10

10

10

-6

-6

6

-6

in./1b

in./1b -

in./1b

in./1b

in./1b
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stress in the test frame due to the horizontal load at point A is summarized
in Table 3.4.3 for each test while the maximum bending stresses in the struc-
tural tubing for the horizontal Toad at A is recorded in Table 34.4. A sum-
mary of the forces in each panel-frame connection under the same loading is
given in Table 3.4.5. Note that the 1,000 pound load is a relatively small
load on this system and none of the components are stressed close to their
yield stress except-the bearing connections in the spandrel paneis of Test V.
(The high loads predicted in the spandrel panel connections may have resulted
in incorrect use of the panel element, i.e., attaching panel elements to slave
nodes. The results of full-scale tests will be able to verify the use of the
panel element in this fashion.)

Results from Table 34.21hdicate that the configuration for Test Il
provides a measurable increase in the stiffness of the test frame. Consider-
ing the deflection and load at point A, Test 11 provides a 17% decrease in
the deflection at point A over Teét I, the bare frame. Using the same com-
parison, the configuration for Test III provides a 12% reduction in the deflec-
tion at point A over Test I. Configurations for Tests IV and V have little
effect on the deflections of the test frame under static loads. In Test IV,
the panel connections at the top are slotted connections; consequently, they
provide minimal resistance when deformed. In Test V, the width of the column
panels and height of the spandrel panel are very small, i.e., 20 in. and 8 in.,
respectively. With these small distances between connection points, the
panels cannot resist as much load.

Reviewing the maximum bending stresses in the test frame (Table 3.4.3},
Test IT shows a 16% reduction in the maximum bending stress over the bare

test frame (Test I), while Test III shows a 10% reduction in the maximum bending
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Table 3.4.3 Maximum Bending Stress in the Test Frame Due to a 1,000 Pound
Load at Point A. (Note: Node 39 for Test V is the same as
node 22 for the other models.)

Max imum Max imum
Test Moment (in.-1b) Stress (psi) Element Node
I 55,190 1,775 13 22
II 47,420 1,525 13 22
II1 50,130 1,612 13 22
Iv 54,820 1,762 13 22
v ' 54,330 1,746 18 34

Table 3.4.4. Maximum Bending Stress in the Structural Tubing Due to a 1,000
Pound Load at Point A. (Note: Node 39 for Test V is the same
as node 22 for the other models.)

Max imum Maximum :
Test Moment (in.-1b) Stress {psi) Element Node
I 22,000 2,056 24 22
IS 22,070 ' 2,062 24 22
ITI 22,020 2,057 24 22
v 22,020 2,057 24 22

v 21,840 2,041 30 34




Table 3.4.5. Summary of Forces (1b) in the Panel-Frame Connections Duetoa 1,000 Pound Load at Point A

Connector I

Connector J

Connector ¥

Connector L

Test Node X-Dir. Y-Dir. WNode X-Dir. VY-0ir. Node X-Oir. Y-Dir. Node X-Dir. Y-Dir.
11 14 -53 5 16 -53 3 7 60 -355 5 46 352
18 -53 3 20 -53 5 1 62 -353 9 45 355
111 16 -64 6 18 -64 -6 9 71 -420 7 56 420
Iv 16 -5 0 18 -5 0 9 13 -32 7 3 32
v 10 -17 2 16 =17 -1 7 18 -238 3 15 238
34 -3 0 3 -3 0 27 8 -32 29 -3 33
18 4258 2 26 -4270 -2 28 -17 0 20 28 0
g 3137 2 17 -3145 -1 21 -12 0 13 21 0

€8l
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stress. Again, Tests IV and V indicate a minimum réduction of the bending
stresses in the test frame.

Note that.if the load on the structure is large enough, the flexible
connections in Tests Il and III will yield and only minimal additional stiff-
ness will be provided. The example problem used in Beers (1980) evaluates
the effect of nonlinearity in the connections for Test II and shows that the
flexible connections will yield with a horizontal load between 3,750 1b and
7,500 1b at point A. At this load level, the flexible
connections provide minimal stiffness; thus, the panel elements provide mini-
mal-additional stiffness to the test frame. Note that the yield load could be
identified more accurately by increasing the number of increments used in
the nonlinear analysis. A summary of the effects of this load on the struc-

ture is given in Beers (1980).

Reviewing the results of the five tests, it can be seen that the con-
figurations for Tests II and III definitely provide adﬂitiona] stiffness to
the overall structure and reduce the maximum bending moments in the test
frame under static loads. Configuraticns used in Tests IV and V have essen-
- tially no effect oﬁ the ;tiffnéss of the test frame under static loading con-

ditions.

3.4.22. Dynamic Analysis

The computer models developed for dynamic loading éonditions are aimost
identical to those used for static loading except for the support conditions
and the addition of concentrated'masses to represent the panel elements and
steel connection plates. Plates measuring 14 1/2 in. by 9 in. by 1 1/4 in,

were used to provide the connection between columns and beams in the test
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frame. (See Figure 3.4.4) These plates were alsc used to connect the beams
of the test frame to the structural tubing while smaller plates were used for
the Tateral support guides and stiffness. A1l of the plates were modeled as
concentrated masses at the node nearest to that plate. Although these masses
are small relative to the mass of the panels and the test frame, they were
significant in Test I, i.e., the test without the panels. Masses of the beam
elements were idealiZed as concentrated masses, with haif of the element mass
lumped at each node. Dynamic properties of the panels were input as concen-
tréted masses and mass moments of inertia. Since the flexible and slotted
connections can only carry minimal loads relative to the bearing connections,
the masses and mass moments of inertia were applied at the bearing connec-
tions. Note that the mass moments of inertia must be referenced to about

the bearing connections and not the centroid of the panel. The masses and
mass moments of inertia for the panels were distributed equally between the
two bearing connections. Figures 3.4.16 through 34.19 demonstrate how the masses
of the panel elements were distributed for the five tests and present the
models used for dynamic analyses.

The glide assembjy (see Figure 3.4.4)was idealized as beam elements
supported by three roller supports while pin connections were input at the
top of the structural tubing. The hydraulic actuator was modeled as a stiff
boundary element as shown in Figures3.4.16through 3.4.19. The stiffness of the
boundary element varies with the frequency used to load the system. This
occurs from variations in the actuator load and displacement during different
loading frequencies. An experimental test was performed to help develop the
stiffness to be used in the boundary element for the computer model. The

load in the actuator and the corresponding cyclic displacement was recorded
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for six different frequencies. The actuator (boundary element) stiffness
was taken as the actuator load divided by the cyclic displacement. Results
of the experiment are tabulated in Table 2.4.6 and plotted in Figure 3.4.20.
For the frequencies betwéen 1 and 10 Hz, the average stiffness of the actua-
tor is about 25,000 1b/in. and for frequencies above 10 Hz, the actuator
stiffness rises rapidly.

To simplify the computer analyses, two boundary element stiffnesses
were developed, one for low frequency dynamic loading and one for high fre-
quency dynamic loading. The stiffnesses of these two boundary elements were
determined by fine tuning the boundary element stiffnesses in the analytical
models such that they approximate the experimental data for the actuator
stiffness and predict the first two natural frequencies of Test I and the
first three natural frequencies of Test II. The measured natural frequencies
are tabulated in Table 34.7. Using the appropriate computer model, the low
frequency boundary elément stiffness was modifiéd until the.anaIytical natural
frequencies predicted the first natural frequencies of Test I and Test II. .
The resulting stiffness was 27,500 1b/in. which is very close to the experi-
mentally obtained value for the actuator stiffness equal to 25,000 1b/in.

The final analytical prediction of the first natural frequencies was 5.61 and
2.50 Hz for Tests I and I1I, respectively.

In the experimental stiffness-frequency comparison for the actuator,
the actuator stiffness rises rapidly as the frequency exceeds 10 Hz. To
simplify the analysis, the stiffness for the higher frequency boundary ele-
ment was taken as 900,000 1b/in. or essentially rigid. A totally rigid ele-
ment was not used because of the numerical instabilities that can arise (Cook

1974). Good estimations of the higher frequencies of Tests I and II were
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Table 3.4 6. Summary of Frequency-lLoad-Displacement Relationship for the

Hydraulic Actuator

Frequency Load Displacement Stiffness
(Hz) (1b) (in.} (1b/in.}
2.6 3,602 138 26,196
7.4 3,879 . 150 25,860
10.0 2,770 .17 23,742
15.0 4,433 .125 35,464
20.0 4,987 .042 119,688
22.0 9,421 .033 282,630

Stiffness
(1b/in.) Iy
200,000
100,000 ~
_______,,-/
T T T Ll »
5 10 15 20
Frequency
(Hz)

Figure 3.420. Plot of Experimental Stiffness-Frequency Relationship for the

Hydraulic Actuator
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obtained using the very stiff boundary element. The first five natural fre-
quencies for all five tests are summarized in Table 3.15 using both the 27,500
1b/in. and the very stiff boundary elements. Except for Tests I and V, the
predicted values of the second natural frequency is the same using the 27.5
or the 900 kip/in. boundary element stiffness for all tests. In Test I, the
900 kip/in. boundary element estimates the second natural frequency to be
22.7 Hz which is much closer to the experimental of 21.0 than 16.8,
the prediction based on a stiffness of 27.5 kip/in. Both boundary elements
provide good estimates of the second and third natural frequencies of Test
II.

Based on the results demonstrated in Figure 3.32 and the comparisons
made between predicted and experimental values of natural frequencies for
both boundary elements, it is recommended for Tests I and 1I that the boundary
element with a stiffness of 27.5 kip/in. be used for determination of natural
frequencies and forced dynamic response when the actuator is operating at fre-
quencies less than 7 Hz. When the operating frequency is between 7 and 10 Hz,
- it appears that both boundary element stiffnesses will provide acceptable re-
sults. For operating frequencies greater than 10 Hz, the 900 kip/in. or very
stiff boundary element appears to provide more accurate results for Tests I
and II. When using these models in the future to predict the response of
Tests 111, IV, and V, it is recommendéd that the load-cyclic displacement be
monitored for the actuator for each test configuration as demonstrated in
Table 3.74and Figure 3.32. These tests will indicate the approximate behavior
of the actuator and provide guidelines for selecting the correct boundary

element stiffness or stiffnesses.



Table 3.4.7. First Five Natural Freguencies for the Tests Conducted at the University of Idaho.
(Predicted values are given for both a boundary element stiffness of 27.5 kip/in. and
900 kip/in. and frequencies are expressed in Hz.)

| Test I Test 11 Test III Test IV Test V

Frequency Stiffness 27.5 900 27.5 900 7.5 900 27.5 900 27.5 7900
m;l | 5.61 6.89 2.50 2.92 3.22 3.78 3.11  3.60 2.69 3.00
Wy 16.8 22.7 7.87 7.87 10.0 10.0 9.96 9.9 5.99 6.32
iu3 2 36.9 45.7 10.2  10.5 13.9 14.2 13.43 14.0 7.56 7.81
wy 45.2 65.8 14.6 14.6 15.8 21.4 15.69 21.1 17.2  17.2
W 65.8 77.2 15.5 16.6 23.3 23.4 23.3  23.3 17.8 17.9

€61
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3.5 Prediction of Panel Connector Forces

This section presents a linear dynamic analysis to determine the
resultant forces in the panel connectors due'to seismic loading conditions.
The response due to seismic excitation of the structural model is determined
with the finite element program SAPFAP (Beers, 1980) using the mode-super-
position.method. The response of the structyral model is then used to
generate excitation for analysis of the architectural system.

Connector‘response'is determined anaiytically for the modeled test
assembly described as Test II (Section 3.4.1.1) for seismic loading conditions
as recorded on the University of California, Berkeley; Earthquake Engineering
Center accelerograms. Acceieration records taken from the tapes are used to
provide excitation to the analytic model to find its response to various
seismic loading conditions. Records that were used included ground acceler-
ation time histories as well as acceleration records taken from upper stories
of buildings during a‘recent earthquake. This was done in an effort to find
the maximum forces transmitted by the connectors at various levels of high-
rise buildings. The earthquake records used in this analysis are summarized

and discussed in Section 3.6.

3.5.1 Method of Analysis

The section discusses the solution of the response of Test II to seismic
loading c onditions, and the corresponding response in the panel connectors.
The modeied sampie structure includes panel elements as developed by Briggs
(1978) ﬁo include the effect of the interaction between the structural framing -
and the precast cladding. Response of the analytic model is determined
using the finite element program, SAPFAP (Beers, 1980), for several different
earthquake accelerograms (see Section 3.6). Total response in the panel

connectors are found in two parts.
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1. Forces in the panel connectors caused by differential displacement
between the panel connection points on the structural framing are
found first. The displacement histories for the connection nodes
determined by the solution of the interactive panel frame model are
multiplied by the panel stiffness matrix to give these forces.

2. The finite element program (SAPFAP) used in the determination of
the response of the interactive panel-frame model does not account
for the effect on the panel connectors of the eccentricity of the
panel relative to the framing. The panel eTemeht (Briggs, 1976)
used in the modeled structure is massless. Lumped transiational
and rotational masses are used at panel bearing points to account
for the mass of the panels. A second analysis is required then,
to determine response of the bearing comnnectors as they resist the
inertia of the panel mass as the panel moves with the framing during
seismic excitation. This portion of the analysis uses the response
of the interactive panel-frame model to generate excitation for a
model of the panel and its bearing connectors.

Resultant forces in the connectors are then determined by superimposing

the force response caused by differential displacement between panel connection

points with the force response caused by movement of the panel mass.

3.5.2 Idealization and anaiysis of Structural Framing with Panel Elements

The analysis of the sample frame for dynamic loading conditions becomes
cumbersome because of the number of freedoms associated with the problem. The
numerical solution for the eigenvalue problem will contain as many natural
frequencies as the system has degrees of freedom. The test frame, idealized
for finite element analysis, can be discretized into elements as shown in

Figure 3.4.17.
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The idealized frame contains a boundary element at the upper right to
account for the stiffness of the hydraulic actuator used to excite the struc-
ture (Beers, 1980). Lumped masses are placed at nodes where beam connections
are made to account for the additional mass at those points and are input
to the model in the concentrated load, mass section of input to the pragram.
Nodes, beam and panel elements are input to the model as shown with the given
coordinates. The panel elements are in the positions shown but there are
some restrictions and Timitations in the element that should be observed.

The panel element incorporates the connectors into the formulation
of the element properties so there are no real connector elements in the
model of the teét bay other than their stiffness contributions to the panel
element. The panel element is assumed to be rectangular in shape and the
configuration of the connectors is aiso assumed to be rectangular and cﬁnnected
at four discrete points to the framing. It is input to the SAPFAP program
as directed by Beers (1980). The panel element that has been incorporated
into the SAPFAP program is a two dimensional element (Briggs, 1976) and the
formulation of the element flexibility matrix includes only stiffness contri-
butions from the connectors in the transiational freedoms in the plane of
the panel. No rotational contributions from the connectors are included,
resulting in an element that is more flexible than the actual structure. The
formulation of the panel element assumes a rigid panel and that all deformation
in the element must occur in the connectors. (Sessa's (1980) experimental
work upholds this assumption). The formulation of the panel element does
not include calculation of the element mass matrix. Lumped transiational
and rotational mass coefficients need to be calculated and input at bearing
connection points as shown in Figure 3.4.17. Detailed discussfons of the
forumuiation and implementation of the panel element is available in Briggs

(1976} and Beers (1980).
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The equations of motion for the test structure are written in matrix

notation as,

[M]{x} + [CI{x} + [K}{x} = {03}.
The mass matrix here uses lumped masses rather than a consistent mass
formulation, Analytic results have shown (Zienkiewicz, 1975) that the
lumped mass formulation will generally give better analytic results than the
consistent mass formulation. The damping is assumed to be viscous for the
structure and the matrix [C] is formuTated as a linear combination of the
stiffness and mass matricies as,

[C] = o[M] + BLK]

where o and B are determined experimentally (Clough and Penzien, 1975).

3.5.3 Response to Arbitrary Time Dependent Loading

Consider the same frame assembly as was discussed in the last section
with the addition of the acce?ération function A(t) applied to the structure
as shown in Figure 3.5.1, The matrix equations to be solved are the same for
the homogeneous case except that the right hand side of the equation now
contains the forcing function. The forcing function becomes the mass matrix,
[M1, multiplied by the applied accelerations. The systém equations of motion,
written in matrix form become,

[MI{x} + [CHx} + [KMx} = -[MI{A(t)}.

Solution of this problem is generally accomplished by one of two methods.
The first method is mode-superposition, and the second method is by direct
integration of the system equations of motion.

Mode-superposition (Clough and Penzien et al., 1975) procedes first
by mathematically uncoupling the equations of motion. This method is used

to determine the response of the structure for each sclution time step by
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superimposing the calculated response of each natural frequency of the system
to the forcing function at that point to determine the total response for
the system at each step. The method can be used to evaluate the response
of a linear structure for which N modes and N associated mode shapes have
been determined; furthermore, the damping matrix can be expressed by modal
damping ratios. The homogeneous problem for free undamped vibrations is
solved for the frequency vector w, and the mode-shape matrix 6.

Each mode-shape vector, s is used in turn to compute the generalized

mass and generalized load for each mode,

My = oo P(t) = opp(t).

The uncoupled equations of motion can then be written for each mode
using the generalized mass and force matricies for that mode together with
the modal frequency W and a specified value of the modal damping ratio, gn.
The general response expression is given by the Duhamel integral for each

mode as

'Enw”(t-T)sin an(t - T)dt.

t

Y (t) - WL P (1)e
When the response for each mode Yn(t) has been determined, the displacements
expressed in geometric coordinates are given by the coordinate transformation,

v(t) = oY(t)
which can be written as,

v(t) = oq¥y(t) + ¢2Y2(t) Fha¥alt) + .un.
The response represents the superposition of the various modal contributions.
For most types of structural loading the greatest contributions to the
response come from the lowest modal frequencies with the contributions

decreasing for the higher modes which are quickly damped out by the structure.
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It is,therefore, not usually necessary to include all of the natural frequencies

in the modal superposition method; hence the series can be truncated at any

desired point of accuracy. It should also be kept in mind that the ideali-

zation of the structure makes the iterative eigenvalue calculation of the

higher modal frequencies less accurate since the stiffness of the idealized

structure is overestimated. For this reason it is usually wise to Timit

the number of modes considered in the dynamic response by mode-superposition.
The elastic force response can be found directly from the equation,

fs(t) = kv(t) = keY(t)

which gives the internal elastic forces which resist the deformation of the

structure,

Direct integration methods of solution for the forced response dynamic
problem are based on the assumption of linear acceleration between solution
time steps.

The direct integfation technique used in the SAP IV program is the
Wilson-8 (Clough and Penzien, 1975) method, which is unconditionally stable.
This method is based on the assumption that the acceleration is linear over
an extended computation interval. The extended time step y is defined by
v = At® where At is the normal time step and 9 is amount that the time step
is extended. The acceleration increment Av(t) is calculated by the linear
acceleration procedure (Clough and Penzien, 1975) applied to the extended
time step. From this the increment v(t) is found for the normal time step
At by Tinear interpolation. For values of 6 > 1.37 the method becomes
unconditionally stable. The SAP IV program uses a value of 6 = 1.4,

The performance of the Wilson-8 method is dependent on the size of the
extended time step. The numerical errors intreduced are in the form of an

artificial change of period and a reduction in amplitude. The amplitude
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decay can be viewed as additional damping acting on the structure along

with the damping characteristics of the system. Any response components for
which At/T > 1/4 will be quickly damped out. A solution time step should

be chosen so that At/T < 1/10 where T is the period of the highest frequency
included in the ana1ysis. This éelection will introduce T1ittle amplitude
decay in the frequency range of interest and will effectively fruncate
freguency responses when At/T > 1/4,

From the above discussion it can be seen that direct integration and
mode-superposition should yield approximately the same solution to an input
function provided a short enough time step is used for the direct integration
solution. Direct integration is heavily dependent on the time step for a
good solution but it should also be recognized that the solution will reflect
the accuracy of idealization in the finite element model. For a solution
time step of 0.02 seconds the highest frequency that should be included in
the Direct Integration solution is f = 1/T = 0.1/0.02=5 Hz and frequency
response over 12.5 Hz will be quickly damped out. The eigenproblem solution
for the sample structure shows that only the first three natural freguencies

are below 12.5 Hz. See Table 3.5.1.

3.5.4 Analytic Response of Example Structure to Seismic Loading
The response of the example structure to an arbitrary time dependent
loading is determined analytically with the SAPFAP program. Acceleration
records are taken from earthquake records as described in Section 3.6 and
input to the modeled structure as ground accelerations. Acceleration records
are input to the model herizontally at node 24. Response of the modeled
test structure is calculated by the mode-superposition method using a (.02

second solution time step.
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Table 3.5.] First Ten Natural Freauencies of

Analutic Structural Model

Freauency (Hz)

(from analutic results)y

]
[y

2.907
7.865
10.5

14.62
16,64
21.96
32.04
59.42
60.44
4%.03

)
N

I e T T T T e
I RV T i

Mode Freauencs Ratios (fi/fi)

1.0
2.71
3.61
5.03
S5.72
7.355
11.02
20.44
20.79
o 23.75

U & N w

= 9 0 N &
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Displacement time histories for nodes at a panel element connection
point are output on cards with the Fortran statements shown in Rains (1980).
The stiffness matrix for the same panel is output on cards to be used in the
solution for the connector stresses. These output cards are used in the

analysis for the connector response.

3.5.5 So1utfon for Forces in Connectors

This section discusses the idealization for finite element analysis
of the architectural panel system and the soiution for resultant forces
in the panel connectors. Cards output from the analysis of the combined
system are used to determine the response of the architectural system.

Forces resulting from differential movement in the panel connection points
are calculated directly from the response found in the solution of the problem
outTined above. The elastic resisting forces are found by multiplying the
fota? displacement vector of the panel element by the panel element stiffness
matrix for each output solution time step as shown by the equations below.

[Kpl{xp} = {Fp}
where [Kp] is the element stiffness matrix, {xp} is the element displacement
vector and {Fp} is the elastic force vector. Forces in the flexible, top
connectors are assumed to vary linearly until yield occurs, and then remain
constant (i.e., they display a linear elastic perfectly plastic constitutive
relationship). The bearing connectors are assumed to behave in a linear
~elastic fashion; hence nonlinear deformation will not be included in their
analysis. Forces in the connectors resulting from differential movement .in
the panel connection points are determined by the programing Tisted in
Bains (1980). Forces in the flexible, top connectors are assumed to vary

lineariy until yield occurs, and then remain constant {i.e., they display a
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linear elastic perfectly plastic constitutive relationship). The bearing
connectors are assumed to behave in a linear elastic fashion; hence nonlinear
deformation will not be included in their analysis. Forces in the connectors
resulting from differential movement in the panel connection points are
determined by the programing listed. The bearing connectors are assumed
to support the entire mass of the panel. Response of the top connectors is
assumed to result only from differential movement of the panel connection
nodes. The model of the panel and bearing connectors is set up and input
to the SAP 1V program and uses both plane stress and beam elements. The
model of the architectural panel includes only analysis in the plane of the
panel and is totally constrained against out of plane motion (i.e., two
translational and one rotational freedoms are included in the analysis).

The model used in this portion of the analysis is shown in Figure 3.5.2.

The model of the architectural panel and its bearing connectors is
analyzed using excitatipn generated by motion of the entire structure.
Displacement histories from the bearing connectors of one panel are numerically
differentiated to give acceleration histories in the two translational
freedoms at both points. The approximations (James, Smith, and Wolford, 1977)
to the derivatives of the displacement history are developed from Taylor
series expansions. Forward-difference approximations are used to determine
the second derivative for the first two terms.. Expressions with errors
0(h2) are used for these two terms.

VI = Y A, - BYL + 2V
where h is the time step and y is the displacement function. Central-
difference approximations to the second derivative are used for terms, 3 thru

N-2, where N is the total number of terms. Expressions with errors O(h4)



205

plane stress N forcing functions
elements AN
\. N

Fidure 3.,5,2, Idealized Architectural Panel
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are used, which gives;

Vi = oY, + 16V, - 30Y. + T6Y,

2
; - Y. /120",

1
The 1ast two terms in the series use a backward-difference approximation
to the second derivative with errors O(hz), and are represented by:
Y= 2Y, - BY. e AY, - Y. o/hC

The acceleration histories calculated from the displacement histories
are then applied as forcing functions to the end of the beam elements at
their junction with the plane stress elements in the model of the architectural
system as shown in Figure 3.5.2. The forcing function used here is found
by multiplying the accelerations obtained by the differentiation process
by the translational mass at that point (i.e., 1/2 the total panel mass).
The SAP IV program provides for a scaler multiplier for any input forcing
function; hence the mass coefficient is input as this scaler. All freedoms
are fixed for the protruding ends of the beam elements. This can be justified
by examining the equatigns of motion between the framing and the panel.

m(¥ - kb) + Ky =0

where, ;

X is the acceleration at the framing end of the bearing connector,

%b is the acceleration at the panel end of the bearing connector,

m is the mass of the panel, and

y is the differential displacement between the panel and the framing.
The forcing function can be assumed to be the acceleration
of the panel times 1/2 the panel mass. Note that inputing the force to the
panel assumes that the base of the panel moves with the same motion as the
bearing connection points. It was necessary to formulate this portion of

the analysis in this way in order to obtain a solution to the eigenvalue

problem because of SAP IV 1limitations,
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Forces resulting from differential displacement between panel nodal
points aré assumed to act on the connector at its point of attachment to the
structural framing. Output from the analysis of the architectural panel
system includes the shear forces in the two principal directions at the ends
of the beam elements representing the bearing connectors. These forces are
superimposed with forces resulting from differential displacement between

connection nodes to obtain the total response in the connectors.
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3.6 Earthquake Data Used to Excite Analytic Modé]
3.6;1 Description of Earthquake Data

The acceleration records used to excite the analytic model are
described in this séction. The digitized records were recorded during
earthquakes over the past several decades and contain acceleration,
velocity, and displacement records, as well as computed Fourier spectra and
spectral response data for each record. The computer tapes of these records
were obtained from the University of California, Berkeley, Earthquake
Engineering Center. A list of these records is shown in Table 3.6.1.

The strong motion earthquake records contain accelerograms and spectral
data from various strong-motion earthquakes from 1933 through the February
9, 1971 San Fernando earthquake. Earthquake records chosen for use in the
analysis were selected using basically two considerafions. First, records
were chosen that exhibited high amplitudes in the absolute acceleration response
spectra corresponding tq experimentally determined natural frequencies of
the test assembly. Secénd, displacement records were chosen on the basis
of high amplitudes and fast changes in displacement, thus giving large
acceleration.

Earthquake records that were used, include response from two buildings
recorded during the San Fernando, California earthquake of February‘9, 1971,
and from ground motion records taken during the El Centro, California earth-
quake of May 18, 1940. The specific records from the Berkeley tapes used
in the analysis are from the ET Centro earthquake; E1 Centro Site Imperial
Valley Irrigation District, north-south component, and from the San Fernando
earthquake; Jet Propulsion Lab., basement and ninth floors, north-south
component, Pasadena, California and CaTltech, Milikan Library, basement and

tenth floors, north-south component, Pasadena, California.
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These acceleration time histories were used to provide ground acceleration
to the modeled structure. The acceleration records are read from the tapes
then output on computer cards to be used as input to the analytic model of
the test bay. The acceleration record is applied to the node 24 shown in
Figure 3.4.17 as a ground acceleration.

Displacement records and the Absolute Acceleration Response Spectra
for each of the records mentioned are shown in Figures 3.6.1 thru 3.6.10.
The earthquake response spectra data as given on the tapes has been prepared
as discussed in Nigam and Jennings (1969). Fortran programs written to
read data from the earthquake tapes and process it for graphing or output
on cards for use as input to SAP IV and SAPFAP are listed and discussed in
Rains (1980).

Examination of the absolute acceleration response spectra for each
record show peaks in all cases at approximately the period of the first

1/f1 = .34 seconds, f1 = 2.91 Hz,

natural frequency of the analytic model (TI
from Table 3.5.1. These records should excite the first mode of the

structure and result in maximum response to the seismic loading.
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3.7 Results of Analytic Study of Panel Connectors

This section discusses the maximum response of the panel connectors
determined by the analytic models discussed earlier. Tabulated results of
maximum displacement response, elastic forces in the connectors, and accel-
erations at bearing points are given for each earthquake record used in the
analysis. Comparison is made between response determined at different
building story levels where they are included in the analysis (i.e., from

the records of the San Fernando earthquake).

3.7.1 Response of Interactive Panel-Frame Model

Maximum displacement response of the modeled test frame are given
in this section. Only the maximum response in the panel connection nodes
are included in the summary to show response that can be generated by an
earthquake and to aid in illustrating the forces that can be induced in
panel connectors as a result of differential movement between panel connection
nodes.

It should be kept in mind that large deflections shown for response to
records G108 and G109 {basement and 10th floors of the Caltech, Millikan
Library) appear to be exhibiting first mode response. Recall that these two
records exhibit peaks in the absolute acceleration response spectra nearest
the period of the first mode of the analytic model. Figqure 3.7.1 summarizes
the maximum displacements for all connecticon nodes and includes maximum
‘rotations at the panel bearing points. Numbering of panel nodes and orient-
ation of axes are shown at the bottom of Figure 3.7.3.

Results show that interstory drift as great as 1.4 inches can occur
in the analytic model. Maximum rotations at bearing points are quite small

from all response records, indicating that even though rotational stiffness
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Maximum Disrlacements at FPanel

Conmection Points (in)

b Record
X 2001  G108°  5109¢ #6110  Gi11°
. L4819 7708 8675  -3477 5951

Y, L03493  .0R226 L062B Q2657 ,04307
X, ' . 487 L7 JRATT L TEAT L5952
Y, L02546 03809 04577 01937 ,0F139
X3 1.283 1.92 2.30A L P7HA 1.8R2
Y. 01937  .02903 0345  .01447 02379
923(rad)‘00145 LO00218 (00259 .00ttt 00178
X, 1.283  1.519  2.305 9754 1,581
Y, V01795 L0749  LQ3L96 L0134 L0204
0z, (rad)[.000868 ,0013  ,00154 .00064 .00107

Interstary |.8O11  1.199  1.4383 4091 9848
Drift

*Fanel node numbering 15 shown in Fidqure 3.7.3

¥1 Centro eartauakes May 18,

h
San Fernanda earthauakey Febh,

Caltechr Millibaen Library

CSan Fernando earthoitakey, Feh., 9y 19715, 10th floor,
Caltechr Milliban Library

d

San Fernando earthanzley Feh 2y 192721 basement
Jet Prorulsion | ab

f5an Fernandn earthauakey Febi. 99 1971« 94h floor,

Jet Fropulsian | ah

9

1940

1971,

hasementy
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of the pané] connectors is not included in the analysis, the results are not
significantly affected by their exclusion. Note however, that this has

been found true only in the model studied in this section.

3.7.2 Elastic Response in Panel Connectors
Response in the panel connectors has been calculated and maxima
are summarized for the five earthquake records used to excite the analytic
model. Differential displacement between connection points can be seen to
make significant contributions to the overall response of the panel connectors.
The largest elastic forces in the bearing connectors are in the vertical
direction, indicating that relatively small differential vertical displacement
between bearing points may cause high Toads in integrative bearing connectors.
Forces in the flexible top connectors are seen to be largest in the horizontal
direction which results from interstory drift. Results show Tittle response
in the vertical direction in the top connectors. Maximum eTéstic forces
found in the connectors for each response history are tabulated in Figure 3.7.2.
Resuits show that ypper stories of buildings may be the most significant
in terms of panel connegtor forces caused by differential displacement bet-
ween connection nodes. Both cases in which excitation was from two different
floors of a building show that maximum response is in the upper floors
(Records G109 and Gill). These high elastic forces are caused by the large
_ différential displacement and interstory movement associated with the response

determined in the analysis of the test frame model,
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Fidure 3.7.2 Maximum Elastic Forces in

Panel Connectors (1)

Flesxible Cornnections{(1%2)y Number of Times
Yield Exceededb

. Record
X ADO1 G108 G109 G110 G111
FX 1 49 T 67 a7t,0% o2
FY, s6,1° 84.1° 101.0% 12.8°% 49.4°
FX,_ 1 49 68 471.0% 22
FY, 31,0 ° 4.4 ® 55,72 23,07 38.2°
*Yield not Exceededsy Maximum Load im Lhsg.
byield = 616.0 lbs '
Bearindg Connections (3% 4)
Record
¥ H001 G108 5109 it G
FX3 379.,0 Sad, 0 1660.0 173.0 1470.0
FY3 4080.,0 S980.0 7370.0 1110.0 5030,0
"qu 79,0 544.0  681.0  UOR.0 £20.0
FY, ALOO. 0 4O70,0 7410.0 110,00 47%0.0

Fanel node numberingd 1s shown in Fidure 4,3



225

3.7.3 Accelerations at Panel Bearing Points

Acceleration histories are determined by the numerical differentiation
of the displacement histories of the panel bearing points. Results from this
portion of the analysis indicate that accelerations at bearing points can
be as high as 1.79. Again, in both cases where records were taken from
upper stories of buildings, accelerations were greater at the upper stories
than at the basement Tevel of the same buildings. Max imum éccelerations at

bearing nodes are shown in Figure 3.7.3.

3.7.4 Response in Connectors Due to Panel Inertia

A short analysis was performed to establish that the developed model
of the architectural system would in fact give results that seem reasonable
and to verify that the method of solution described does yield reasonable
results. The first 480 steps (9.58 seconds) of the acceleration record
from the 10th floor of the Caltech, Millikan Library (Record G109) were
input to the panel-frame model using a 0.02 second solution time step and
response at every solution time step was output. Acceleration histories
of the bearing connectors were calculated and input to the architectural
model using the shortened time step. Results from this solution appeared
reasonable. Maximum values are shown in Figure 3.7.4.

Due to the capacity of the SAP IV program and the massive amount of
data required to do a complete history analysis with a 0.02 second solution
time step, it was not feasible to continue the analysis in the manner out-
lined, It is this authors opinion, however, that the analysis could be
carried to completion with good results by setting up tape storage files and
outputing data to these instead of on cards and expanding the program capacity

size. The SAP IV program capacity is controled by the size of the vector
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Accelerations ( in/sec™ )

Maximum Accelerations at
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Record o
A001 G108 G109 G110 G111
AX 367.0 59,0 560 .9 200, 0 440,72
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AX 367, 0 SR9,7 661.0 20,0 440.8
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matrix 'A' and the variable 'MTDT' which are both dimensioned in the sub-
routine 'MAIN' in the first few 1ines of the program. Both are identified
in the program as being in control of the program capacity by COMMENT
statements.

Resutts from the analysis of the architectural system showed maximum
forces in the bearing connectors that were excéedingiy high. This portion
of the analysis used a solution time step of 0.1 seconds for a mode-super-
position analysis. The use of this time step'proved to be too large to
yield good results. The time step of 0.1 seconds was initially chosen
because it would allow approximately the first 48 seconds (480 points for
each of four acceleration histories) of the acceleration response calculated
from the displacement response of the panel:bearing points. These accel--
eration histories were input to the SAP IV program without altering the
| program capacity. The 0.1 second solution time step also cut down on the
number of computer cards required for data to hold the acceleration time

histories,

3.7.5 .Maximum Combined Response in Bearing Connectors

Maximum combined response in the bearing connectors is found by
superimposing time history response determined for both cases assumed to
repfesent the total forces in the bearing connectors. Superposition of
force response histories for fhe first 9.5 seconds of response calculated
from only the 10th floor of the Caltech, Millikan Library has been found.
Results from calculations of the acceleration histories of the bearing points
show maximum accelerations in this portion of the record; therefore, it is
assumed that maximum.combined response in the bearing connectors will be

found here. Maximum combined response in the bearing connectors for this



portion of the record are shown in Figure 3.7.4 . Maximum horizontal
loads seen by individual bearing connectors are 5339.0 lbs. Maximum
vertical loads in the bearing connectors are 6623.5 1bs., noting that the
horizontal and vertical maxima do not occur simultaneously. In contrast
UBC requirements for Fp which is applied to the center of gravity pf the
panel, is required to be 1920.0 1bs. divided between all of the panel

connectors (see Figure 3.7.5 for the calculation of Fp).
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Figure 3.7.4.
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Maximum Combined Resronse in

Bearing Connectors

10th floory Caltech Millikan Library

Differentizl
Time b 3 Diseplacement Inertial
(seqg) Resronse Fesronse Total
8.8 FX3 -601.0 -47216.0 ~-5317.0
8.3 FY3 ~H600. 0 25. 8 6574 .2
8.8 FX4 "“60100 ‘4;\§8‘0 “5339-0
8.2 FY4 6640.0 ~16:+593 6623.3

b 4 .
Node numbhering

is shown in Fisure 3.7.3



Figure 3.7.5. Uniform Buildins Code
Force Desidn Reauirements for

Panel Connectors

Fr = Z I Cr We

1.0 for the entire connector assemblwy

1.0 for seismic zone 4
Cp = 0.3 = 1.3333 = 004
We = 4800.,0 1bs

N
[

Fe o= ( 1,0 3C 1,0 3C 0.4 ) ¢4800.0 ) = 1920.0 1lbs

Fe is applied laterally to the center of gravity

of the ranel
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3.8 SUMMARY AND CONCLUSIONS

3.8.1 Summary

The purpose of this analytical study was to predict the interaction
between structural framing and precast curtain walls. The method of analysis
used was based on the displacement method where the structural framing was
idealized as beam, t;uss, and boundary elements and the precast curtain walls
were idealized as two dimensional panel elements. The two dimensional panel
element developed by Briggs (1976) consists of a rigid panel with four dis-
crete connections between the panel and the structural framing. Only the
planar stiffness contribution of the panel elements are considered and the
rotational stiffnesses of the individual panel connections are neglected.

The three anaiytica] methods developed to predict the response of
structural framing with precast curtain walls are:

1. Linear static analyses.

2. Nonlinear static analysis assuming the structural frame behaves
linearly elastic and the panel-frame connections behave with
material non]inearity. A piece-wise linear incremental method
is used to approximate the nonlinearity effects of the panel-frame
connections.

3. Dynamic linear analysis based on the methods used in SAP 1V, an
existing finite element analysis computer program developed by
Bathe et al. (1974).

These analytical capabilities were developed by incorporating the planar

panel element into SAP IV plus modifying the static solution to accommodate
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the nonlinear effects. SAPFAP, the resulting program, has input, output, and
computational efficiency similar to that of SAP IV,

Two dimensional computer models using SAPFAP were developed to ideal-
jze five full-scale structural framing-curtain wall tests. The test config-
urations represent a single bay of a structure and were based on a structural
frame with different combinations of panel configurations and panel-frame con-
nections. FEach test' configuration was analyzed for a horizontal in-plane load
and the relative lateral stiffnesses compared. Results indicate the lateral
stiffness contribution of the panel element depends on the type of panel-frame
connection used and thelgeometry of the panels. These results were further
verified by comparison of the first five natural frequencies of each test.

An analytical study was also performed on a test configuration with two win-
dow box panels attached to the structural frame with an integrative connec-
_tion system to approximpate the effect of the panel connection nonlinearity

on the behavior of the:system under dynamic loading. Results of these studies
demonstrate that these panels provide approximately an eight percent increase
in the lateral stiffness to the system while loaded in the linearly elastic
range, as evidenced by higher natural frequencies and by lower maximum dis-
placements. Once the connections are loaded into the post-yielding range,

the additional lateral Stiffness provided by the panel elements is negligibie

for the system analyzed.

3.8.? Conclusions

Based on the results of the analytical study, it can be concluded that:
1. A viable method has been developed to predict the interaction be-
tween structural framing and precast curtain walls for both dynamic

and static loading.
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Panel configurations using the integrative panel connection system
{i.e., bearing and flexible connections in these studies) provide
additional lateral stiffness to the system while panel configurations
using the isolation connection system {i.e., bearing and slotted
connections) provide neg?igib]e.additional lateral stiffness.

Window box panels (Tests II and III) using the integrative panel
connection system provide more lateral stiffness to the structure
than the articulated panel system (Test V).

Structural configurations using the integrative panel connection
will provide additional lateral stiffness to the system while Toaded
in the linear elastic range but will supply negligible additional
stiffness once connections are loaded into the post-yield range.

The overall effect of the panel connection nonlinearity has a "weak"
or minimal effect on the overall structural response, thus it is

not recommended that nonlinear dynamic analyses of this problem be
pursued to predict frequencies and deflections.

Forces in panel connectors caused by differential displacement
between panel connection points can bé analytically predicted;
furthermore, forces in panel connectors due to panel inertia can

be analytically predicted as a post analysis to response determined

by an interactive panel-frame model.

The three dimensional panel elemental stiffness matrix developed by

Briggs (1976) could be incorporated into the computer program SAPFAP to

analyze the contribution of all the stiffness components of the panel element

on a three dimensional structure. Note, this would require additional

experimental and analytical data for the various panel-frame connections to

represent the stiffness properties for each panel connection freedom.
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4.0 TASK IIT: FULL-SCALE LABORATORY TESTS OF CURTAIN WALL ASSEMBLAGES

4.1 Introduction
This task involved full scale laboratory testing of curtain wall assemblages.

At the time the project was funded, the University of Idaho did not have
a test facility to conduct the tests required in Task III.
For this reason,it was necessary to design and build a facility for static and
dynamic testing of the full scale curtain wall assemblages. In addition,
it was necessary to upgrade the present data acquisition and analysis
capabilities in order to investigate the behavior of these assemblages
subjected to earthquake excitation. A PDP-11/03 computer was purchased
by the Department of Civil Engineering, and the proper data acquigﬁtion
and analysis hardware and software were designed, produced and impiemented
to meet the objectives of the project. This section describes the
design of the reaction frame and the data collection systeﬁ; furthermore,

the test results obtained from the facility are presented.
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4.2 DESIGN

4,2.1 Preliminary Concept

The requirement to construct a reaction frame grew
from the need for a test facility to carry out a set of
experiments. Various configurations of a typical structural
unit (1 bay) from a high rise building, called a "unit cell"
were to be tested. The preliminary concept of the unit cell
shown in Fig. 4.1 qonsisted of full sized spandrel beams,
columns, and architectural precast concrete panels. The
objective was to determine the effect of the panels and
their connections on the stiffness and dynamic response of
the unit cell.

The reaction frame was required to acﬁommodate the
unit ceil, provide reaction points for the cell and load
application system, and not interact with the unit cell
either statically or dynamically. The reaction frame design

was begun using these initial requirements.

4.2.2 Design Criteria

Istablishing design criteria is an important step
in the design process., Proper design criteria help to de-
fine the problem and provide a basis for judging the

acceptability of a design. For the recaction frame, the
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critical design criteria were considered to be the frame
location, size, deflections, strength, dynamic response,
foundation conditions, and cost, Lach of thesec criteria

is treated separately in subsequent sections.

4.2.2.1 Location

The reaction frame was to be built on the University
of Idaho campus. Test applications of the reaction frame
were to involve full scale dynamic tests of the unit cell
described in Section 4.2.1. Since equipment such as fork
1ifts and cranes would be required to 1ift the individual
items comprising the unit cell into the reaction frame, the
1o¢ation of the reaction frame would have to provide working
space for this lifting equipment, in addition to the space

required for construction of the reaction frame itself.

4.2.2.2 Size

In determining the dimensions of the reaction frame,
consideration was given to the full size unit cell, the load
application system, the‘monitoring devices, and interior
connections to the reaction frame. From preliminary esti-
mates of the space required for these items, the centerline

dimensions were set at 20 ft high by 25 ft long.

4,2.2.3 Deflection

In the test program to be conducted, experimental
displacements would be measured to determine the static and

dynamic response of the unit cell. If a significant
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component of the experimentally genecrated data wés due to
displacement of the reaction frame, the data would not
represent the true response of the unit cell, For this
reason, the maximum displacement at any point in the reac-

*tion frame would have to be small in relation to the unit
cell displacement. From consideration of typical inter-
story stiffness in steel frame buildings and the mass of the
concrete panels, an average unit cell displacement was esti-
mated to be from 1.0 to 2.0 inches. The maximum displace-
ment of the reaction frame was set at an order of magnitude
less (0.1 to 0.2 in.) to avoid interference with the

~ measured response of the unit cell. It was assumed that
this small displacement would not introduce significant

error into the tests.

4,2.2.4 Strength

The working stress method (e.g., Salmon and Johnson
1971) was used to determine the design stress levels for
the structural steel in the reaction frame. In this method,
stresses computed under the action of service loads are
compared with predesignated allowable values. In this case,
allowable stresses were taken from the American Institute of
Steel Construction specifications (AISC-1977).

Allowable concrete stresses were determined from the
ultimate strength design concept. In this method, service
loads are increased by the so-called load factor to obtain

the desired maximum strength and the concrete is designed
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to meet these ultimate strength requirements. The design
procedure and ultimate strength values were taken from
"Building Code Requirements for Reinforced Concrete" (ACI

318-77).

4.2.2.5 Dynamic Response

For the dynamic response of the unit cell to be
accurately represented in the testing program, the cell
would have to be isolated from the dynamic response of the
reaction frame; however, the subject of vibration isclation
is too broad to be discussed extensively here. In general
terms, if the natural frequencies of the reaction frame
were close to experimental test frequencies, the reaction
frame could display resonance and introduce a spurious

' response into the experimental data.

The reaction frame was a multi-degree-of-freedom
system, so no quantitative criteria relating to allowable
natural frequencies of the frame could bé determined. This
was because in a multi-degree-of-freedom system, the ways
in which dynamic loads are applied (i.e., point of applica-
tion, direction, etc.) as well as the loading frequency could
contribute to resonant response of the system. For the re-
action frame, these relationships were too complex to be
evaluated‘in the pre-design stape, lowever, a single-
degree-of-freedom model provided an estimate of how resonant
response in the reaction frame might be avoided. For a’

single-degree-of-freedom system, the dynamic magnification
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factor is only 1.01 if a periodic loading frequency is

0.10 of the natural frequency of the system. It was recog-

nized in the pre-design stage that a detailed dynamic anal-

ysis may have to be performed if test frequencies approached
.natural frequencies of the reaction frame, A detailed

description of a dynamic analysis of the reaction frame

under test conditions is contained in Section 4.4.

4.2.2.6 Toundation Conditions

Soil c¢onditions at the reaction frame site and the
reactive forces generated during tests were considered in
the design of the footings. These parameters would dictate
the size and type of footings to be used. Specifically,

three potential problems were to be obviated:

1. Settlement or uplift of the reaction frame.

2. Interference with the load carrying capabilities’
of existing foundations in the immediate area.

3. Vibration transmission to adjacent buildings.

4.2.2.7 Cost

The project budget allowed for a total cost of
around $20,000. The major items contributing to the cost
of the reaction frame were structural steel, fabrication,

erection, excavation, reinforcing steel, and concrete.
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42.3 Design Development

4.2.5.1 Preliminary Design

The steel plate box-type cross section shown in
Fig.4.2.2 was initially investigated for the reaction frame.
Some of the experimental test loads would be slightly out of
plane with the reaction frame. This cross section would be
efficient in resisting the torsion induced by these
eccentricities. A closed box section has far more resist-
ance to torsion than an open section,

The frame was to be situated in the Gauss Engineer-
ing Laboratory (GEL). Limited space at this location made
the bracing system shown in Fig. 4.2.3necessary. Resistance
to sidesway in the frame was provided by pretensioned high
strength steel rods. This bracing system had several in-
herent-disadvantages. First, the pretensioned rods
required large and expensive anchor connections and, second,
the rods would have to be removed when the test configura-
tion was changed.

Lack of space in GEL also made special erection pro-
cedures necessary. Although there is an overhead crane rail
system in the building, the individual weight of the items
to be erected exceeded the capacity of this crane system.
Therefore, the use of an overhead crane would have required
cutting a hole in the roof of the lab. In addition, very

little room was available to operate a fork 1ift. In
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Fig.4.2.2--Box-type cross section used
' in the preliminary design

Fig.4.2.3--High strength steel rod bracing system
used in the preliminary design
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general, 1t was obvious that erecting the frame in GEL.would
introduce many onerous problems.

The cost of the preliminary design solution was
found to be $36,000, exceeding the cost criterion of $20,000
by 80%. The most expensive parts of the design were the
bracing system, the welds, the quantity of steel, and the
special erection procedures. With these problems in mind,

a new design was begun,

.2.3.,2 PFinal Design

The high cost of the preliminary design required
reevaluation of the proposed site of the reaction frame.

I't was decided to locate the reaction frame outdoors, south
of Buchanan Engineering Laboratory (Fig. 4.2.4). This deci-
sion reduced the cost in several ways. First, no special
erection techniques were required at this location and,
second, there was ample room for cranes and other construc-
tion equipment (see Fig, 4.2.4). The pretensioned rod bracing
system was replaced with a simpler external system (Fig.
4.2.5). The axial stiffness of the braces themselves provided
resistance to sideswdy in the frame eliminating the need for
pretensioning.

A new cross section was then determined for the
reaction frame. It was decided to use two wide flange
sections welded together side by side as shown in Fig. 4.2.6.
By using this cross section rather than the box se;tion, the

weight of the frame was reduced by more than 50%, thus
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Fig.4.2.6--Cross section built from two wide
flange shapes used in final design

greatly reducing material costs. In addition, wide flange
members werc recadily available to fabricators in the area.
Another advantage to making the section from wide flange
shapes can be scen by contrasting Figs.4.2.2 and 4.2.6. As
shown, the box section required fbur welds and the wide
flange section required only two. Although the welding
procedure is different for a butt weld than for a fillet
weld, 1t was still found ﬁhat welding costs were greatly

reduced for the wide flange section. Finally, adequate
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{though reduced) torsional rvigidity was maintained with the
wide flange section becausc the central portion of the sec-
tion formed a closed "box" shape. The section properties
for the steecl plate box section used in the first design
rand the wide [lange section of the final design are sum-

marized in Table 4.2.1.

Table 4.2.F -Comparison of section propertics in preliminary
and final designs

A 1 S l S J

Design xx X Yy X

(ndy  anty indy  anYy aedy
Preliminary 91.5 4072 509 5660 472 4100
Final 44.8 4200 350 1070 119 1190

The reaction frame was then built using this latter
design. The cost of structural steel, fahricétion, and
erection was approximately $16,000, The foundation cost was
roughly $5,000, bringing the total cost of the rcaction
frame to about $21,000. This figure exceeded the cost
criterion by only 5%, an acceptable amount. A conceptual
drawing of the rcaction frame as it was designed 15 shown

in Fig., 1.2.7.

4 .4 Desipgn Procedure

The purposce of this section is to describe the pro-

cedure and techniques used in the development of the final
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design. Some steps in this procedure were done many times,
¢.g., computer analyses, - Others, such as the design of

details, were completed only when the design was thought to
be a viable soclution. Each time specific design solutions:

«are cited, the reference is to the final design.

4.2.4.1 General Procedure

The design procedure began by assuming a cross sec-
tion with an adequate moment of inertia to meet the maximum
deflection criterion oflbetween 0.1 and 0.2 in., displacement
(Section 4.2.2.3). Since the gross dimensions of the frame
had previously been éstablished (Section 4.2.2.2), the next
step was to assume a bracing system that would stabilize the
frame and prevent sidesway. Next, an analysis of the pro-
posed configuration was performed.

Analyses of the design configurations were accom-
plished using a finite element computer program called
SAP IV (Bathe et al., 1973). The program was developed at
the University of California, Berkeley, and implemented at
the University of Idaho on an IBM 370/145 computer system.
Both the static and dynamic capabilities of SAP IV were
utilized in the design of the reaction frame. The computer
analysis provided values of stress and deflection which were
compared with the predetermined design criteria of strength
and allowable displacement.

Before construction drawings were prepared, design

details such as the reaction points, rigid frame knees,
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footings, base plates, and anchor bolts had to be finalized.
Static analysis, dynamic analysis, and detail design con-

siderations are described in subsequent sections.

.2.4.2 Static Analysis

SAP 1V uses the well known stiffness method (e.g.,

Cook 1974) to solve the static equilibrium equations

b

=
i

|7

(4.2.1)

where K is the stiffness matrix, u is the nodal displacement
vector, and R is the nodal load vector, In the idealization
of the reaction frame, beam elements were used for the main
portion, and truss elements for the bracing members. An
elevation of the‘three-dimensional model used in the static
analysis is shown in Fig. 4.2.8, Nodal points were numbered
to minimize the bandwidth of the stiffness matrix, and hence
reduce the cost of computer runs. A large number of nodal
points were used in the model of the frame to represent the
effects of the weight of the frame in the analysis. SAP 1V
uses the wecight density given as input data to determine |
poeint nodal loads (no moments) due to gravity. Since a
large number of nodal points were used in the model, the
deflection and stresses due to the dead weight of the frame
were closely approximated. In general, {or a structure such

as the frame, dead weilght effects do not constitute a
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significant portion of the total static response. However,
the large number of beam elements were justified for the
sake of completeness and because it was anticipated that
the same model would be used in dynamic analysis (Section 4.
2.4.3),

Initially the loads that would be applied to the
unit cell during test$ were not known. However, from con-
sidering typical interstory stiffness in high rise buildings
and the anticipated capabilities of the load application
system, an upper bound was estimated at 75,000 1b. Using
this value and the principles of statics, the distribution
of the load through the unit cell (Fig.4.2.1) was calculated.
The resultant static design load pattern is shown in Fig.
4.2.9.

The nodal point data, element data, and loads were
input to SAP 1V, The solution yielded values of displace-
ment and stress that were compared to the design criteria
described in Section 4.2. For the reaction frame, the maxi-
mum deflection constraint of from 0.1 to 0.2 in. was the
critical criterion. The maximum static displacement was
found to be 0,113 in. Specific computer results

and corresponding design calculations are in Thomas (1980).

2.4.3 Dynamic Analysis

SAP IV offers the following four types of dynamic

analyses to the user:
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1. Natural frequency calculations only.

2. Natural frequency calculations followed by response
history analysis by mode superposition.

3. Natural frequency calculations followed by response
spectrum analysis.

4. Response history analysis by direct integration.
The dynamic analysis of the reaction frame was cérried out
by utilizing the second option. Under this option, two
problems are solved during each computer run as stated above.
Natural frequencies and corresponding mode shapes are first
caiculated, then this information is used in a response
history analysis that is carried out using mode superposi-
tion.

SAP IV represents the mass of a structure with a
diagonal mass matrix, In other words, the mass of each
element is assumed to be concentrated in point masses at
each of the nodal points, The distribution of the mass to
the nodal points is determined by statics [Cléugh and
Penzien 1975). This technique is knownias a lumped mass
idealization (Fig. 4.2.10). Becauée the mass is assumed to
be concentrated at the nodal points, a large number of nodal
points are required in the modei to accurately represent a
uniformly distributed mass, Such a model was used in the
static analysis (Fig.4.2.8) of the reaction frame to repre-
sent the effects of dead weight. The same model was used
in dynamic analysis, but in this case the effect of a uni-

formly distributed mass was represented.
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DU PR P AP
lumped mass
00 0 0 ¢

Fig.4.,2.70--Lumped mass idealization

4.2.4.3.1 Calculation of Natural
Frequencies and Mode Shapes

The determination of natural frequencies and corres-
ponding mode shapes involves the solution of the generalized

eigenvalue problem

K¢ =w'Myo (4.2.2)

where w is the free vibration frequency, ¢ is the mode shape
vector, and M is the diagonal mass matrix for the structure.
Two methods are used in SAP IV for the solution of the
eigenvalue problem. When the stiffness matrix can be held
in high spced storage, a determinant search technique 1is
carried out. For systems with large order, for which the

stiffness matrix cannot be contained in high speed storage,
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a subspace iteration is required (Bathe and Wilson 1976).
In the reaction frame model used, the bandwidth of the
stiffness matrix was kept small with proper nodal numbering
'techniques. Therefore, the determinant search method was
wsed,

The first part of the computer run yielded fre-
quencies ard mode shapes for the p lowest eigenpairs (vibra-
tion modes), where p was specified by the user. The size
of p was determined ffom consideration of the significant
modal components contributing to the dynémic response (see
Section 4.2.4.3.2), The first five modal shapes for the re-
action frame are shown in Figs. 4.2.11-4.2.15. These greatly
exaggerated figures show the shape the reaction frame would
take in free vibration at the natural frequency correspond-
ing to that mode‘éhape.

4.2.4.3.2 Response History Analysis
by Mode Superposition
' The governing equations for any general dynamic

response are

=

i+ Cu+ Ku= R(t) (4.2.3)

where C i1s the damping matrix and R(t) is the dynamic load-
ing vector, When mode superposition (Clough and Penzicn
1975) is used it is assumed that the structural rcsponse
of a dynamically loaded system can be adequately described

by the p lowest vibration modes. In the analysis of the
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Fig, 4.2.14--Fourth vibration mode shape; frequency = 75.88 Hz
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Fig.4.2.15 -Fifth vibration mode shape; frequency = 82,20 Hz
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reaction frame it was assumed that the first ten vibration
modes would be sufficient.

In general, the basic energy-loss {damping) mech-
anisms in a structural system are seldom well understood.
Jfor this reason, damping properties must usually be detcr-
mined experimeﬁtally after a structure has been built. How-
ever, in the design of the reaction frame it was recognized
that the maximum dynamic response would generally be less in
a damped system than in an undamped system. For this reason,
C was assumed to be null in the dynamic analysis of the
reaction frame.

SAP 1V solves the above eqﬁations by the Wilson &
‘method (Bathe and Wilson 1976), which is an unconditionally
stable step-by-step integration scheme. This method is a
modification of the linear acceleration method (Clough and
Penzien 1975) in which the acceleration is assumed to be
linear over the computational time step At. The linear
acceleration method is an acceptable numerical integration
scheme as long as a short enough computational time step is
used. This method is only conditionally stable, however,
and it will become numerically instable if it is applied
to modal response components having periods of vibration
less than approximately 1.8 times the time interval. On the
other hand, the Wilson & method is based on the assumption
that the acceleration varies linearly over an extended

time step 0At. The linear acceleration assumption for both
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methods is depicted graphically in Fig. 4.2.16. For a value
of 8 = 1 the Wilson 6 method is identical to tﬁe linear
- acceleration method, but for 8 > 1.37 (usually taken as
1.40; Bathe and Wilson 1976), the Wilson 9 method becomes
»unconditionally stable.

The time step required to adequately represent the
dynamic response depended on the characteristics of the
dynamic loading and on the periods of vibration of the re-
action frame. The necessary time step to approximate the
significant aspects of a dynamic loading situation could
easily be established from a consideration of the nonlinear
and rate change properties of the loading. Therefore, the
choice of time step would primarily‘depend_on the natural
periods of vibration in the reaction frame. In general,

a time incremenf-to-period ratio of 0.1 or less is a good
rule of thumb for obtaining reliable.results (Clough and
Penzien 1975). In mode superposition this ratio applies to
the highest vibration frequency which contributes signifi-
cantly to the dynamic response.

The forcing function used in the dynamic analysis
of the reaction frame was a sine wave function with the
amplitude of the static design loads. This load form was
chosen because it was known during the design process that
at least some of the test loads would be sinusoidal. The

loads (Fig. 4.2.17) were applied at the same nodal points as
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Fig, 4.2.16--Linear acceleration for normal
and extended time steps

they were in the static load case and the direction changed
simultaneously with the input sine wave.

The loading f{requencies that were to be used in the
tests were not known during the design of the recaction
frame, but preliminary calculations showed that the first
natural frequency of the unit cell would be aBout 2 Hz.
Since this frequency condition would exposé the frame to the
most severe design loads, this frequency was used invthe
design dynamic analysis,

Py considering the contribution of the
natural vibration modes to the response of the reaction
frame as previously discussed, a time incroment.of L0015 was
chosen, This accurately rvepresented the effects ol the
first three vibration modes and approximated the effects of

the fourth and f{ifth. One thousand increments were used
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giving a leading duration of 1.5 seconds for three cycles.
This was believed to be long enough to determine the maximum
response of the frame under the dynamic loads.

Since the loading frequency (2 Hz) was so low with
-respect to the lowest natural frequency of the reaction
frame (37.68 Hz), it was expected that the maximum dynamig
response of the frame would be quasi-static. Table 4.2.2
compares some of the static and dynamic analysis results.
The values were chosen from the points of maximum response
in the static analysis. As shown in Table 4.2.2, the dynamic
pafameters only slightly exceed the static values in one
case, and in three.of the parameters the dynamic result is
less than the dynamic value. Basic theory shows that the
dynamic response of the reaction frame could not be less
than the responsg that would be produced by static applica-
tion of the same load. Closer observation of the computer
printouts revealed that in some cases the dynémic response
was slightly less than the static response and in others it
was slightly larger. These differences were attributed to
the fact that different algorithms were used by SAP IV to
accomplish the static and dynamic analyses. Therefore, it
was concluded that the dynamic response to the design loads
was quasi-static as expected.

It was recognized in the design stage that addi-
tional dynamic analyses may have to be carried out as

specific test conditions were encountered,
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Table 4.2.2-Comparison of static and dynamic design analyses
for selected parameters

Element . Maximum
or Parameter Stat;z dynamic
node resu result
Iruss Axial force 30.21,k 29.99k
Truss Axial force 34.60" 36.13K
Node 22 y displacement .05" .04
Node 32 y displacement L 11
"ok "ok
RBeam (:) Moment 3947 3055

However, no further analyses were done during the initial
design., This decision was based on two considerations.
First, it was thought that the design loads had been con-
servatively estimated. The actual reaction frame would
probably never be exposed to such severe loading conditions.
Secondly, the first natural frequency of the reaction Erame.
was considerably higher than the anticipated full scale test

loading frequencies.

},2.4.4 Detail Design

In order to complete the design procedure, it was
necessary to consider the details of the reaction frame.
Details to be designed were the reaction points, rigid from

knees, and footings. The soil conditions at the proposed
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frame site and structural interference with adjacent
buildings were also considered in the final design stage.
Each of these items is discussed in detail in the sections

that follow.

4,2,4.4.1 Reaction Points

During the éctual tests, the unit cell and the load
application system had to be connected to the reaction
frame. The.reactive.forces generated in the tests would be
transferred to the reaction frame through these connections
at ""reaction points." During the design of the reaction
frame, the exact location of these points was not known, and
the brecise type of connection to be used had not been
determined. For these reasons, an adaptable system of re-
action points had to be devised. Figure 4.2.18 shows the
method that was used. The reaction points were spaced at
three foot intervals around the entire reaction frame.
Closer spacing would have been more adaptable, but by spacing
the reaction points at three feet, a more economical solution
was obtained, If a connection was desired between reaction
points, the adjacent points could be bridged with a steel
plate. Therefore, connections were possible at any point
around thé reaction frame,

Special fecatures of the rcaction points were the web
stiffeners and the holes in the flange of the reaction frame.
The stiffeners were located on the outside flange at each

reaction point to help distribute concentrated loads and
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——1-1/8" diameter
holes
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Fig.4.2.18--Reaction point for connections
to reaction frame
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prevent local buckling of the cross section. The holes
aliowed connections to be bolted rather than welded to the
frame; therefore, any connection could be accomplished

without damaging the reaction frame.

.2.4.4.2 Rigid Frame Knees

Complete transfer of moments around the corners of
the reaction frame was required. This was accomplished as
shown in Fig. 4.2.19. Internal forces weré transferred from
beam to column and vice versa through the one inch plates,
Web stiffeners were supplied in the corner region to help
resist induced shear forces in the web at full moment capac-
ity. Stiffeners were situated perpendicular to the flange,
12 inches from the corner, and a.pair of diagonal stiffencrs
were located inside the corner region. The construction
drawings (Thomas, 1980) show use of an increased plate thick-
ness rather than implementation of the diagoﬁal stiffeners.
This is because the diagonal stiffeners were decided upon
after the bid had been awarded. Use of diagonal stiffeners
was found to be less expensive than the increased plate

thickness.

2.4.4.3 Foofings_

The design of the footings was based on a considera-
tion of the reactive forces transferred from the reaction
frame to the footings. The footing dimensions shown in

Fig.4.2.20 were calculated using the maximum uplift forces
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Fig.4.2.19--Rigid frame knee; complete transfer of

internal forces. Note: Detail showing’

welds and plate sizes can be found in
Appendix C.
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determined by the computer analysis. The density of con-
crete was taken to be 150 pcf. ACI code (ACI 318-77) speci-
fications required that only temperature reinforcing in the
top of the footings was required. However, a "cage" of
weinforcing steel was provided as shown in Fig. 4.2.21 to
contain the concrete and to allow the footings to function
as units. The base‘plates and anchor bolts were designed
using standard procedures (PCI 1971, p. 6-18, 6-23}). A
cross shaped arrangement of rebar was used
to tie the anchor bolts to the steel cage.
.2.4.4.4 Soil Conditions and
Structural Interference

Before the Buchaﬁan Engineering Laboratory was built,
a boring log was made at the existing southwest corner of
the lab, and this boring provided a useful estimate of the
soil properties at the proposed site of the reaction frame
(Fig. 4.22). This log indicated that the soillwas of high
- quality. As shown, the average penetration resistance N
was 28 blows/ft indicating a very stiff clay with an uncon-.
fined compressive strength of from 2.00 to 4.00 tons/ft2
(Lambe and Whitman 1969). This was morce than adequate
strength to carry the loads imposed by the reaction frame.
In addition, calculations (Thomas, 1980) showed that settle-
ments in adjacent buildings due to the reéction frame would

be virtually nonexistent,
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Fig.4.2.21--Steel reinforcement in reaction frame for (a) brace footings and
(b) frame footings. Note: All reinforcement is #4 rebar.
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Silt loam

Silt loam w/scattered gravel
N = 28
Clay loam

N = 24

Light brown silty sand-
moist SM/ML ‘

N = 31

Coarse brown sand

Moist fine sand and clay ML

N = 31

Clay and fine sand, some silt

Silt and fine sand ML/SM
N = 14

White to brown clay mixed
/sand and gravel interbedded

N = 25

iN Indicates standard penetration test

II Indicates location of 3" shell by tube sample

}vv Water table

Fig, 4.2.22-Boring log used to estimate soil properties
at reaction frame site
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Problems with vibration transmission to existing
buildings in the immediate area were not expected., This
expectation was based on the relative weights of the footings
and reaction frame, the properties of the soil, and the mag-
nitude of the anticipated loads. The subject of vibration
transmission is too broad to be discussed here. Notable
books on the subject include those by Barkan (1962), Major
(1962), and Harris and Crede (1961). During actual tests, an
attempt to measure vibrations induced in adjacent buildings
was made. An accelerometer was taken to various locations
in the buildings, vibrations were monitored, and no measur-

able transmission of vibration could be detected.

4.2.5 General Comments and Capacities

In this éhapter the concepts, criteria, techniQues,
and procedures used in the design of the reaction frame were
described.v In conclusion, the following general capacities
relating to the reaction frame are presented for the reader:

1. The total allowable moment for the reaction frame
cross section is approximately 700 ft-kips. This
value was determined from working stress design
(AISC 1977), and the rigid frame knees were designed
with this capacity in mind.

2.  The reaction points were designed for a maximum con-
centrated load of 115.5 kips; however, a greater
capacity could be realized by increasing the bearing
length of the load, If a concentrated load in ex-
cess of 115.5 kips is anticipated, each individual
case should be analyzed for overstressing at the
reaction points.

3., The maximum axial compressive force for each brace
member is 81 kips (AISC 1977), and the allowable
tensile force is 310 kips,
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4. The concrete in the footings has a design compressive
strength of 3000 psi (see Section 3.3). With this
strength, the pullout capacity of each anchor bolt
was calculated to be 370 kips. -

For additional information,Thomas (1980) contains the specific
design calculations, and the computer printouts used in the

L 2

design..
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4.3 EXPERIMENTAL STUDY

4.3.1. Description of Test Equipment

A testing program was conducted at the University of
Idaho with the test facility shown in Fig. 4.3.1 and Photo 4.3.1.
The facility represents the steel framing from one bay of a
typical high rise building. The test frame, representing
spandrel beams and columns, is made from four W8 x 35 steel
beams formed into a rigid square frame (12' x 12'). The test
frame is hung with 8" x 4" x 3/8" structural steel tubes which
are pin connected to the glide strut as shown in Fig. 4.3.1.
The glide strut is a W6 x 20 steel beam that is free to slide
horizontally through the lubricated glide assembly shown in Fig.
4.3.2. The glidé assembly is connected to the reaction frame
at three locations as shown in Fig. 4.3.1. The outer connect-
ions provide reaction points for the test frame while the inner
connection furnishes lateral support to the glide strut.
Lateral support at the bottom of the test frame is provided by
four ball bearing lateral support glides (Fig. 4.3.3) which were
designed to allow free movement in the plane of the test frame.

A hydraulic load actuator is mounted between the
reaction frame and the end of the glide strut. The actuator
dynamically displaces the glide strut, thus displacing the
test frame. Loads are automatically controlled by an MTS
control console to cause the displacement specified by the
test operator.

Precast concrete panels are hung on the test frame,

emulating the various ways in which these types of panels
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are used in high rise buildings. The test configuration used

in this study is shown in Fig., 4.3.4. Two 6' x 12' panels

are mounted on the test frame, each connected at four locations
as shown. The weight of the panels is supported by 8" x 4"

x 1/2™ bearing angles at the bottom, and the top connections are
3/4" diameter steel rods. Beers (1980) presented a summary of

other test configurations considered at the University of Idaho.

4.3.2 Data Collection and Analysis System

4.3.2.1 PDP 11 Microcomputer

A Digital Equipment Corporatioﬁ (DEC) PDP 11VO03-L
microcomputer is used for data collection.and analysis. This
system is used to collect data from the seismic tests because of
its ability to sample dynamic data at very fast rates and then
process the data after it is collected. This microcomputer has
64K (K = 1024) bytes of CPU memory and is equipped with two
RX02 format diskettes (floppy disks) which contain 250K of
storage eéch. In a typical configuration, the left floppy disk
contains the RT11 operating system, plus all of the system
programs, while the right disk contains user programs (i.e. the
data collection and analysis programs discussed in Section 4.3.3).
The data that is collected from the seismic tests is stored on
the right floppy disk to later be accessed by the data analysis

programs.
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4.5.2.2 KWV1l Programable Real-Time Clock

The XWV11l is a DEC programmable clock/counter that pro-
vides a variety of means for determining time intervals or count-
ing events. The clock has a resolution of 16 bits and can he
driven from any of five internal crystal-controlled frequencies
(100Hz to 1MHz), from a line frequency input or from a Schmitt
trigger fired by an external input. The KWVl can be operated
in any of four programmable modes: (1) single interval; (2)
repeated interval; (3) external event timing; or (4) external
event timing from zero base. For the seismic tests, the clock
is set at a rate of 100kHz (milliseconds), and the repeated
interval mode is used. When the clock overflows (e.g., if the
clock i5 set at a rate of ten milliseconds using the repeated
interval mode, this will occur when ten milliseconds have
elapsed after the clock interval began) the clock sets an

interupt which signals the A/D board to start sampling.

4.3.2.3 MP1216-PGA Analog to Digital Board

The MP1216-PGA Burr-Brown analog to digital (A/D)
board samples a DC Voitage signal at specific intervals which
are set by the real-time clock, and then converts the‘signal to
a digital value. This unit is a 16 channel differential-ended
{user strapable as 32 single-ended) analog input system with a
software programmable amplifier with gains from one to 1024.
The input range is +10V for a gain of one, and +10mV for a
gain of 1024. The gain for each channel is set individually
allowing each channel to have a different gain which gives the

user flexibility, for instance, the accelerometer signal is
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+250mV and the strain gage signal is +10mV so both channels
can be input simultaneousiy with this feature. The A/D board
requires 370 s for each conversion; therefore, if the user 1is
sampling only one channel, a sampling rate of 2500Hz is pos-
sible, but if the user is sampling 16 channels, then a sampling
rate of approximately 150Hz per channel is possible. The
MP1216-PGA is a 12-bit A/D converter which can be operated in
either interrupt or polling mode. In the interrupt mode, when
the conversion is complete, the A/D gates an interrupt "vector"
onto the PDP 11 bus returning control to the microcomputer.

In the polling mode, the microcomputer must periodically scan
the "STATUS'" Register of the A/D to determine if the conversion
is complete. TFor optimization of time, the data collection of

the seismic test data is carried out in the interrupt mode.

4.3.2.4 Sensor Types and Locations

All of the strain gages used are Micro Measuréments
120 ohm gages, and measure the strain that occurs in their axis
of orientation. Shaevitz Model 5000 HPA LVDT's with a linear
displacement range of +5in are used to measure horizontal dis-
placements of the frame. A Kinemetrics VM-1 vibration monitor
is used with a Kinemetrics FBA-3 triaxial force-balance 1 G
accelerometer to measure the accelerations of the panel. The
locations of the sensors are shown in Figs. 4.3.5 while a
des;ription of what each sensor measures, along with the name

used for reference in this project is included in table 4.3.1.
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SENSOR PROJECT
NUMBER TYPE QUANTITY THAT SENSOR MEASURES NAME
1 LVDT Horizontal Dispiacement Top LVDT
2 LVDT Horizontal Displacement Middle LVDT
3 LVDT Horizontal Displacement Bottom LVDT
4 - STRAIN Horizontal Bending (Rod) Left Horizontal
5 STRAIN Horizontal Bending (Rod) Right Horizontal
6 STRAIN Vertical Bending (Rod) Left Vertical
7 STRAIN Vertical Bending (Rod) Right Vertical
8 STRAIN Qut-of-Plane Bending {Vert Leg) Left Angle
9 STRAIN Qut-of-Plane Bending (Vert Leg) Right Angle
10 ACC. Horizontal Acceleration Accelerometer
11 STRAIN Vertical Bending Back up Bottom C.
12 STRAIN Vertical Bending Back up Bottom Lt.
13 STRAIN Horizontal Bending Right Noodle
14 STRAIN Axial Glide Strut

Table 4.3.1DESCRIPTION OF SENSORS
Information Pertaining to the Various Sensors



289

4.3.3 Computer Software

The computer software involved is of two types:
(1) the data collection programs; and (2) the data analysis
programs. The data collection main program 1s written in
FORTRAN with a subroutine written in DEC machine language
(MACRO). This subroutine is written in MACRO since the real-
time clock and the A/D boards when driven in MACRO are approxi-
mately twice as fast as the FORTRAN instructions. This is true
because there is not as much overhead involved. That 1is, a
FORTRAN statement when converted results in several MACRO state-
ments to carry out the command; however, these resulting MACRO
statements do not optimize time as efficiently as when the
program is initially written in MACRO. It is very important
~in data collection to minimize the time involved in running the
program. This results in more time for the A/D board to make
conversions and allows faster sampling rates. Computation time
is not as crucial in data analysis as in data collection;

therefore, the data analysis programs are all written in FORTRAN.

4.3.3.1 The Data Collection Programs

RIGHT1 is the name of the main program and CSTARI is
the MACRO subroutine that controls both the real-time clock
and the A/D boards. A flowchart of RIGHT1 and its interaction
with CSTARI plus a 1listing of the programs énd a user's guide
for the programs is contained in Wicher (1980). The A/D

board samples the analog signals from the sensors which are in
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the + 20 mV range; therefore, with 12-bit resolution, the full
scale value of 40 mV is divided by 4096, resulting in an A/D
resolution of 9.8 V. The analog signals are calibrated in
inches/mV for the'displacement sensors, and strain/mV for the
strain sensors so the digital voltage values that are sampled
can later be converted to displacement and strain, respectively.
The sampled digital values are stored on the double density
diskette (floppy disk). A double density diskette contains

974 blocks of steorage, where one block is 513 bytes, allowing
256 interger values to be stored in one block. The programs
designed for data acquisition and analysis require approximately
110 blocks of storage, resulting in 860 blocks of storage being
available for sampled data. The data acquisition programs were
designed to sample at 125 Hz per channel, and at this sampling
rate there is approximately 110 seconds of storage on the floppy
disk. The program is set up with a double buffered array so
that samples are being stored in one buffer while the data in

the second buffer is being transferred to the disk.

4,3.3.2 The Data Analysis Programs

The data analysis programs are of two types: (1)
the Power Spectral Density (PSD) programs; and (2) the exceed-
ance programs. The Power Spectral Density programs compute the
PSD values according to standard procedures, and the Exceedance
programs compute discrete strain or displacement levels and the

number of times they are exceeded.
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4.3.3.2.1 The Spectral Density Programs

A1l of the data analysis programs are written in
FORTRAN since the ease of writing the programs in FORTRAN (com- .
pared to MACRO) outweighs the loss in computer efficiency. ‘A
flowchart of the PSD main program, the associated subroutines,
plus a listing and a user's guilde for these programs is contained
in Wicher (1980). The data is read from the disk by blocks,
the data for the first sweep is transferred into the appropriate
array, and then converted into the appropriate units, (i.e.,
units of strain for strain gages, and units of inches for the
displacement transformers). The mean of the data is then
computed and subtracted out to remove any D.C. value than might
occur in the data. This is done to avoid difficulties with the
spectral density becoming very large at zero frequency. A
Hanning window is now applied to the data to smooth the Tesult-
ing PSD spectrum. The discrete Fourier transform of the data
is then computed with the aid of an FFT algorithm after the
discrete Fourier transform has been computed, the PSD values

can be generated as follows:

S(n/NT) = lX(f)Sz‘ (4.3.1)

where S(n/NT) is the PSD value, X{f) is the complex Fourier
coefficient, n is the number of the sampled point, N is the
total number of points sampled, f is the associated frequency,

and T is the sampling interval. Consecutive PSD sweeps are
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averaged successively to improve the accuracy of the PSD curve.
The associated frequency [wn) at which the averaged PSD point
occurs is calculated, and the PSD value and it s frequency are
stored in a data file on the floppy disk to be either listed,

or plotted later.

4.3.3.2.2 The Exceedance Programs

The exceedance programs are set up to measure the
number of times strain and displacement values exceed a refer-
ence value. A flowchart for the exceedance programs, plus a
listing and a user's guide for the programs is contained in
Wicher (1980). The exceedance programs read the data for a
given channel from the floppy disk and convert the data into
the appropriate units. The program then sets a reference value
and checks to see how many data values exceed this value.
Subsequently, the program sets a new reference Value; which is .
an increment of ten higher than the previous reference value,
and scans the data again for values exceeding this reference
value. Both the reference value and the ﬁumber of times it 1is

exceeded are stored on the floppy disk in a data file.

4.3.4 Experimental Results

4.3.4.1 Time-Displacement Functilons

Two different time-displacement functions were used
as excitation for the test frame facility. A 2 Hz sine wave

was input for a check of the Power Spectral Density (PSD)
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program., The other time-displacement record that was input was
the displacement history that occurred during the San Fernando
Earthquake of Tebruary 9, 1971, on the 9th floor of the Jet
Propulsion Lab as recorded by the Earthquake Engineering Center
at the University of California, Berkeley. Figure 4.3.6 is a
time-displacement plot of the 2 Hz sine input as it was recorded
by the microcomputer. This plot is not a perfect sine wave,
although two cycles per second does occur. The units of
displacement are in 1/1000 of an inch; therefore, the discon-
tinuties of the curve are only 5/1000 of an inch. The micro-
computer sampling rate was not an even interval of 2 Hz and is
the reason the record is not uniform. The seismic record was
chosen since it exhibited high amplitudes in the absolute
acceleration response spectra (Fig. 4.3.7) corresponding to
experimentally dete;mined natural frequencies of the test
assembly (Table 3.4.,1). Figure 4.3.8 is the actual displace-
ment history input by the hydraulic system while Fig. 4.3.9

is the time-history record that the microcomputer recorded.

The two records do not correspond exactly due to the hydraulic

system's inability to follow the displacement history exactly.

4.3.4.2 Discussion of the 2 Hz Power Spectral Density Curves

The PSD curve for the left angle (Fig. 4.3.10) shows
a small spike at 2 Hz and two larger spikes, one at approximate-
ly 5 Hz and the other at 7.5 Hz which is approximately the

experimental second natural frequency of the test assembly. The
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right angle PSD curve (Fig. 4.3.11) shows spikes 2 Hz, 3.5 Hz,
and 7 Hz, with the largest spike at 3.5 Hz. Therefore, again
both the forc ing function and the Znd mode components show up
and with the 3.5 Hz being the major component. The first mode
of the frame is approximately 3 Hz, so due to the poor resoly-
tion of the PSD curve, the 3.5 Hz spike means that the first
mode of the frame is being excited. For the left rod in hori-
zontal bending, the PSD curve (Fig. 4.3.12) has the major spike
at 2 Hz and a secondary spike at 3.5 Hz showing that the primary
mode of the frame is again being excited. The horizontal bend-
ing curve of the right rod (Fig. 4.3.13) reflects the left
horizontal bending with the magnitude of the 2 Hz component
being larger. Both the left and right rods in vertical bending
(Figs. 4.3.14 and 4,3.15) have the major spike occuring at 2 Hz,
with the magnitude of the right vertical bending component being
one and a half times -larger than the left. The back-up frame
bottom center curve (Fig. 4.3.16) shows spikes at 2, and 3.5 Hz
and encompasses the frequencies between the two spikes. Back-
up frame bottom left (Fig. 4.3.17) again shows spikes at 2, and
3.5 Hz with the larger magnitude occurring at 3.5 Hz. The

right noodle, middle LVDT, top LVDT, and accelerometer curves
(Fig. 4.3.18, 4.3.19, 4.3.20 and 4.3.21 respectively) show only
one spike at 2 Hz. This provides a check for the PSD program
because the top LVDT records the input and as shown by Fig.

4.3.6 is approximately 2 Hz.



295

4.3.4.3 Discussion of the Seismic PSD Curves

The seismic PSD curves are the result of the data
that was collected from the test frame facility which was ex-
cited by displacement history of the San Fernando Earthquake on
the 9th floor of the Jet Propulsion Lab. Both the left and
right angle PSD curves (Fig. 4.3.22 and 4.3.23) show major
spikes at 3.5 Hz, 7.5 Hz, and 14.5 Hz with the 3.5 Hz spike
being the largest in magnitude. The fourth analytical naturall
frequency of the test frame i1s 14.6 Hz. The magnitudes of the
spikes of the left angle PSD curve are much larger than the right
angle. The left rod and right rod horizontal bending curves
(Fig. 4.3.24 and 4.3.25) show a minor spike at 2 Hz with a
major spike at 3.5 Hz and encompassing the area inbetween.
Therefore, for this seismic record the majority of the energy
associated with both the left and right horizontal bending is
between these two spikes. The PSD curve for vertical bending
(Fig. 4.3.26) of the left rod has only one major spike which
occurs at 3.5 Hz, while the curve for vertical bending of the
right rod (Fig. 4.3.27) shows a major spike at 2 Hz and a
slightly smaller spike at 3.5 Hz. Furthermore, this 2 and 3
Hz combination is present in both the back-up frame bottom
center and bottom left curves (Fig. 4.3.28 and 4.3.29). The
major spike is 2 Hz for the bottom center channel while
3.5 Hz is the major spike for the bottom left. The first mode
is the only component of the right noodle that is excited during

the seismic activity according to Fig. 4.3.30. Both the middle
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and top LVDT curves (Fig. 4.3.31 and 4.3.32) show the only
major spike to be 2 Hz. This is very beneficial since it helps
to explain the 2 Hz component which appears in the otﬁer curves,
The 2 Hz component when it appears on the top LVDT curve means
this is the frequency at which the majority of the eﬁergy input
into the system occurs. The accelerometer curve (Fig. 4.3.33)
has only one major spike which occurs at 3.5 Hz. The first
mode of the frame is when the frame goes into single curvature,
and since the accelerometer is located near the bottom of the
panel, the first mode of the frame has been excited.

The PSD curves shown are not known to be the exact
PSD curves of the data. To insure these curves are the exact
curves, two changes should be applied to the PSD process: (1)
different windows should be applied; and (2) different lengths
of the window should be applied. A Hanning (Cosine) window
was used in this analysis due to its popularity in structural
dynamics situations. To insure that the Hanning window is
indeed the window that should be used in this analysis other
windows need to be applied to show which window gives the most
desireable results. Each spectral window weights each data
value differently; therefore, the shapes of the PSD curves due
to different windows are different. One window may be the
appropriate window to apply in seismic situations while another
is the appropriate window to use in wind analysis. Other
popular windows are: (1) Hamming; (2) parzen; (3) cosine; and

(4) Half Cycle Sine. All of these windows should be applied to
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the same data and then the window that produces the desired
result should be used. Different window lengths need to be
applied, because the length of the window controls the resolu-
tion of the resulting PSD curve. As an experiment, the PSD .
curve for the backup frame bottom left (Fig. 4.3.17) was shifted
ahead by a quarter cycle. This was done to try to find the
location of any hidden peaks due to poor resolution in the
vicinity of 1 Hz. The two curves have the same general shape,
suggesting that there are no hidden peaks. The resolution was
then increased (i.e. the window length was increased) to appro-
ximately 0.5 Hz and a definite peak occurred at 0.5 Hz. There-
fore, it shows that to ensure the presence of both frequency
content and peak locations, different window lengths need to

be applied.

4,3.4.4 Discussion of Exceedance Data

The exceedance analysis indicates the maximum values
of strain and displacement that occurred during the tests and
is very important because it shows if a rod has gone into the
inelastic range. The exceedance information also indicates if
the excitation was input at the appropriate amplitude by moni-
toring the exceedance value recorded by the top LVDT. The
maximum value of each sensor for the San Fernando seismic ex-
citation was recorded. The left rod in horizontal bending
reached a stress value of 59 kips per square inch (Ksi),

which is in the post yield range, while the right rod in



- 298

a

3UTL
B°'S @ ¥ '€

‘2

e

pLOSNULS ZH Z BUL 9°€"p d4nbid

T
cicly

8 6c-

g

——r—
-

@ g e8

G er-

G0
LNBHBOVWdSIG

‘a2



3,80

4

3.20

2.80

.

eAR {529 |
> el dag

woij paanpod

-Ado

Figure 4.3.7 Absolute Acceleration Response Spectra, San Fernando
Earthquake - 9th Floor JPL (Record G11T)

§ & 718 840"

3

&

§ 5 7 89 1(

3

i 5§ 8 7 88 H4Q

PERIQOD

(SEC)

2

&

o+

664



DISPLACEMENT

{in)

ce

18

12

-1.2

-18.

-2.4

-30

Figure 4.3.8 Experimental Hydraulic Input for Record G111

w -

24 28

TIME

32

36

40

. ,4‘4

48

52

00¢



301

AlIL

‘Bg'z2e @ 82 g'bke 8 e2 a'gl g2l

] 1

LL19 PA0O8Y 404 POPU0IIY AUOISLH BWL] §°C*H 84nbLg

-Id

Gi% LNIWIOVILS

-
(4



302

‘BF

2

‘8g

A

B c¢g

. AJN3NO3IAS
g 82 are 2 a2 2°gi a'cl (4]

‘8

andul zy g - 91buy 3497 - 0Sd 0L°€"H d4nbLy

B¢t

JANLINOVH



303

a3

@

‘ge

2

g 2¢

ASNINO3d 4.

8 82 a've 15 I a'gi a2}

L 1

anduy zH z - aLbuy 1ybry ~ @sd

LL1T€"y 2unbi4

gL

'8

JANLINIVYH



MAGNITUDE

8.

7.9

Figure 4.3.12 PSD - Left Rod . (Horizontal Bending) - 2 Hz Input
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Figure 4.3.13 PSD - Right Rod (Horizontal Bending) - 2 Hz Input
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Figure 4.3.19 PSD - Middle LVDT - 2 Hz Input

311

.B

28.8 24

B

oY

L

e
/‘ Eh

~

FREQ

-

<”//

L) T r

@62 0608 80t @'GBZ @691 B8 @' 0ce B 0P chio
AANLINGY}




Figure 4.3.20 PSD - Top LYDT - 2 Hz Input
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MAGNITUDE .

Figure 4.3.24 PSD - Left Rod (Horizontal Bending) - Record G111
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Figure 4.3.26 PSD - Left Rod (Vertical Bending) - Record G111
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Figure 4.3.27 PSD - Right Rod (Vertical Bending) - Record G111
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Figure 4.3.29 PSD - Backup - Bottom Left - Record G111

N

2

L.

1.

Q

\/\—/\f\/—-\‘—’—\\/—*‘-—-——\

2.0 12.9 16.0 20.0 21.9 22.0 32.0
FREQUENCY

T

36

B

49,

A



322

@y

L O

m

Beze

ACNINGIE S
8°8<2 G e @ 62 g gl G'2i

L 1

g

o
c

LD p40d8y - alpooy ybLy - 4Sd 0€'€'p a4nbLyg

cat gce
g% IANLINIY}

Ger

ees

gel g8

ere

are

1
v

c



323

At

‘9g

b

B zg

ASNINGIAS
8’82 avea G G2 G791 321

a-

LLL9 P4033y - LAAT SLPPLW - QSd —m.w.q 94nb 4

o

O 1% JANLINIVH



324

g’ g

@'gs @ z¢

ASNZNGTALS
@ 382 g vz NG G 9l G2l

1

[LL9 P4023Y - LOAT dol - gSd 2€£°¢"f @a4nbLd

o

[0}

M

i)

(o))

cGI% FANLINIVH



325

KON 3NG3Y4

@a'ay  8°9¢ ‘'2e @'z @vz @Eez e'¢l g2l 3 3,

| S XL A L k"n”!v I \l'l’hlllll/’\\ln -
19
"o
-
n
F S
V]
rn
€V
ro
W
2
NN
SO

[1]9 PJA029Y - 4SIBWOUDBIIY - (Sd " ££°€°f a4nbL4

O ZANLINIVH



326

horizontal bending only recached a stress level of 20 Ksi. This
result confirms the idea that the left connectors would see
higher stress levels because the right connectors are next to
the column and are not subject to such intense panel—fram¢
excitation. The stress levels of the left and'right rods in
vertical bending were 10 ksi and 3 ksi, respectively, again
the level of the left rod is greater than the right. The top
LVDT shows a maximum displacement of 3.002 inches which is
very close to the 3.2 maximum amplitude of the excitation.

The 1G accelerometer indicated a maximum acceleration of

1.68 G which simply means that the magnitude was off scale for

this sensor.

4.4 Summary and Conclusions

A test facility was developed in the (ivil Engineering
Department at the University of Idaho in order to conduct full
~scale dynamic tests on the behavior of certain wall assemblages.
This facility consists of a braced reaction frame oriented in
a vertical position with centerline dimensions of 25 ft. (hori-
zontally) and 20 ft. (vertically). The loading is applied to
the test structure through a 55 kip hydraulic actuator that
is controlled by a closed-loop servo system. The data from
the various transducers is collected using a PDP-11/03 micro-
computer with 64~ bytes of core and 1 mega bytes of floppy

disk storage.
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The facility was used to investigate a one-story,
one-bay full size rigid frame steel test structure (AISC Type
2 connections) clad with two 6 ft. by 12 ft. precast concrete
panels. Each panel was fastened to the steel frame with two
angles at the bottom and two rods at the top. The test'struct-
ure was first subjected to loads using the swept-sine technique
to obtain the natural frequencies. The test structure was
also excited with the following records obtained from the 1971
San Fernando Valley earthquake (north-south component): Jet
Propulsion Lab (JPL) basement and ninth floors; Caltech,
Milikan Library, basement and tenth floors. The data was col-
lected using a microcomputer, and methods of Fourier and spect-
ral analysis were used to analyze the results. The results ob-
tained for the ninth floor of the JPL are presented in this
report. Based on the results of this experimental work, it
appears that the following éoncluding statements can be made:

1. The seismic testing facility at the University
of Idaho which is composed of the reaction frame plus the data
acquisition and analysis system, is a satisfactory facility for
investigating structure-cladding assemblages that are one-story.
high and one-bay wide.

2. The PSD plots for the connectors obtained for the
San Fernando earthquake at the 9th floor of the JPL indicate
that the response of the integrative lower connectors display

energy contents near the lowest three natural frequencies of
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the assemblage; whereas, the top dissociative connectors have
energy contents near first fundamental frequency of the assemb-
lage and also at the highest frequency content of the excitation.

| 3. The exceedance levels confirmed the visually
observed fact that the top connectors (rods) are highly stressgd
in horizontal bending when the assemblage 1s subjected to the
sample earthquake. All other strain gages indicate modest
stress levels.

4. The top connectors (rods) are highly susceptible

to low cycle fatigue with failure precipitated at the root of

one of the threads at the locaticon of the insert.
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