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ABSTRACT

This report presents the experimental studies of the first large scale

shaking table tests of three panel wall structures. The experiments were

performed at the University of California Earthquake Simulator Laboratory as

part of a joint U.S.-Yugoslavian research project.

The tests models consisted of a single bay simple wall, a single bay

simple wall with door openings at each level, and a single bay flanged wall.

The experimental results were examined to determine the relative importance

of the controlling mechanisms, i.e., rocking and slip. The data was further

studied to evaluate the degree of stiffness degradation and system ductility.
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Figure 1.1 Precast panel wall model mounted on the shaking table with added
mass system above and a lateral support frame on either side.



I. INTRODUCTION

1.1 Background of the Research Program

The research project described in this report is one phase of a continuing

cooperative research program in earthquake engineering between the Institute

of Earthquake Engineering and Engineering Seismology (IZIIS) of the University

"Kiril and Metodij", Skopje, Yugoslavia and the Earthquake Engineering Research

Center (EERC) of the University of California, Berkeley. In 1975, previous

activities were extended with the principal thrust of the cooperative research

directed toward "Seismic Stability of High-Rise Residential Buildings Con-

structed as Precast and Monolithic Reinforced Concrete Systems". The present

project is the final phase of that research effort; it deals with the earth-

quake performance of high-rise apartment buildings constructed by assembling

large precast concrete panels.

This investigation is an integrated research project using the structural

test facilities and computers of both EERC and IZIIS. The test specimens were

contributed by and also produced by the RAD Construction Company of Belgrade,

Yugoslavia. The RAD Company supplied one-third scale model concrete panels,

typical of their high-rise building system, to both EERC and IZIIS and

similar full scale panels to IZIIS. The reduced scale panels were assembled

into three different types of three-story assemblages, representing portions

of high-rise buildings. The resulting specimens were tested on the shaking

table at EERC, and at IZIIS by a pseudo-static test method. In this report,

the shaking table test program carried out at EERC is described, and the test

results presented. The parallel pseudo-static test program carried out at

*IZIIS is described in a separate report [6J. Correlation of the results

*Numbers in brackets refer to the sources listed in the References.

1
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from the two test procedures will be the subject of an additional report.

1.2 Seismic Response Mechanisms of Large Panel Buildings

The use of large precast concrete structures in housing has expanded

within the last twenty years and should continue to grow. This growth has

been due to a tremendous demand for housing, to economic and material

limitations, to the need for non-labor-intensive construction methods, and to

the desire to use factory quality-controlled labor rather than relatively low­

skilled field labor.

Panel buildings are composed of vertical wall panels supporting horizontal

floor panels to form the complete structure. Vertical panels are stacked and

joined to create load bearing shear walls while horizontal panels act as dia­

phragms and gravity load collecting floor and roof systems. In reference 16

Zeck reviews the basic systems of large panel precast concrete structures and

some of the typical joint types.

Initially, panel construction was limited to low-rise structures in non­

seismic regions. However, since such construction is now used for high-rise

buildings in regions of high seismic risk, its safe design is of great

importance. For low amplitude motions, the behavior of panel buildings is

similar to that of any other bearing wall structure. Under such ultimate loads

as those induced by earthquake motion, however, their behavior changes in a

distinctive fashion. The performance is different from that of cast-in-place

construction because of (1) the different pattern and density of reinforcement

due to construction and economic constraints, and (2) damage mechanisms con­

centrated in the connection region with subsequent softening of the overall

structural stiffness.

In a simple wall system, which is a vertical stack of solid panels with

only horizontal joints, two types of damage are likely to occur; overturning
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moment distortion and shear slip. Overturning moment response, usually re-

ferred to as rocking motion, is the continual opening and closing of the

horizontal joint. Because of this motion, panels do not remain plane at their

horizontal edges, but undergo severe strain at the panel corners. Horizontal

shear slip along the cracked joint is associated with the transfer of shear

forces across the connection . Figure 1.2 illustrates these two mechanisms.

.. ~

ROCKING SHEAR-SLIP

Figure 1.2 Overall wall deformation mechanisms

The crack opening and stress-concentration associated with rocking res-

ponse can cause progressive deterioration of the panel corners and of the

closed portion of the joint. The resulting crushing failure increases the

amount of gap opening during a reversed cycle and induces cross sectional

rotations with subsequent increases in the lateral deflections. Thus, rocking

response can seriously threaten the overall stability of the structure. In

spite of this, rocking response may exhibit moment-limiting behavior and



and even 0.2 have been suggested [4,9J.

4

correspondingly lower force levels than for linear elastic response. This

mechanism can also be a source of energy dissipation if the vertical rein-

forcement provides adequate continuity to develop yielding. Llorente [llJ

has examined this moment limiting effect and the energy dissipation of rocking

response in a series of analytical studies.

Shear-slip response is controlled by the shear strength of the joint. If

the shear force exceeds the shear strength, shear slip occurs. Shear transfer

across the connection may be accomplished by (i) cohesion, (ii) Coulomb

friction, (iii) shear friction and dowel action with vertical reinforcement,

and (iv) direct bearing in the shear keys. It is typical, however, to assume

that Coulomb friction mechanisms and direct bearing in the shear keys determine

the ultimate shear strength of a connection since shrinkage and creep may

destroy bond in the joints and a number of studies indicates that there is

little influence from dowel action. On this basis, after the shear keys crush,

the maximum shear force that can be transferred is V(A f + N), where V is the
s y

coefficient of friction, A is the area of vertical reinforcing steel, f is the
s y

yield strength of reinforcing steel, and N is the compressive normal load due

to dead weight. The term in parenthesis represents the total compressive

normal force that could possibly be developed. ACI Code [lJ recommends

v = 1.0 for plain connections, but under cyclic loadin~values as low as 0.4

The reinforcement term, A f , needs
s y

significant shear displacement (slip) in order to be active. Shear resistance

initially is provided by direct bearing on shear keys and by Coulomb friction

neither of which require relative slip to be mobilized. It should be noted

that the total compressive normal force is not constant but varies with the

amplitude of overturning moment and the amplitude of slip; therefore, shear

slip occurs at different shear force levels. In other words, if the normal

load in the compression region of the connection drops, the amount of shear
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force which can be transferred decreases and slip can occur at a lower force

level.

In a series of analytical studies, Llorente [llJ considered the potential

of shear slip as a source of force isolation and energy dissipation. These

studies concluded that shear slip cannot be counted upon as a reliable

mechanism for two major reasons. First, as the discussion in the last para­

graph clearly indicates, it is unlikely that shear slip will occur unless the

normal load is small (e.g., in the upper levels of a building), the coeffici­

ent of friction is low, or the reinforcing bar mechanism does not clamp the

section together. Thus, it is questionable whether shear slip movement can

effectively be mobilized. The second reason concerns the stability of the

entire building. Shear slip degrades the strength of horizontal joints which

are the primary load bearing elements. Damage to the connection and the

consequent shear slip, therefore, may lead to eccentricity in the shear wall

and this could threaten the stability and integrity of the building.

In summary, rocking response and shear-slip movement are generally

influenced by coefficients of friction across the joint, transverse loads, the

clamping effect of reinforcement crossing the cracked connection, the amount

of coupling action between tension reinforcement and compression concrete

(depending on their strength and stiffness), and the existence of shear keys.

Therefore, the energy dissipation that can develop as a result of these two

joint deformation mechanisms may vary considerably.

For simple walls with both door openings and end flange walls, the

aforementioned mechanisms can also be expected to prevail, and this would lead

to subsequent degradation of the horizontal connection. However, there will also

be a coupling effect through the door lintels and/or through the vertical

connections between the wall panel and the end flanges. Such coupling mechan­

isms modify the stiffness of the walls and provide a potential for energy
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dissipation in their inelastic response. Thus they improve the seismic

behavior of the walls. Any premature shear-slip movement in a horizontal

connection, however, may adversely affect the possible energy dissipation of

the coupling mechanism; therefore, in order to ensure better seismic resistance,

a weak vertical connection or a weak lintel with a strong horizontal connection

has been suggested [12,13J. This design philosophy is intended to avoid

degradation of the load bearing horizontal connections, which may threaten the

overall stability of the building. It should, however, be noted that this

deformation concept assumes the vertical connections or door lintels to have

adequate deformability or energy dissipation capacity.

The seismic behavior of panel structures has been studied analytically

by several authors. For example, Llorente [llJ has investigated the response

of simple precast concrete walls, while Mueller and Becker [12J have studied

the effects of vertical joints in the seismic behavior of I-shaped composite

walls. Unfortunately, these analytical studies cannot, as yet, be practically

applied because they are based on the very limited experimental data currently

available. Most existing experimental studies involve only low amplitude

vibration tests, static equivalent tests of subassemblages, and ambient

vibration [3,5,13,15J monitoring.

1.3 The RAD Large Panel Building System

The RAD Construction Company of Belgrade, Yugoslavia specializes in design

and construction of all types of high rise buildings both nationally and

internationally. Toward the end of the 1960's, a great demand for the con­

struction of residential buildings in Yugoslavia induced RAD to direct a

considerable part of its capacity to the construction of residential buildings.

A factory for the production of residential building components was completed

in the late 1970's, and to date four and a half thousand residential units in
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buildings of various story heights have been constructed.

Almost 90% of Yugoslavia is seismically active, so from the beginning,

theoretical and experimental studies were initiated to assess the character­

istics and behavior of these building systems under seismic conditions.

Improvements in design, production processes, assemblage details and con­

struction followed. In general, previous large panel construction had been

conceived for non-seismic areas and therefore required modification for

economical and structurally desirable construction in seismic areas.

A prefabricated large panel system consists of vertical bearing panels,

nonbearing walls, and horizontal floor planks industrially produced and then

assembled into a building structure at the site. The particular system used

by RAD is characterized by methods of connecting prefabricated elements

using cast-in-place 'wet' joints.

1.3.1 Description of the Structural System

Structural vertical bearing panels in both of the building's orthogonal

directions form the basis of the structural system, with prefabricated floor

planks resting on the walls. Particular walls may be non-structural elements

depending on location and system requirements. The prefabricated elements are

erected and jointed at the construction site. The distribution of structural

walls in a typical building plan is shown in Figure 1.3.

Buildings constructed with this system typically have structural walls

oriented so that uniform stiffness results along both of the building's

orthogonal axes. The walls are placed in a modular pattern and receive

vertical dead and live loads from the floor planks according to the plan of

the wall system and the sequence in which the floor planks are assembled into

a monolithic floor system.
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1.3.2 Vertical Wall Panels

The vertical wall panels of the prefabricated wall system are reinforced

monolithic units. The panels are cas~ with all the reinforcement required for

panel strength and the connections to form joints with adjacent elements.

The panel thickness is 16 em, 19 em or 22 em, depending on the location of

the panel in the building.

The basic characteristics of a typical vertical bearing panel without

openings are shown in Figure 1.4, and include the following:

a) side denticulation of the panel with protruding stirrup reinforcing

for connection with adjacent panels of the same story,

b) wire fabric mesh in the middle of the panels with deformed bars

along the edges,

c) bolt connections for joining to adjacent panels above and below,

d) flat area at panel top for supporting floor planks,

e) denticulation of edge at the base of the panel.

Reinforcement at the ends of the panels is welded to a steel box housing

a bolt connection, see Figure 1.5. The bolt connection is installed during

erection to provide continuity between panels above and below resulting in some

vertical continuity over the height of the building. A large key is cast at

the end of each wall together with the cast-in-place joint concrete below the

wall. In Figure 1.5 such a key is evident below the joint between the two

vertical wall panels. Vertical reinforcement is also provided in the east­

in-place vertical joints between panels. The continuous reinforcing in the

vertical joints and reinforcing bolted together between upper and lower panels

are intended to improve the structural characteristics and deformability of

the system during seismic motion significantly.

Many different combinations of walls are possible. Solid panels as

shown in Figure 1.4 are available as well as panels with various door and

window openings.
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1.3.3 Floor Planks

Floors are made of industrially produced planks in widths of 120 cm,

180 cm, 240 cm and 300 cm (4 ft to 10 ft). The planks are simply-supported

one way units which rest, during construction, on the wall panels; the planks

are then joined to provide a monolithic two way multi-span floor diaphragm

system to carry subsequent loads. Supporting the planks on the wall panels

during construction allows casting of joint concrete without formwork, as is

evident in Figure 1.6. Continuity between planks in one span and planks in

the next span is provided by reinforcing the cast joint above the wall panel.

Looped reinforcement protruding from each plank is overlapped and additional

stirrups and belt reinforcement running lengthwise under the wall are placed

in the joint. Then the joint can easily be cast from above.

1.3.4 Vertical Connection between Wall Panels

Vertical connections between wall panels run the full height of the

building. A cross sectional detail of such a connection is shown in Figure 1.7.

The adjoining panels provide all the forming needed for the joining grout.

The cast-in-place concrete of the joint is confined by stirrups protruding

from each of the adjoining panels. Two 14 rom bars are placed in the joint to

provide some vertical continuity over the building height. The contact

surface of the panels in the joint is denticulated for extra shear transfer.

These connections link all adjacent wall panels, and the behavior of the wall

system as a whole depends on the strength and deformability of the joint

'links' .

1.3.5 Connections between Floor Slabs

The connection which runs lengthwise between two adjacent floor planks

is depicted in Figure 1.8. The protruding loops from the planks overlap and

lengthwise reinforcing bars are added. The connection makes the floor system
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act as a monolithic two way slab and diaphragm for subsequent loading.

1.3.6 System Development

Special teams from RAD collaborated with Civil Engineering Faculty of

the Institute for Materials and Structures in Belgrade and the Institute of

Earthquake Engineering and Engineering Seismology of the University "Kiril

and Metodij", Skopje (see § 1.3) to plan a long term study of large panel

prefabricated systems. Theoretical and experimental results from this program

were first obtained in 1977 and continue today. The main topics under

investigation are the following:

(a) The behavior of joint elements in prefabricated units when

subjected to the static forces present in actual structures.

(b) The behavior of models of three-story sections of the structure,

in particular the interaction of joined prefabricated panels under

static and dynamic loads.

(c) The behavior of actual buildings evaluated through instrumentation

of finished buildings to observe the dynamic characteristics of

the structure under service conditions with motion resulting from

natural phenomena or induced by means of eccentric vibration

generators.

(d) Definition of characteristics of sites proposed for construction

of buildings using the RAD large panel system.

1.4 Objectives and Scope

The general objective of this research program is to evaluate and

improve the seismic performance of high-rise residential buildings assembled

from large precast panel units. The RAD precast building system was selected

as the specific type of construction to be investigated, and the RAD

Construction Company provided the one-third scale panel units from which the
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test structures were assembled. Parallel test programs on similar test models

are being carried out by EERC and IZIIS, using the shaking table and pseudo­

static test facilities of the two laboratories, respectively. In each

laboratory, three types of test structure were constructed; each structure

consisted of a model shear wall, three stories high, with floor plank elements

at each level. The basic configurations of the three models were: (a) simple

wall without openings, (b) simple wall with door opening at each level, and

(c) wall without openings but with flanges at the edges.

In this report, the measured responses of the three test models to the

shaking table excitation are described; results are presented in graphical

form in such a way that the controlling response mechanisms (rocking and

shear slip) may be identified and the ductility and damage mechanisms may be

evaluated.
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Figure 2.1 Control room with data acquisition computer.

Figure 2.2 Shaking table, 20 ft x 20 ft (6.1 m x 6.1 m).
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2. TEST FACILITIES

The experiments were performed at the Richmond Field Station Earthquake

Simulator Laboratory of the University of California. This chapter briefly

describes the primary testing facilities consisting of the shaking table and

the data acquisition system, shown in Figures 2.1 and 2.2.

2.1 Earthquake Simulator

The 20 ft square shaking table is a 1 ft thick reinforced and post­

tensioned concrete slab. This electronically controlled table simultaneously

allows one horizontal and one vertical motion. The horizontal motion is

achieved by three 50-kip hydraulic actuators; four 25-kip hydraulic actuators

drive the table in the vertical direction. The vertical and horizontal

capabilities of the shaking table are shown in Figure 2.3. These limitations

are imposed by the capacity of the actuators and pumping system (see Rea and

Penzien [14J). The shaking table itself weighs 100 kips and is able to

subject structures weighing up to 100 kips to horizontal accelerations up

to 0.67g. The table motion duplicates actual displacement time histories

within capacity limitations.

2.2 Data Acquisition System

The primary function of the data acquisition system is the collection

of data during tests. It is also used to generate the input command signals

that drive the shaking table. The system consists of a NOVA 1200 mini­

computer which operates with a Diablo 31 magnetic disk unit and a NEFF

System 620 Analog-Digital processor. The mini-computer is capable of acquir­

ing data from up to 128 data channels at rates up to 155 samples per second,

per channel. The analog signals from the transducers are converted to

digitized data through the analog-digital processor. The digitized data are
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initially stored on magnetic disks, from which they can be transferred to

magnetic tapes for permanent storage.
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Figure 2.3 Shaking table motion capabilities
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3. TEST STRUCTURES

The test models were true one-third scale three-story walls. They

included a single bay simple wall (PZ-I), a single bay simple wall with

door opening at each level (PZ-II) and a single bay composite wall (PZ-III),

i.e., a simple wall with attached end flange walls. Throughout the rest of

this report these models are referred to as PZ-I, PZ-II, and PZ-III,

respectively. From tests of PZ-I it was possible to study the major failure

mechanisms of an isolated wall. Observations of PZ-II and PZ-III provided

additional insight into these mechanisms as well as the opportunity to

investigate the effect of door lintels and vertical connections on the

seismic behavior of such walls.

It was necessary to restrain lateral displacements of the wall system

in order to prevent out-of-plane failure. Displacements in this direction

were prevented using a special lateral restraint mechanism. This chapter

describes the test fixture and the test models. The lateral support system

is also explained briefly.

3.1 Test Fixture

The overall test setup consisted of the precast test panels, two

steel platforms with mass blocks, lateral support frame, and a set of lateral

linkages, as shown in Figures 3.1(a) and (b). The individual components are

illustrated in Figures 3.2(a) and (b). This section explains the different

parts and their purpose.

The steel frame provided support for the lateral linkage mechanism.

The frame was stiffened in the longitudinal direction by angle X-braces and

in the lateral direction by rod-turnbuckle X-braces. The lateral linkages

were attached at the two ends of the test specimen at the second and the
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Figure 3.1a Front view, model and lateral support frame.

Figure 3.lb Side view, lateral bracing through linkage system.
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third floor levels, at the top of the specimen, and below and above the mass

blocks. These linkages were intended to prevent lateral displacement of the

test model and to restrain lateral rocking of the blocks. Figures 3.2(a)

and (b) show the location of these linkages. Ghanaat [8] describes the

lateral support linkage system and its operational mechanism. Two concrete

walls were cast in place at the top and the bottom of the precast panel walls.

The top 18-inch cast-in-place wall was intended to distribute the axial loads

to the wall system and particularly to the flanges of the flanged wall. The

bottom wall was cast to connect the precast walls to the foundation. One­

inch steel plates, welded to the vertical reinforcement, were bonded to the

cast-in-place concrete at the base and the top of the model. The bottom

steel plate was bolted to the WIOx49 foundation, and the foundation was

stressed down to the shaking table.

It was necessary that out-of-plane bending of the wall caused by

lateral rocking or asymmetric placement of the added top masses be prevented,

and it was also necessary to transfer the axial and induced longitudinal

shear loads to the wall model. To achieve these results the top steel plate

was bolted to a W6xl2 girder. This small section provided "hinging" action

about the axis parallel to the wall because of its thin laterally flexible

web. The W6xl2 girder was attached to a double Wl4x22 section which was

intended to distribute the axial load uniformly.

The double section supported the 20 ft long steel platform. The lower

surface of this platform had a 1.5 inch clearance above the top beams of the

lateral restraint frame. This permitted its free movement but would prevent

its dropping on the shaking table should collapse occur. This lower platform

with another 10 ft long upper platform was used to prestress the mass blocks

together as shown in Figures 3.2(a) and (b).
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The selection of the mass blocks was based upon the desired load

levels and the capabilities of the shaking table. By considering the total

estimated axial stress expected in the middle of a typical 15 story building,

the approximate overturning moment capacity of the wall system based on

previous tests [6J, and the necessary acceleration to develop such moment,

an additional mass of approximately 18 kips was estimated to be necessary.

The 20 ft and 10 ft long steel platforms weighed 4.5 kips and 2.5 kips,

respectively. The additional axial load was provided using three 8 ft x 5 ft

x 8 in. concrete blocks with a total weight of 12.2 kips. Therefore, a total

weight of 19.1 kips of axial load was added to the wall system.

3.2 Test Models

The true one-third scale models represent walls with axial stresses

similar to those near mid-height of a ten to twenty-story building. At this

height the gravity axial loads are relatively small, so 'the walls are more

susceptible to shear-slip failure. Furthermore, at this portion of a building

there may be significant overturning moment which can induce rocking behavior.

Thus, the tests enabled these two failure mechanisms to be investigated. The

overall configuration and the geometry of the test models are illustrated in

Figures 3.3, 3.4, and 3.5.

The particular panel connection system was of the wet-joint type; that

is, the joint elements were cast-in-place concrete with reinforcement and

precast elements arranged to eliminate formwork (see § 1.3.3). vertical

continuity was achieved using vertical reinforcement at the two ends of the

wall with cast-in-place concrete surrounding them and bars within the panels

spliced at the horizontal joint. Specific details of the joints and the

design of the panels were developed from work at IZIIS in Skopje, the

University of Belgrade and the RAD Company, Yugoslavia. A brief description
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of the horizontal joints and the panel reinforcement is given in § 1.3; a

complete description can be found in Reference 6. The test models, however,

had minor differences in the vertical reinforcement at their two end joints.

The size and the number of reinforcing bars were changed. Furthermore, during

construction of PZ-III in order to close the joint properly, it was necessary

to cut the horizontal hoops extending out of the wall panels. These cut hoops

were welded shut before the concrete was cast.

As mentioned before, the test specimens were true one-third scale models

made of the same material to be used in the prototype. Thus, the experimental

results can be extrapolated to define prototype response, using the standard

similitude ratios. The scale factors are summarized in Table 3.1.

TABLE 3.1

Scale Factors

Parameter Model/Prototype

*
Length r

Area
2r

Stress 1

Mass
2r

(due to added mass)

Force 2r

Strain 1

Displacement r

Acceleration 1

Time Ir

Period Ii

Moment
3r

*r = ; geometric similitude of model/prototype.
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potentiometers placed on all three of the test models.
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4. INSTRUMENTATION

Instrumentation used in these experiments was intended to monitor

three types of dynamic response: (1) the shaking table motion, (2) the global

response of the test models, and (3) the local deformations occurring in

each model. Fifteen data channels were devoted to measuring the shaking

table quantities. Global and local responses of models PZ-I, PZ-II, and

PZ-III were monitored through 65, 73, and 70 channels of instrumentation,

respectively. During all the tests, the scanning rate of the data acquisition

system was set to 100 samples per second, per channel.

The measured dynamic responses included displacements and acceler­

ations at all floor levels, horizontal and vertical accelerations of the

added mass blocks, base shear force, slip and uplift of the wall panels

along the horizontal joints, deformations in the wall panels, and strains

in selected reinforcing bars. In the following sections, the measurement

procedures are discussed, and the significance of the monitored responses

is explained. A list of all the data channels for each wall model is

included in Appendix A.

4.1 Acceleration Measurement

Setra accelerometers were used to quantify the accelerations during

the tests. At foundation level, second and third floor level, the top of

the panel system, and the middle of the added mass blocks accelerometers

were mounted to measure horizontal accelerations up to ~ 2.5 g in the

direction of horizontal acceleration of the shaking table. In addition, an

accelerometer was placed at each end of the 20 ft long steel platform to

monitor the vertical accelerations. The vertical accelerometers were set

to measure a data range of + 1 g. Figure 4.1 illustrates the location of
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accelerometers. Measurements from the accelerometers AHl, AH2, AH3, AH4, and

AH5 were used to calculate the inertia forces (horizontal accelerations at

floor levels times the appropriate masses allocated properly). These factors

in turn were used to calculate values of base shear force and overturning

moment. Vertical accelerometers recorded rocking movement of the added mass

blocks. Thus, it was possible to determine the additional moment due to

rigid-body rotation of the mass blocks and the attached platforms.

4.2 Local Deformation Measurement

Direct Current Differential Transformers (DCDTs) were employed at

different locations to monitor the local behavior of each test model. The

choice of location, type, and number of DCDTs was governed by: (1) measurement

of responses which would lead to conclusions about the controlling mechanisms,

(2) necessary accuracy for measured quantities based on their importance, (3)

data acquisition system capacity for number of DCDT channels, (4) maximum

expected displacements at each location, and (5) availability of DCDTs of

different ranges. On the basis of these considerations, 35 DCDTs were mounted

on PZ-I and 40 DCDTs monitored the behavior of PZ-II and of PZ-III. Figures

4.2, 4.3, 4.4 and 4.5 show the DCDT locations.

In particular, DCDT measurements were used in the following ways.

1. The uplift measurements were used to monitor rocking behavior.

2. DCDTs measuring wall-slab and wall-key displacements were used

to investigate shear-slip mechanism.

3. Panel deformations detected by diagonal DCDTs and those labelled

"B3" and "B4" were used to determine any bending or shearing

nonlinearity in the wall panels.

4. Two sets of DCDTs on flange panels were used to find the extent

of the compressive zone in these panels.
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5. DCDTs labelled "WF" were placed to monitor any possible

degradation in the vertical connection between flange panel and

wall panel.

Figures 4.6, 4.7, and 4.8 show typical DCDT arrangements to monitor

horizontal shear slip, panel bending, diagonal deformation in the wall

panel, slab panel uplift, vertical connection degradation; uplift of slab

panel relative to foundation; and bending in the flange panel, respectively.

The exact location of all the instrumentation is included in Appendix C.

4.3 Strain Measurement

Resistance wire strain gauges were welded to reinforcing bars at

certain critical locations. Each gauge had a nominal strain capacity of

~ 20 mil/in., so ductile deformations could be recorded. At the first and

second floor levels gauges were placed on both the outside and inside

vertical reinforcing bars in the two end cast-in-place columns. A gauge was

attached to the single panel bar which extended through the horizontal

connection at each panel end. Two additional gauges were mounted on top at

the middle of the horizontal longitudinal reinforcing bars in the horizontal

connection at the first and the second floor levels. Figure 4.9 illustrates

the location of strain gauges for PZ-I and PZ-III. Three extra gauges were

welded to the reinforcing bars around the dOOr opening in model PZ-II (see

Figure 4.10). These were placed to obtain additional information regarding

possible coupling behavior that could develop in this type of wall system.

Two additional strain gauges were mounted on the reinforcing bar in the

connection at the second and the third floor levels near the middle of the

wall. These were welded under the door opening to monitor the effect of the

opening on the bar.
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Figure 4.3 DCDT arrangement on PZ-II.
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Figure 4.6
Typical DCDT mountings
on the wall panel.

Figure 4.7 DCDT configuration for measurement of floor uplift.



Figure 4.8 DCDTs mounted on flange wall to measure extension
and uplift across floor joint.
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4.4 Displacement Measurement

Although the foundation had been prestressed to the table, in order to

define the wall base motion accurately it was desirable to monitor any possible

horizontal displacements that might occur. For this purpose, a DCDT capable

of recording horizontal displacements of up to + 0.1 in. was placed between

the foundation and table. The location of this DCDT, labelled "SFND", is

shown in Figures 4.2, 4.3 and 4.4.

Potentiometers were employed to measure the horizontal displacements

at floor levels. These were mounted on a fixed reference frame outside the

table, and their connecting wires were attached at different levels, see

Figure 4.1. This set of potentiometers was calibrated to measure a dis-

placement range of + 8 in. Two additional potentiometers, labelled POTN

and POTS in Figure 4.1, were used to determine the relative displacement

between the first floor slab and the top of the 18 in. cast-in-place wall.

From this measurement it was possible to calculate an overall curvature for

the entire wall system. Potentiometers POTN and POTS could monitor displace­

ments within a range of + 2 in.

4.5 Force Measurement

Four force transducers, each with a 10 kip measurement capacity, were

installed at the corners of the foundation to determine base shear force;

their location is shown in Figures 3.2(a) and (b). A comparison of the

measured shear force and the calculated inertial value was thus possible and

was used to check the accuracy of the calculated inertia forces and overturn­

ing moment (see Chapter 7).
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TABLE 5.1

Test Sequence

Test Test Max. Table Signal
[Model No Earthquake Signal Ace. (g) Identification

1 El Centro Span 150 0.179 EC-150

PZ-I 2 El Centro Span 700 0.666 EC-700

3 El Centro Span 500 0.495 EC-500

1 El Centro Span 100 0.123 EC-lOO
PZ-II

2 El Centro Span 700 0.668 EC-700

1 El Centro Span 200 0.223 EC-200

PZ-III 2 El Centro Span 750 0.689 EC-750

3 El Centro Span 1000 1.081 EC-lOOO

TABLE 5.2

Measured Natural Frequencies

(low amplitude natural frequency in first mode)

Test Sequence of Frequency
Model Frequency Measurement (Hz)

Prior to test 5.20

PZ-I Post EC-150 5.10

Post EC-700 3.90

Prior to Test 5.00
PZ-II

Post EC-100 4.72

Prior to test 6.30
PZ-III

Post EC-750 4.32



37

5. TEST PROGRAM

The experimental program involved shaking table tests of three panel

wall systems. The actual earthquake motions were applied at progressively

increasing amplitudes to cause elastic, inelastic, and after-shock response.

Frequencies of the original and the damaged walls were measured to evaluate

the frequency and stiffness degradation experienced by each model during the

earthquake excitation.

5.1 Earthquake Excitation

Throughout this experiment nine different shaking table tests were

performed. PZ-I, PZ-II, and PZ-III were subjected to three, two, and four

excitations, respectively. The input displacement to the earthquake

simulator was derived from the SOO.OE component of the 1940 Imperial Valley

earthquake recorded at El Centro and scaled in amplitude and time. This

signal was applied to each test model at different intensities. Table 5.1

summarizes the excitations which were considered significant. The number

indicated after each signal represents "span setting" which is the control

console dial setting that governs the input displacement. The first

excitation of PZ-III had low intensity and was applied to check the

instrumentation.

In order to simulate elastic response of the test models without any

premature inelastic behavior or any unexpected damage, low intensity signals

were first applied, and then the input displacement signals were increased to

a higher amplitude to cause inelastic response. This made it possible to

monitor the behavior of the test specimen in the inelastic region. Models

PZ-I and PZ-III were finally subjected to another signal to simulate the

after-shock response of the damaged wall.
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5.2 Frequency Measurement

Free vibration frequencies of the test models were measured before each

test and after completion of tests which had induced inelastic response. The

frequencies were monitored to provide information about the structural stiff­

ness degradation associated with different damages. "White noise" shaking was

employed to determine the free vibration frequency. This method is described

below.

The shaking table with the structure on it was vibrated by very small

amplitude motion considered as white noise i.e., uniform motion over a

frequency range of 0.3 to 20 Hz. The response from the accelerometer on the

mass blocks (AH5) was used by a spectrum analyzer to determine the dominant

response frequencies. These frequencies are considered to be the real

frequencies of the test models on an actual "soft" foundation. The so-called

soft foundation is provided by the shaking table with its hydraulic actuators

and its air cushion. Table 5.2 summarizes the measured frequencies.
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6. DAMAGE OBSERVATIONS

As explained in Chapter 4, extensive instrumentation was employed to

obtain complete quantitative data concerning the response of the wall systems.

Furthermore, the damage patterns and visual observations provide additional

information which helps to identify the controlling mechanisms. Accordingly,

the structures were inspected carefully after each test for pattern and

extent of damage. A summary of these observations is presented in this

chapter.

6.1 Model PZ-I - Simple 3-Story Wall

Under the low amplitude ground shaking of 0.18g (EC-150 test), there was

no visual damage. However, the structure experienced rather extensive damage

when the input signal was amplified to have a maximum ground acceleration of

0.67g (EC-700 test). The most prominent mechanism during the test was rocking.

Any shear-slip behavior was not large enough to be visible.

Rocking motion opened the first-floor horizontal joint over at least

half its length. The compression force induced by rocking spalled part of the

south-end cast-in-place column and part of the shear key in the joint. This

was followed by buckling failure of the two vertical reinforcing bars in this

side. The panel bar in the same side ruptured at 0.75 in. above the floor

slab. Subsequent to these damages, the amount of joint opening increased

causing spalling of the south-end panel corner. Figures 6.1(a) and 6.1(b)

illustrate the extent of the damage. Meanwhile, the north-end corner appeared

to be intact with minor cracks, see Figure 6.1(c).

Signal EC-500, which was intended to simulate after-shock excitation,

did not introduce any new visible damage. Again, the most visible motion

was rocking.
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(a) South-west corner

(b) South-east corner

(c) North end

Figure 6.1 First floor joint of simple wall (PZ-I) after EC-500,

0.67g.
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6.2 Model PZ-II

The behavior of this model was similar to that of the simple wall.

That is, under small amplitude motion no visible damage occurred. It is,

however, believed that because frequency measurements after this test

indicated a drop of 0.28 Hz in the natural frequency, there were some minor

damages which reduced the stiffness of the wall. This unexpected damage was

due to a sudden malfunctioning of the table control system which caused a

single high acceleration spike during the otherwise low amplitude test.

Under the higher amplitude 0.67g base motion (EC-700), rocking behavior

dominated the visual response. The primary failure occurred at the south end,

and the extent of damage in this side was of the same degree as that for the

simple wall. The two vertical reinforcing bars failed by buckling, but the

panel bar did not rupture, in contrast to the simple wall. (See Figures

6.2(a) and (b).) The north corner again suffered moderate spalling with more

visible cracks. Figures 6.2(c) and (d) illustrate the location of cracks.

It was intended that significant coupling would occur through the action

of the door lintels. Unfortunately the stiff added mass system at the top of

the specimen provided the major component of coupling and door lintels were

not heavily loaded. There was no sign of damage from this action, i.e., no

diagonal cracks in the door lintels. Minor cracking occurred around the door

opening of the first floor as presented in Figure 6.3. On account of the

coupling effect of the top mass system the behavior of this wall was very

similar to that of the simple wall PZ-I. Because of this similarity the

response data from the PZ-II wall with doors will not be included in the

subsequent data analysis chapters.
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(a) South-west corner

(b) South-east corner

Figure 6.2 First floor joint of panel with door (PZ-rr) after EC-700,
O.67g.



(c)' North-west corner

(d) North-east corner
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Figure 6.2 (Continued)
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Figure 6.3 First floor panel near door opening (PZ-II) after
EC-700, 0.67g (east side).

6.3 Model PZ-III

As in the tests of the PZ-I and PZ-II models rocking motion appeared

to dominate the visible behavior of the flanged wall. When exposed to 0.69g

(EC-750) and 1.08g (EC-lOOO) ground motion this model experienced uplift

along the horizontal connection and at the flange-floor intersection.

Subsequently, the shear key at the south end of the first floor spalled and

crushed almost completely, and the north-end shear key was damaged to a

lesser degree. The wall and flange panels spalled at these two ends near the

connection region. At the south end the panel spalled to 7 in. up the wall;

the damage at the north side extended to 5 in.

demonstrate the degree of damage.

Figures 6.4(a) and (b)

A careful examination of the model showed that the outside column bar

at the south end had ruptured at 1.375 in. above the floor, and the inside

bar had buckled. The flange and wall panel bars had ruptured at 2.25 in.

above the floor and at the top of the welding point, respectively. The



45

Figure 6.4(a)
First floor joint of
flanged wall (PZ-III) after

EC-IOOO, I.08g (south end).

Figure 6.4(b) First floor inside corner joint of flanged wall after
EC-IOOO, I.08g (north end).
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Figure 6.5(a)
Failure of reinforcing bars
at the south end of the
flanged wall (PZ-III).

Figure 6.5(b)
Failure of reinforcing bars
at the north end of the
flanged wall.

reinforcing bars at the north end were damaged to a lesser extent. Both of

the column bars had buckled, and one of the flange panel bars had ruptured

at the top of the welding point. The ruptured and buckled bars are shown

in Figures 6.5(a) and (b).
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7. TEST RESULTS FOR SIMPLE WALL

This chapter presents the test results of the simple wall (PZ-I) in

graphical form. As mentioned in the previous chapters, this wall was

subjected to three different base motions, namely, EC-150, EC-700, and

EC-500 (0.18g, O.67g and 0.50g, respectively). The last test (EC-500) was

applied to simulate an aftershock response. The results from the first two

tests are considered in this chapter.

The preliminary steps involved in the data reduction, identical for all

three wall systems, are followed by the results from each test. Instruments

which malfunctioned or exceeded their calibration limit were detected and

noted. The selected data were then used to determine the behavior of the

structure. All of the data presented are in the original unfiltered form.

7.1 Separation of Data Channels

It was obvious that the test results would have a base line shift due

to initial offsets in the instrumentation. Therefore, data were corrected

before any further steps. Second floor accelerations were plotted against

time to examine the magnitude of the offset. From Figure 7.1, it was

decided that the first 150 data points (1.5 seconds) from each channel would

be used to account for the initial offsets. A similar process was used in

subsequent tests.

7.2 Results from El Centro at O.18g (EC-150) - PZ-I Wall

7.2.1 Introduction

This test was intended to demonstrate the behavior of the wall system

in the elastic region. Thus, the input signal was applied at a relatively

low amplitude producing a maximum horizontal displacement of -0.756 in. and

a maximum horizontal acceleration of O.179g in the table motion. Figure 7.2
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Figure 7.1 Channel 16 before base line correction.

illustrates the horizontal components of table displacement and table

acceleration.

Because of the low amplitude input for this test, it was necessary to

check whether the monitored data were of significant value to be detected by

the instrumentation. Hence, the data channels to be used in the next steps

were carefully inspected. It was found that the slip values at the base of

the wall were of such small magnitude that the instruments were not able to

measure them. Figure 7.3 illustrates this point. The scale on the vertical

axes was exaggerated to show the relative magnitude between the different

DCDTs (Direct Current Differential Transformers). Values detected by 52, 54,

55, and 56 were, however, too small to be measured accurately by the DCDTs.

The displacements indicated, in the range of 2 to 4 ten thousandths of an

inch, have a form which could be electronic "noise" or the result of sticking

cores and mechanical "noise". The maximum value was measured by 83 which
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reached a peak of 0.0012 in. This value of slip was rather insignificant.

The expected accuracy of the DCDTs S2, S4, S5 and S6 because of instrument

limitations was + 0.00125 in.; the accuracy of the instruments Sl and S3

was + 0.00025 in. (see Figure 4.2 for instrument locations). Consequently,

no attempt was made to calculate an average slip value.

7.2.2 Accelerometer Results

Accelerations measured by different accelerometers are presented in

Figure 7.4. The added concrete blocks experienced the maximum acceleration,

which was -0.405g. It is interesting to note that the rocking motion of the

20 ft long steel platform produced a vertical acceleration measured by AVI of

-0.346g which is greater than the acceleration at the top of the wall. Thus,

this motion was considered to be a significant source of overturning moment

in calculating the base moment. Table 7.1 summarizes the maximum accelerations

from the different accelerometers.

7.2.3 Lateral Displacements

As was explained in Chapter 4, the purpose of the potentiometers labelled

DIS2, DIS3, and DIS4 was to measure lateral displacements of the wall. The

measured data, however, were the actual displacements including the horizontal

table motion. Hence, to obtain relative displacements it was necessary to

subtract the table displacement. Figure 7.5 illustrates the variation in

lateral displacement at different locations. The plots from the second floor

and the third floor indicate that these two displacements still contain some

table motion. The overall magnitude of the motion is less than 0.10 in. with

an apparent residual table motion amplitude of 0.04 in. This might be due

to slightly inaccurate amplification set for the potentiometers labelled DIS2

and DIS3 which had a total measurement range of + 8 inches. The wall
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TABLE 7.1

Extreme Values from EC-150 Test, PZ-I
(table motion of 0.18g)

Quantity Extreme Value

0.056%
0.51 mm (0.020 in.)

-6 0.43 mm (0.017 in.)
0.58x10 rad/cm (1.48xlO-6 rad/in.)

Acceleration at foundation
Acceleration at second floor
Acceleration at third floor
Acceleration at top of wall
Acceleration at concrete blocks
Acceleration at steel platform at

AVI
Acceleration at steel platform at

AV2
Top of wall lateral displacement
Base shear force
Base bending moment
Strain in south-end panel bar of

first floor
Strain in south-end outside column

bar of first floor
Strain in south-end inside column

bar of first floor
Strain in north-end panel bar of

first floor
Strain in north-end outside column

bar of first floor
Strain in north-end inside column

bar of first floor
North-end uplift
South-end uplift
Average wall curvature

-0.174g
0.215g
0.253g
0.285g

-0.405g

-0.346g

-0.333g
0.325 em

33.48 kN
172.3 kN-m

0.082%

0.059%

0.080%

0.069%

0.103%

(0.128 in.)
(7.44 kips)
(1525 in-kips)
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experienced a maximum relative displacement of 0.12 in. at its top. This

value is almost 1.5 times greater than that of the second floor.

7.2.4 Base Shear Force and Bending Moment

Using the data from each force transducer placed between the foundation

and the shaking table, it was possible to find the total shear force at this

level by summing the forces measured in the four force transducers. However,

there was no direct approach for obtaining the bending moment at this or any

other level. Since the accelerations at specific levels were known, it was

decided to use inertia forces to calculate the bending moment. For this

purpose, it was necessary to model the structure as a series of lumped masses

and to have accelerations at some intermediate values and particularly at the

location of the lumped masses. Accelerations had been measured only at the

locations of the accelerometers.

A bilinear variation in acceleration was assumed for the upper wall

segment and the mass system, i.e., two different straight lines below and

above the W6x12 connecting beam (see Figure 7.6) were used to define

accelerations in the masses at the top of the wall system. Using this

assumption, acceleration at any point beyond 0 can be evaluated from

equation (1) in Figure 7.6. The accuracy of this assumption was checked by

using vertical accelerations from AVI and AV2 (see Figure 7.6) to define the

angular acceleration, a, and then predicting the lateral acceleration at

the location of accelerometer AH5. The predicted and measured accelerations

from AH5 are compared in Figure 7.7. The closeness of the match justifies

the interpolation assumption for accelerations of the upper mass system.

Alternatively, equation (2) in Figure 7.6 can be used to calculate the

rotational acceleration of the mass blocks using the bilinear assumption and

accelerations AH3, AH4 and AH5. The resulting value was plotted against that
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computed from readings of accelerometers labelled AVI and AV2, i.e.,

AV2-AVl
x

methods.

Figure 7.8 illustrates the match between the two different

Variation between the records is due in part to local vibrations of

the steel frame itself at a higher frequency. This indicates that a close

approximation for the angular acceleration of the top masses can be obtained

by using values measured by the accelerometers labelled AH3, AH4, and AH5.

Then since accelerations beyond the W6x12 girder can be found at any

level, the structure was idealized according to Figure 7.9. The following

assumptions were made in selecting the masses and the rotational inertia:

1. Masses from the lower floor slab, the 9 in. cast-in-place wall,

half of the wall panel plus the end columns, and the foundation

were considered as MI.

2. M2 and M3 consisted of the mass of a wall panel plus the end

columns and the mass of a floor slab.

3. Half of the mass of a wall panel plus the end columns and the mass

of the 18 in. cast-in-place wall were lumped together as M4.

4. Masses from the 20 ft long steel platform were assumed to be M5.

5. The mass of the concrete blocks was considered to be M6.

6. M7 consisted of the mass of the 10 ft long steel platform.

7. The mass moment of inertia of the steel platforms and the concrete

blocks, all prestressed together, was included assuming that they

act as a rigid rotating body.

It was assumed that the accelerations corresponding to Ml, M2, M3, M4,

and M6 were those measured by accelerometers labelled AHl, AH2, AH3, AH4,

and AH5 (see Figure 4.1). The lateral accelerations at the center of gravity

of M5 and M7 was calculated using equation (1) in Figure 7.6. These acceler-

ations were assumed to operate on M5 and M7.
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The resultant inertia forces were added at the foundation level and

the total compared with the sum of the measured force transducer shears in

Fig. 7.10. These two quantities are compared over the entire record and,

in particular, during the first four seconds since the maximum shear force

occurred in this period; the results were almost identical. The force

transducers registered a maximum value of 7.5 kips though the base shear

was computed as 8.6 kips when the inertia forces were added; the variation

occurred in the peak at 3.01 seconds. Nevertheless, it can be concluded

that the assumptions regarding allocation of the masses and the corresponding

accelerations were fairly accurate.

After the accuracy of the lumped masses was checked, the bending

moment was calculated at the first floor level. The inertia force resulting

from Ml and AHl was ignored. At 3.01 seconds, the bending moment reached its

maximum value of 127.1 kips-ft. Figure 7.11 shows its variation with time.

The experimental shear force measured by the force transducers was

modified to obtain the shear force at the first floor level. It was assumed

that the foundation, and a portion of the lower walls having a mass of 3.5

lb sec2/in. were vibrating with the table acceleration. The resulting

inertia force was subtracted from the shear value at the foundation level to

obtain the wall base shear force. Figure 7.11 illustrates the base force at

the first floor level which reached a maximum value of 7.4 kips.

7.2.5 Strains in Reinforcing Bars

Time-history plots of the strains in the reinforcing bars are shown in

Figure 7.12. These plots indicate that the bars remained within the elastic

limit. For example, the maximum strain experienced by the outside column bar

at the north side was 1.03 mil/in. Channels 37 and 45, however, show some

small amount of offset at the end of the signal. This is not permanent strain
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due to yielding of the bars since they remained in the elastic range. The

offset is believed to be because of microcracking in the concrete. It is

interesting to note that at the time when the south-end bars were stretched

to their maximum values, the north-end bars were compressed to their minimum

values. Table 7.1 includes the maximum and minimum strains for the different

reinforcing bars.

7.2.6 Uplift Values of the First-Floor Joint

The uplift value of the wall panel with respect to the floor panel and

that of the floor panel with respect to the foundation had been measured

by the DCDTs placed specifically for this purpose, i.e., Bl,B2,Ul,U2, ••• ,U12.

However, it was desirable to have the total uplift value of the wall panel

in order to study the behavior of the joint at this level. For this purpose,

the individual values from Bl,Ul, ••• ,B2 were added to those from U6,U7, ••• ,U12.

The resulting total uplift values are presented in Figure 7.13. At the time

when the south end had opened to its maximum value (0.017 in.), the north end

showed a compression (0.009 in.). The maximum uplift was experienced by the

north end which opened 0.020 in. It is interesting to note that the maximum

opening at the south end corresponds to the maximum negative overturning

moment (-127.1 k-ft). A complete list of the maximum uplifts at the two ends

of the wall can be found in Table 7.1.

7.2.7 Overall Behavior of the Wall System

The average stiffness and curvature of the entire wall can provide infor­

mation regarding the overall behavior of the system. The average strains in

the two ends of the wall are obtained from potentiometers POTN and POTS which

measured the overall extension or compression at the ends of the wall. The

resulting strains are then divided by the distance between the two
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potentiometers in order to determine an average curvature.

Base shear force is plotted against top deflection in Figure 7.14;

an average stiffness of 54 kips/in. can be approximated from this plot. The

plot clearly indicates that the entire wall remained in the elastic region.

The base shear is plotted against the curvature measured in the lower

panel in Figure 7.15. The bilinear stiffness apparent in the plots is

probably due to slight cracking in the panel, reducing the effective section.

7.3 Results From El Centro at 0.67 (EC-700) - PZ-I Wall

7.3.1 Introduction

In contrast to the first test (EC-150), this test was performed at a

high amplitude. The increase in intensity was in order to investigate the

inelastic behavior of the entire wall and, in particular, the horizontal

joint. The horizontal table acceleration and displacement of this amplified

signal are illustrated in Figure 7.16. From this figure, it can be seen that

the table reached its peak horizontal displacement of -3.553 in. at 8.45 sec,
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and that the maximum horizontal acceleration of the shaking table was -0.666g

at 1.22 second.

The high amplitude motion during this test caused deformations beyond the

range of a few of the monitoring instruments and damaged instrument mounts or

made instruments inoperable in other cases. The mountings of the slip measuring

DCDTs - 54 and 56 were damaged. 54 produced no meaningful data and 56 was

damaged shortly into the test resulting in limited data as shown in Figure 7.17.

The mounting for one of the diagonal DCDTs on the lower wall panel, channel Dl,

broke away during the test. Low range instruments (~0.10 in.) were used to

measure wall uplift at positions U9 and UIO. However, the magnitude of the up­

lift exceeded those anticipated limits and the instrument amplifiers reached

this peak output resulting in the flat tops of cut-off uplift peaks visible in

Figure 7.18. A similar situation developed in the vertical accelerometers

mounted on the steel platform above the wall, AVl and AV2. None of the bad

channels resulted in a serious loss of data.

7.3.2 Accelerometer Results

Figure 7.19 illustrates the time-history plots of accelerations at

different locations. It is interesting to note that the maximum accelera­

tion was measured by the accelerometer located at the foundation. This value

is almost three times greater than the acceleration at the added concrete

blocks and coincides with an acceleration pulse in the table motion, see

Figure 7.16.The maximum acceleration at the foundation occurred simultaneously

(at 1.45 sec) with the first major crack opening at the south side and the

rupture of the south panel bar. At this instant, DCDTs labelled Ull and U12

registered 0.25 in. and 0.31 in. of crack, respectively. The large
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TABLE 7.2

Extreme Values from EC-700 Test (PZ-I)

Quantity Extreme Value

Acceleration at foundation
Acceleration at second floor
Acceleration at third floor
Acceleration at top of wall I
Acceleration at concrete blocks I
Second-floor lateral displacement
Third-floor lateral displacement
Top of wall lateral displacement
Base shear force
Base bending moment
Strain in north-end panel bar of

first floor
Strain in north-end outside column

bar of first floor
North-end uplift
South-end uplift
Shear-slip of first floor joint
Average wall curvature
Curvature of first-floor wall

panel

2.47g
-1.87g
-1. 109

0.80g
0.84g
1.17 cm
2.26 cm
3.76 cm

-70.7 kN
-397.3 kN-m

3.92%

2.29%
0.86 cm
1. 78 cm
0.10 cm

2.76xI0-5 rad/cm

O.62xlO-5 rad/cm

(0.46 in.)
(0.89 in.)
(1.48 in.)

(-15.7 kip)
(-3516 in-k)

(0.34 in.)
(0.70 in.)
(0.04 in.)

(6.998xI0-5 rad/in.)

(-1.57xlO-5 rad/in.)
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acceleration spike was apparently caused by a shock wave originating with the

bar rupture. Plots at increasing height above the rupture location show a

decreasing size of acceleration spike.

7.3.3 Lateral Displacements

Relative lateral displacements were obtained from the absolute wall

displacements and table motion as before. Figure 7.20 illustrates the time­

history plots of these quantities. The displacement of the wall's steel

foundation beam relative to the shaking table was directly measured and is

also shown in Figure 7.20. The maximum lateral deflection was 1.5 in. and

occurred at the top of the wall. This value is almost 13 times larger than

the similar deflection in the previous test. The second and the third floor

displacements are 8 and 9 times larger than those values measured during

the first test. Table 7.2 lists the maximum deflections in both directions.

7.3.4 Base Shear Force and Bending Moment

As mentioned earlier, accelerometers AVl and AV2 exceeded their cali­

bration limit or the corresponding amplifiers were saturated. Therefore, it

was not possible to use the resulting accelerations to obtain the rotational

acceleration of the added mass system. The method developed in Section 7.2.4,

i.e., using equation (2) from Figure 7.6 provides an alternate way to determine

rotational acceleration; then, a similar approach to that in Section 7.2.4 is

possible. From the force transducers the force at the foundation level

reached a maximum of 16.4 kips. The theoretical shear force at this level was

computed by using inertial force and Equation 2. This force reached a maximum

value equal to 17.3 kips. Both maximum magnitudes occurred at 1.42 seconds.

The comparison in Figure 7.21 of the experimental and calculated results for

the first four seconds in addition to the entire record, illustrates the
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closeness of the two shear forces. For moment computation the inertial

forces are seen to be sufficiently accurate, though overturning moments will

not be exact.

Using the same lumped masses and ignoring the inertia force resulting

from AH1, the bending moment at the base of the wall was computed. Figure 7.22

indicates that the bending moment reached an approximate maximum of 3516 in.-k

at 1.45 sec.

Similar adjustments as in the first test were made on the measured shear

force at the foundation level in order to present it at the base of the wall.

Its variation with time is shown in Figure 7.22. The base of the wall underwent

a maximum shear force equal to -15.7 kips, the magnitude of which is twice

that of the base shear of the low amplitude test.

7.3.5 Strains in Reinforcing Bars

Because of the high intensity of this test, the reinforcing bars experi­

enced large strains, particularly those at the south end. Figure 7.23

illustrates the level of strains which caused severe damage in the bars.

Although the bars at the south end suffered more extensive damage, the first

yield was detected by the strain gauges at the north end. At 1.23 sec when

the overturning moment was 218 ft-kip, the outside bar in the north end

column was strained to 2.33 mil/in. The strain gauges labelled SPl, SINC1,

SOUCl, NPI and NINCl (prefix'S' indicates a south bar, 'N' indicates a north

bar) at this time registered -0.405 mil/in., -0.520 mil/in., -0.534 mil/in.,

1.80 mil/in. and 1.472 mil/in., respectively.

for a maximum strain of 20 mil/in.)

From Figure 7.23 it is seen that at 1.43 sec the panel bar at the south

end (SPl) was strained beyond its calibration limit, i.e., 42.1 mil/in. The

measured data after this point cannot be reliable. A time-history plot from
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the strain gauge mounted on this bar indicates that after 2.84 sec, the

strain gauge registered a constant negative strain. This constant value can

be either due to a damaged strain gauge or because of a ruptured reinforcing

bar with residual strain. It seems most likely that the former was the reason

since at the end of the test this bar was found ruptured very close to the

strain gauge location causing strains considerably beyond the gauge's rated

limit.

variation in the strain for the column bars at the south end indicates

that they also had exceeded their limits. At 1.49 sec, the inside column bar

experienced a strain of 42.5 mil/in. and 0.04 sec later the outside column

bar passed beyond its maximum rated value. A similar state of constant

strain can be observed for both of these bars. As mentioned earlier, this

behavior might have been due to a damaged strain gauge or a ruptured bar ­

probably the former since the post-test examination did not show any rupture,

and also because of the closeness of the buckling point and the strain gauge

location. In other words, it is believed that the buckling action damaged

the gauges so they were not capable of registering any more strain. This

would explain the constant state of strain.

According to Figure 7.23, the bars at the north end of the wall did not

strain as much as the south-end bars. The inside column bar at this side,

however, exceeded its calibration limit at 7.45 sec. Thus, the data beyond

this point cannot be reliable. The maximum strain at this side was experienced

by the panel bar which was strained to 39.2 mil/in. Table 7.2 summarizes the

maximum strain values for strain gauges which did not exceed their

calibration limits.
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7.3.6 Uplift Values of the First-Floor Joint

The total uplift of the first-floor wall panel from the foundation was

found at different locations. The resulting net uplift values have been

illustrated in Figure 7.24.

Because of the higher intensity of the input signals, all the uplift

values show a considerable increase over those measured in the previous

test. The south end experienced a maximum uplift of 0.70 in., almost 40

times greater than the corresponding value for the first test. At 7.15 sec,

0.01 sec before the maximum uplift was detected, the top of the wall deflected

north to its maximum lateral displacement. The north end of the wall opened

to a maximum of 0.34 in. at 1.82 second (17 times greater than the correspond­

ing value in the previous test Ee-1SO), concurrent with the maximum deflection

towards the south.

It is interesting to note that the first significant uplift at the south

end occurred at 1.43 sec when the wall was lifted from 0.006 in. to 0.11 in.

at its extreme end. This sudden increase of uplift corresponds to an excessive

straining of the panel bar at this side. At this instant, the south-end

panel bar was strained from 2.98 mil/in. to 42.3 mil/in., at which the strain

gauge welded onto this bar exceeded its calibration limit and it is likely

that bar rupture followed.

The time-history plots in Figure 7.24 illustrate a very distinctive

behavior--that there are no significant negative values of uplift. Some small

negative values were detected at the beginning of the test, but these

gradually disappeared toward the end of the tests. These plots, in other

words, indicate that the gap which was opened during the uplift motion did not

ever close. It is believed that the crushed concrete pieces prevented the

complete closure of the gap. The entire wall thus experienced a rigid-body
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uplift. That is, although the lifted portions of the wall should be closed

by the rocking motion, the instrumentation did not register negative displace­

ment-compression.

The abovementioned rigid-body uplift of the entire wall should be taken

into consideration in any attempt to find the location of the neutral axis.

This is because the positive sign of the uplift values imply that the deformed

cross section of the wall never shows compression and hence there is no

neutral axis within the ~xtent of the joint.

7.3.7 Shear-Slip at the First-Floor Joint

In contrast to the first test, the slip at the first-floor joint was

of measurable magnitude. Ignoring the data from DCDTs labeled S4 and S6

(due to malfunction) an average value of slip was calculated from DCDTs

labelled S3 and S5, and those labelled S2 and 81. The resulting shear slip

has been plotted in Figure 7.25.

The average slip at the first-floor joint reached a maximum value of

0.04 in. at 1.82 sec. It is of interest to observe that at this instant the

wall experienced its maximum lateral displacement to the south (0.88 in.,

which is 22 times greater than the value of slip) and the north end of the

wall at the first floor was lifted to a peak value of 0.34 in.

ously, the base shear force was -13.7 kips.

Because of the small magnitude of the shear-slip displacement, it can be

assumed that a shear friction mechanism was not fully active and Coulomb

friction was providing the major resistance. The level at which shear slip

occurs varies depending on the magnitude and sign of the axial load. This

fact can be verified by tracing the values of wall uplift, the magnitude of

base shear, and the degree of shear slip.
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Figure 7.25 Shear-slip at base of the precast wall, simple
wall, EC-700, O.67g.

Dependence of shear slip on axial load can be illustrated by noting

that the maximum slip occurred at 1.82 sec when the shear force was not at

its peak value. Significant uplift values at this time indicate less

resistance against shear displacement, and hence slip occurred at a lower

force level.

As can be expected, a compressive axial force increases the joint

capacity against shear-slip motion. For example, there was no major slip

when the first-floor joint experienced its highest shear force value. This

is because at this time, there Was no significant gap opening, and even at

the north end the joint was under compression.

The abovementioned comparison between the values of wall uplift, the

magnitude of base shear, and the degree of shear slip clearly illustrates the

interaction between rocking mechanism and shear-slip motion. Each major gap

opening corresponded to a rather pronounced shear slip.
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7.3.8 Overall Behavior of the Wall System

An average curvature for the entire wall was calculated. The resulting

moment-curvature and base shear-top deflection plots are presented in

Figure 7.26. These quantities have also been plotted for the first two

seconds in order to show the initial stiffness and the initial hysteresis

loops which are more critical in this interval because of greater load

levels and deterioration.

From the base shear-top deflection plot, an initial stiffness equal to

50 kips/in. can be determined. From the first test, the average stiffness

of the wall was computed to be 54 kips/in. which is very close to this

initial stiffness. This was expected since the first experiment did not

induce any damage that could degrade the stiffness. No attempt was made to

define an initial flexural stiffness since on the moment-curvature plot a

distinctive straight line could not be located in order to quantify this

value.

Points identified by A, B, C on the shear force-deflection plot

depict a very peculiar behavior. At point A, which corresponds to 1.44 sec,

the wall suddenly lost load and stiffness. The wall base shear force was

reduced by a factor of nearly 3. From point A to point B the wall deflected

0.13 in. more even though the base shear force dropped. It is interesting

to note that the stiffness is regained from point B to point C. The sudden

loss of load and stiffness might be attributed to loss of resisting mechanism.

The data from the south panel strain gauge indicates that rupture probably

occurred at that time. At present the reason for this sudden drop and

increase in wall load and stiffness is not known. It is interesting to note

that similar behavior can be observed after point C but to a lesser degree.

This abrupt loss and gain in stiffness is also seen in the moment-curvature

plot.
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7.3.9 Wall Panel Behavior

As explained earlier, the data from channel 68, the diagonal deformation

of the 1st panel, was ignored. Thus, it was not possible to determine shear

deformation in the wall panel. Curvature of the panel was estimated by using

the deformations at the panel ends to calculate an average bending.

It was important to detect any bending nonlinearity occurring within

the wall panel. For this purpose the overturning moment was plotted against

panel curvature. From Figure 7.27 and the magnitude of the panel curvature,

it can be concluded that there was little bending nonlinearity in the precast

wall panel. Although it was not possible to quantify shear deformation in

the precast wall panel, it is believed that it was very small in magnitude.

This is because of the small value of the deformation measured by the

diagonal DCDT - D2; this deformation reached a maximum value of 0.006 in.

7.3.10 First-Floor Joint Behavior

In Chapter 1, it was noted that two major mechanisms control the

behavior of horizontal joints in a simple precast panel wall. These two are

shear-slip and rocking. The rational approach to investigate these dominat­

ing mechanisms is to consider plots of base shear force versus slip and base

bending moment against curvature of the joint.

Figure 7.28 illustrates base shear force versus the shear slip at this

level. This plot clearly indicates that most of the shear displacement

occurred in one direction, i.e., toward the south end of the wall. The one­

directional sense of slip displacement is certainly consistent with the severe

key crushing at the south end. The hysteresis loop of this plot indicates

some degree of energy dissipation but, because the shear slip is not of great

significance, a maximum value of 0.04 in., it cannot be relied upon as a
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major source of energy dissipation. In other words, shear displacement

could provide a dependable mechanism for energy dissipation if it were of

higher magnitude. A more effective shear-slip energy dissipation requires

larger lateral displacements which might be threatening to the integrity

of the structure.

The sequence of initial damage and deformation within the joint may be

examined in detail in the response during the first four seconds of the

test (see Figure 7.29).

The rocking motion associated with rotation of the joint dominated the

behavior. The panel deformation was negligible; the value of shear slip was

small (maximum displacement was 0.04 in.); the lateral displacement of the

foundation detected by the DCDT labelled SFND can almost be omitted (maximum

value was equal to 0.007 in.); the wall system did not show any significant

-5
deformation (maximum curvature was 7 x 10 rad/in.); and the bending in the

foundation was extremely slight (the DCDTs measuring vertical motion at ends

of the footing named U17 and UIS registered maximum values of 0.017 in. and

0.012 in., respectively). Exhausing the obvious sources, it can be concluded

that the lateral displacements were greatly dominated by the rigid body

rotation of the wall at an angle equal to joint rotation. A series of

expanded time history plots are included in Figure 7.29 to provide detailed

information about the load and response parameters in the period when first

yield occurs.
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8. TEST RESULTS FOR FLANGED WALL

Quantitative test results of the flanged wall (PZ-III) are presented in

this chapter in graphical form. The flanged wall, the first wall tested, was

subjected to a series of very low amplitude motions before the main test

sequence of three primary motions, EC-200, EC-7S0, and EC-IOOO (0.22g, O.69g

and 1.08g) was applied. The last test, EC-IOOO, was applied to simulate a

very strong aftershock. This chapter examines the results of the EC-200 and

EC-7S0 tests which induced the first inelastic behavior and damage within

the wall system.

The preliminary steps in the data reduction and analysis process

included base line correction for initial instrument offsets, separation of

the 87 data channels and inspections for validity of the data, as described

in the previous chapter. The data presented here is in an unfiltered form.

8.1 Results from El Centro at O.22g (EC-200) - PZ-III Wall

8.1.1 Introduction

The first test on this wall was intended to measure the behavior of the

system while maintaining elastic load and deformation behavior. The input

ground displacement reached 1.00 in. with a peak horizontal acceleration of

0.223g. Under this low amplitude ground motion the flanged wall maintained

an elastic load deformation response. Many of the deformations measured by

the attached instrumentation were too small to be considered significant or

accurate relative to the capaeity of the instruments. Only the basic response

data characterizing the overall motion and stiffness of the wall will be

presented in the following sections.

Preceding page blank



106

TABLE 8.1

Extreme Values from EC-200 Test, PZ-III
(table motion 0.22g)

Quantity Extreme Value

Ground (table) displacement

Ground (table) acceleration

Acceleration at foundation

Acceleration at second floor

Acceleration at third floor

Acceleration at top of wall

Acceleration at concrete blocks

Top of wall relative displacement

Base shear force

Base overturning moment

Strain-north column bar

Strain-north panel bar

Strain-south column bar

Strain-south panel bar

Curvature (average) lower panel

2.54 cm (1.00 in.)

0.223g

0.222g

0.286g

0.352g

0.4l5g

0.463g

0.24 cm (0.094 in.)

40.5 kN (9.10k)

190.7 kN-m (1688 in. -k)

0.012%

0.026%

0.010%

0.007%
-6

rad/cm0.59xlO
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8.1.2 Peak Response Values

Extreme values for the primary response quantities during the elastic

test of PZ-III are listed in Table 8.1. Relative displacements at the top

of the wall are shown in Figure 8.1. The wall developed significant displace­

ments between I and 4 sec and 5 to 6.5 sec during the 20 sec shaking period.

The simultaneous base shear induced in the wall is plotted in Figure 8.2.

Lateral displacement in the lowest horizontal joint (termed "slip"), as

measured between the lower panel and the foundation wall, amounts to just

over 1 percent of the total top-of-wall displacement. The relation between

joint slip and top displacement is obvious when Figures 8.1 and 8.3 are

compared.

8.1.3 stiffness Characteristics

Overall structural system stiffnesses are frequently characterized by

a top displacement versus shear force relation. Displacement and base

shear, shown previously in time history form, are plotted in Figure 8.4. The

average system stiffness is approximately 105.5 k/in. (184.7 kN/cm). A

relation between base moment and top displacement is shown in Figure 8.5

since most of the displacement may be attributed to bending effects. The

moment-displacement stiffness is 19,874 in-k/in. (884 kN-m/cm). Elastic

bending stiffness of the wall panel segments is defined by the relation in

Figures 8.6 and 8.7 where the average curvature, measured within the lower

wall panel, is shown with the base moment. The average lower wall system

bending stiffness is 1.28xl0
9

in-k/rad (5.7xl0
7

kN-m/rad).
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8.2 Results from El Centro at O.69g, (EC-750), PZ-III Wall

8.2.1 Introduction

This strong motion induced significant damage along the base of the

lower wall at the wall to floor joint. The horizontal table motion is

illustrated in Figure 8.8 with time history records of the displacement and

acceleration. The table reached its maximum displacement at approximately

9 sec, however, the peak accelerations occurred within the first 3.2 sec

of the test.

The table pitch acceleration is a result of table-structure interaction.

Timing of peak rotations and the frequencies in the pitch record were found

to match the structural overturning moment record very closely. The non­

stiff character of the table in pitching motion results in an apparent

natural frequency for the structure on the table which is slightly lower than

the real frequency of the structure on a rigid foundation.

The high amplitude motion and the high frequency local vibration of

the lower steel platform resulted in accelerations in the vertical steel

platform which were occasionally above the linear range of the instruments.

As in PZ-I, the data from those instruments was hot used in the response

analysis. One of the DCDTs, at location S3, became inoperative after 16

sec because of cracking of the concrete below the instrument mounting. A

second DCDT, at location FB2 (see Fig. 4.5) apparently became unplugged since

no detectable signal was recorded from that channel. The potentiometer

measuring the vertical displacement at the north end became inoperative

just after the start of the test.

8.2.2 Structural Accelerations

Time-history records of acceleration at different locations over the

height of the wall are given in Figure 8.9. The peak acceleration at the
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top of the wall was 1.08g and the peak acceleration at the added mass blocks

was 1.16g. Measured accelerations, along with the known structural mass,

were particularly important in determining the actual internal inertial shear

forces and moments. (Note - level 5 is at the concrete blocks.)

8.2.3 Lateral Displacements

The relative lateral displacements of the structure were calculated

from the differences between the absolute wall displacements and the ground

or shaking table motion. Figure 8.10 includes the relative lateral displace­

ments measured over the height of the test specimen. The first record shows

the lateral displacement at the foundation of the wall system itself. The

displacements at this level resulted from shear deformation within the force

transducers and slip in the bolted connections between table and transducer

and transducer and foundation beam. At 3.25 sec a permanent slip, probably

in the upper bolted joint, occurred showing as a residual displacement

0.0033 in. While the magnitude of the foundation displacement is negligible,

the lateral flexibility should be included in analytical correlation

studies.

Peak values of relative displacements are listed in Table 8.2 along

with other response quantities. Relative displacement records at levels 2,

3, and 4 exhibit a considerable degree of similarity with increasing dis­

placement and residual set from bottom to top. The relation seen between

floor displacements and the visual detection of nearly all the damage at the

wall base indicates the wall displacements are primarily a function of

rotation. The amount of displacement created at level 4 (= top of the wall)

by the table's pitching motion is plotted in the second frame of Figure

8.10, assuming the test wall is a rigid body pitching with the table and
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TABLE 8.2

Extreme Values from EC-750 Test, PZ-III

Quantity

Ground (table) displacement

Ground (table) acceleration

Acceleration at foundation

Acceleration at 2nd floor

Acceleration at 3rd floor

Acceleration at top of wall

Acceleration at concrete blocks

Second floor relative displacement

Third floor relative displacement

Top of wall relative displacement

Base shear force

Base overturning moment

Strain - north column bar

Strain - north panel bar

Strain - south panel bar

Strain - south column bar

North end lower panel uplift

South end lower panel uplift

Slip in lower horizontal joint

Curvature (avg) in lower wall panel

Extreme Value

9.68 cm (3.81 in. )

0.69 g

0.68 g

1.20 g

1.20 g

1.08 g

1.16 g

0.75 cm (0.295 in. )

1. 28 cm (0.503 in. )

2.03 cm (0.799 in. )

97.4 kN (21. 9 kip)

458 kN-m (4056 in.-k)

4.17%

1.63%

0.17%

0.49%

0.91 cm (0.36 in.)

0.81 cm (0.07 in.)

0.016 cm(0.0064 in.)

0.000093 rad/cm
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ignoring additional bending within the wall which might be induced by base

pitching. The rigid body displacements are relatively small when compared

to the total level 4 displacement.

8.2.4 Inertial Shear, Base Shear and Bending Moment

As in Chapter 7, since the force transducers only measured the shear

force at the table connection, it was necessary to use calculated structural

inertial forces to determine the bending moment and shear within the lower

panel. Equation (2) from Figure 7.6 was again used to determine the

rotational acceleration of the added mass system above the wall, then

equation (1) was used to estimate individual accelerations of each steel

platform. A total inertial base shear, from the accelerations and a new

lumped mass, was calculated and the accuracy of the mass lumping was

verified by comparing the calculated base shear and measured base shear.

The total base shear measured by the transducers is plotted in Figure 8.11.

The measured base shear (solid line) and the calculated inertial shear

(dashed line) are compared in Figure 8.12. The agreement is satisfactory

though the inertial shear tends to be slightly overestimated. Accepting

the inertial force calculation, the base moment could be determined from

individual lumped inertial forces and their moment arms. The resulting

base moments are shown in Figure 8.13. The maximum base moment in this

wall reached 4056 in-k (458 kN-m) .

8.2.5 Strains in Reinforcing Bars

The high intensity of this test caused an extremely large ductility

demand within the lower wall joint resulting in large strains in the

reinforcement. Since there was not sufficient crushing of concrete the

reinforcing bars were not exposed and visual detection of rupture was not
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Figure 8.11 Total base shear measured by transducers, flanged wall,
EC-750, 0.69g.

possible. However, after the second strong shake (1.081g, EC-IOOO) crushing

or spalling around the bars led to inspections that found the panel bars

from the north flanges ruptured and the column and web panel bars stretched

and buckled. All of the bars at the south end, except the column bars, had

ruptured.

strains at the gauge locations of most of the bars that were contin-

uous through the horizontal joint at the north end of the wall are shown

in Figure 8.14a. All of the north panel bars at the first floor level were

strained beyond their yield capacity at 3.2 sec. The two column bars were

strained beyond the rated capacity of the gauge and the web panel bar

reached a strain of 16.3 mil/in., very near to the gauge rating of 20 mil/in.

From that time onward the measured strains cannot be assumed to be accurate,

in fact the north outer column gauge developed enough residual strain by 16

sec to peak out the signal amplifier. Strains at the second floor horizontal
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Figure 8.15 Uplift of the lower web wall, flanged wall, EC-750, O.69g.
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joint were more moderate though a small degree of yielding did occur.

The extent of the inelastic motion at the south end, based on bar

strain, was considerably lower. Records from the instrumented bars are shown

in Figure 8.l4b. Again, all of the bars yielded but the indicated strains

are approximately 1/10 the size of the north end strains. It is apparent

that the magnitude of the wall uplift was much higher at the north end.

8.2.6 Uplift along the First Floor Joint

Uplift between the first floor wall panel and the foundation wall was

measured at five locations along the wall base. The uplifts are illustrated

in Figure 8.15. It is obvious from a comparison of the records that the

wall was uplifting predominantly at the north end.

The first large north end uplift of 0.22 in. at 3.2 sec coincides

with the excessive strain in the north bars noted above. The second large

peak, 0.36 in., at 16 sec also coincides with a jump and offset in north bar

strains. The residual uplift of 0.09 in. is probably the result of crushed

concrete fragments holding the joint open. Eighty percent of the measured

uplift developed between the wall and the floor slab, the remaining twenty

percent was measured between the floor and the foundation.

At the three interior locations the uplifts all mirrored the north end

uplift, as would be expected under rocking motion of the wall. It was only

the south-inner location that exhibited some peaks which could be correlated

with the south end record, though even here the large predominant peaks

result from north end uplifts.

South end uplift is considerably smaller than that seen at the north

end. While the peaks are out-of-phase with the north peaks, indicating a

small amount of rocking when south uplift occurred, the offsets are coinci­

dent with and due to north end uplift. The peak measured south uplift was
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Figure 8.16 Uplift of north flange at lower joint, flanged wall,
EC-750, 0.69g.

0.07 in., or only 20 percent of the amount seen at the north end.

A separate uplift measurement taken on the flange panel at the north

end of the wall system recorded the total displacement occurring between

the flange panel and the foundation wall - across the horizontal floor joint.

The resulting flange uplift is plotted in Figure 8.16. The measurements

are nearly the same as shown previously for the north end of the web wall

panel with peaks of 0.19 in. and 0.35 in.

8.2.7 Shear-Slip at First Floor Joint

Horizontal slip between the first floor and the foundation is shown in

Figure 8.17. The predominant peaks in slip, which is primarily toward the

south, occur simultaneously with north uplift and wall rocking to the south.

In terms of damage, the magnitude of the slip is almost negligible.

Horizontal slippage measured between the lower wall and floor and

between the lower wall and the cast-in-place end "key" at the south end of

the wall system are plotted in Figure 8.18; these were combined to define an
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129

,...,
•z.......,

0.00

Q.....
..,J
U)

24.0 32.0
TIME (SEC)

16.08.0

- 0 • 0811tt-...L-...L.-.-L-.....L---L..---L.--J.---JL....-.L-..L-...L.-.....L-......I---L..---L.---I.---JL....-1....-..L..--I

0.0

TOTAL SLIP, ABOVE AND BELOU FLOOR
PZ-3 T-2 250383.03 CH60,64,65

Figure 8.19 Total slip in lower joint at base of precast walls, flanged
wall, EC-750, 0.69g.

average wall slip as shown. The average slip indicates that the wall is

sliding in both directions, slightly favoring the north. Again, the maximum

slip developed, 0.006 in., is a minor amount. The total slip occurring at

the lower level is shown in Figure 8.19.

8.2.8 Behavior of Flange Walls

Deformation in the flange panels was measured to determine how

effective the cast-in-place joint between wall and flange panels was in

providing the necessary shear transfer to couple the elements into a single

flexure-resisting cross section. The vertical north end extension of the

first story panel wall, measured over a 25.1 in. gauge, is illustrated in

Figure 8.20a. The vertical extension of the northern flange wall, with a

25.8 in. gauge, is shown in Figure 8.20b. The flange deformations are

consistently slightly lower than the deformation of the adjacent wall, with
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maximum flange extension of 0.035 in. and wall extension of 0.039 in.

Similar behavior is evident in Figure 8.21 for the south end deformations.

Further proof of less than perfect coupling between wall and flange is

exhibited in Figure 8.22 with a direct measurement of vertical slip occurring

between the web wall and the flange wall. positive slip indicates that the

web wall is uplifting with respect to the adjacent flange wall. As would be

expected there is no slip when that end of the wall system is in compression.

Although significant cracking between the web wall and flange walls was not

visually evident, it is apparent that limited slip occurred, yet the flange

walls remained effective in resisting the overturning moments.

8.2.9 Overall Behavior of the Wall System

The lower wall panel exhibited flexural cracking distributed at 3-4 in.

intervals over its height at the wall extremities. Figure 8.23 includes a

simultaneous plot of the overturning moment existing at the base of the wall

and the average wall panel curvature. It is evident that inelastic flexural

deformation was able to develop in the panel walls of this system. The

wall's initial stiffness of 1.71 x 10
9

in-k/rad was reduced to 1.58 x 10
8

in-k/rad (1.9 x 10
8

kN-m/rad to 1.78 x 10
7

kN-m/rad).

The overall structural behavior of the system is indicated by the base

shear and top of wall displacement plot included in Figure 8.24. The first

frame includes response from the first fourteen seconds during the test and

the second frame includes the complete record. All of the large deformation

cycles occur in the southerly direction, a result of wall rocking and uplift

at the north end. The average initial cracked section wall stiffness is 70.3

k/in and decreases to an average value of 33.1 k/in after the major cycles of

north uplift with bar yielding occur (123 kN/cm to 58.0 kN/cm).
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The relatively small amount of horizontal slip at the panel-wall joint

was unable to supply any significant amount of energy dissipation through

friction-slip. Figure 8.25 illustrates the shear versus slip behavior in

this wall system. Detailed inspection of the initial response may be

accomplished using the plots of Figure 8.26 which show the first 4 seconds

of the response history.
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9. SUMMARY AND CONCLUSIONS

The investigation described in this report included simulated earthquake

shaking and response evaluation of precast large panel wall structures. The

raw measured response data and visual observations have been presented in

the previous chapters together with a full description of the test structures,

instrumentation and test sequence. In this chapter the characteristics of

large panel systems and particularly the systems tested, the test results and

their implications are briefly discussed and conclusions drawn.

Large Panel Wall Systems

The vertical wall panels, in panel buildings, are individual precast

elements connected in the field and act as vertical load bearing shear walls.

A lack of redundancy or secondary mechanisms to carry loads if a panel fails,

and the existence of joints between elements are of particular importance in

considering their use in regions of seismic risk. Lack of redundancy exists

in most shear wall systems and must be addressed at the conceptual level.

The behavior of any shear wall composed of connected precast elements depends

strongly on the strength and stiffness characteristics of the joint regions.

Economically feasible systems tend to have strong precast elements with

relatively weak and often brittle joints.

Model Configuration

The three large scale models tested in this program included a plain

solid wall, a wall whose panels contain door openings, and a wall with

adjoining end flange walls. Each model was a three story wall segment.

Small cast-in-place horizontal connections, with precast panels providing

forming, were used with a limited amount of continuous reinforcing between

vertical panels. The joint detailing was developed in Yugoslavia and behaves

Preceding page blank
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similarly to u.s. type platform systems for which the compressive capacity of

the platform joint is adequate to resist crushing. In such connections the

moment capacity is controlled by the yield capacity of the vertical

continuous reinforcing and the shear capacity is primarily controlled by

friction existing between the panel and joint filling material.

Common United States building codes classify large panel wall structures

as "box-type" systems and specify a relatively high design lateral loading

because of a presumed lack of ductility and the lack of redundancy in the

system as a whole. Additional restrictions, not specifically addressed

toward precast systems, limit the height of box-type systems to 160 ft within

regions of moderate or strong seismic risk. The Uniform Building Code [19J

also specifies vertical reinforcing requirements to insure a minimal ductility;

these include a minimum reinforcing content of 0.15 percent and maximum

spacing of reinforcement at 16 inches (46 cm).

The wall elements in this program were intended to represent components

near mid-height of a 15 story large panel building located in a seismically

active region. The precast panel elements contained well-distributed

horizontal and vertical reinforcement. The horizontal connections between

adjacent vertical panels in a stack had a limited amount of continuous

vertical reinforcement concentrated only at the ends of the joint. The rein­

forcement ratio across the horizontal joint was 0.4 percent in the simple

wall and 0.7 percent in the wall system with attached end flange walls. The

spacing of the vertical reinforcement, which was concentrated at the joint

extremities, was 68.7 in. (1.74m) and corresponded to a spacing of 206 in.

(5.23m) in the prototype building. This configuration of reinforcing does not

meet present u.s. code requirements.
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Dynamic Characteristics

The first mode natural vibration periods of the simple and flanged walls

were 0.19 sec and 0.16 sec, respectively, before testing. The corresponding

periods for an actual prototype structure are 0.33 sec and 0.28 sec. Actual

periods in 8 to 15 story large panel buildings have been reported as between

0.30 and 0.45 sec [17,18]. The 1940 Imperial Valley - El Centro SOOE

earthquake record, correctly time-scaled, was used for the simulated earth-

quake motion in the shaking table tests because of its substantial energy

content near the periods of the models.

Large panel wall systems have vibrational characteristics in the very

short period range. In such short period systems ~nelastic energy

dissipation is of less benefit in controlling response and ductility require-

ments are considerably higher than in longer period systems [20]. Unfortun-

ately the strong panel-weak joint characteristic of precast panel systems

tends to concentrate this high ductility demand within the weaker joint

region during inelastic response caused by a strong motion excitation.

Test Results

Each of the structural models was subjected to a shaking sequence which

could be classified as a moderate shake, followed by a severe motion. The

initial moderate shake used a ground motion with a peak acceleration near

0.2g and the severe shakes had a peak of near 0.7g. The test configuration

resulted in a base moment versus shear ratio equal to 2.7 times the base

length of the wall. Moment and shear forces existed simultaneously with an

axial force intended to simulate axial compression stress expected near the

mid-height of a 15 story structure, 146 psi (0. 96MPa) or 0.02 f' in the
c

simple wall and 96 psi (0. 66MPa) or 0.016 f' in the flanged wall.
c
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Moderate Shaking

The initial moderate shaking tests involved ground motions with peak

accelerations of 0.18g and 0.22g in the simple and flanged walls, respectively.

This represented a shaking amplitude which was approximately two-thirds of

the actual El Centro 1940 motion. The relatively rigid wall systems responded

elastically and developed peak top story accelerations of 0.3g and 0.4g,

respectively. Measured relative displacements indicated that the maximum

interstory drift was less than 0.04 in. (0.10 cm) or 0.1%. The stiffness of

the systems appeared to be sufficient to prohibit structural or non-structural

damage in the building components. No cracking or similar visible damage was

apparent. The strength of this test relative to the commonly used 'equivalent­

static-design-load ' may be judged by the true base shear coefficient, as

measured, which was 0.32 of the weight in the simple wall and 0.38 in the

flanged wall. The USC design shear coefficient would be approximately 0.20

for region 4 (strong seismicity) construction.

Strong Shaking

The severe shaking occurred with ground motion of approximately 0.68g

peak acceleration applied to both of the wall models. The wall top accelera­

tions were magnified by the structural motion and reached 0.8g in the simple

wall and 1.08g in the flanged system. Yielding and subsequent inelastic behavior

was initiated very early in these tests. Maximum intensity drifts in the

simple and flanged walls increased to 0.46 in. (1.2 cm) and 0.3 in. (0.8 cm) or

1.2 percent and 0.8 percent, respectively. Again the measured base shear co­

efficients were considerably higher than the 0.20 value derived from DBC

recommendations for equivalent lateral force. The strong motion coefficient was

0.68 of the weight in the simple wall and 0.92 measured in the flanged wall ­

three hundred to four hundred percent larger than the code design value.



145

Rocking Motion

One of the basic modes of deformation in stacked precast large panel

wall systems is opening of the horizontal joints and rocking of individual

panels while resisting overturning moments. The dominant mechanism in both

the strong motion tests was rocking of the entire wall system about the lower

horizontal joint. After opening, caused by rocking, the horizontal joint

does not completely close since grinding takes place within the joint and

the residual crack opening grows wider with successive cycles. Crack

openings were apparent at the top and bottom of the lower horozintal joints

after the strong motion tests. The opening at the wall ends reached a

maximum of 0.7 in. (1.78 em) during high overturning conditions.

Slip

The second basic motion in stacked precast systems consists of relative

lateral slip, at horizontal joints, between adjacent vertical elements.

Though slip would naturally tend to occur once the resisting effect of

friction is overcome, particularly in joints which have been opened by over­

turning moment-bending effects, only limited slip developed in the current

tests. The slip was controlled by a joint detail which included a large

block key, filled with cast concrete, at each panel lower corner used

primarily as a space to connect, in the field, the continuous panel reinforcing

bars. As a result of this large shear key the maximum slip was limited to

a.04 in . ( O. 1 em).

Implications of Test Results

Three distinct seismic resistant design techniques may be employed in

large panel precast concrete construction. (i) Monolithic design attempts

to join individual panel elements with connections which are at least as
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strong as the panels themselves and are capable of developing the full panel

strengths. (ii) Weak vertical/strong horizontal connection systems have been

proposed where two or more vertical stacks of panels exist adjacent to one

another and initial inelasticity and energy dissipation are intentionally

directed into the vertical joints between adjacent stacks. (iii) Weak

horizontal connection systems depend on inelasticity and yielding within

horizontal joints to limit the forces transferred to the structure by the

ground motion and to dissipate internal energy absorbed by the system.

For reasons of economy and configuration/layout constraints, weak

horizontal connection systems, as in the models tested, are the most common

large panel systems presently used. Unfortunately, these same systems have

been viewed as presenting the greatest difficulty in obtaining satisfactory

aseismic design and performance. The following specific problems will be

discussed in relation to the test program carried out in this project:

1. Force isolation effects of inelasticity in a single joint may

prevent the spread of yielding to other locations in the system.

2. Inelasticity tends to become highly concentrated within one or two

horizontal joints.

3. Concentration of inelasticity causes exceptional local ductility

demands.

4. Once yielding is initiated within a joint, there is no remaining

elastic constraint on the system deformation.

5. The energy dissipation capacity of small horizontal joints is limited.

Joint Behavior-Rocking Mechanism

A rocking mechanism in the lowest horizontal joint was the dominant

source of nonlinear inelastic response for the wall systems tested as part of

this project. Increasing overturning moment initiated yielding in the vertical
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reinforcement at the horizontal joint and the subsequent rocking with

continued yield effectively limited the amount of shear and moment which

could be induced in the wall by the ground motion. Once the reinforcement

became appreciably stretched and buckled under compression on reversed

cycles, the moment transferred through the joint was limited to an amount

provided by the gravity restoring force. This effect was clearly apparent

in Figure 7.22 where the normal cycles of moment appeared to be truncated

when the moment is negative.

The isolating effect of the base rocking, which developed within the

initial four seconds of the strong motion tests, prevented the spread of

inelastic behavior to horizontal joints above because the maximum base moment

could only reach a limited magnitude and moments in upper joints could not

reach yield levels. This effect was accentuated by the concentration of

continuous vertical reinforcing at the ends of the horizontal joint. All

of the tension reinforcing across the joint yielded nearly simultaneously

and the overall moment-rotation behavior resembled a bilinear mechanism

with subsequent stiffness degradation. During large amplitude cycles the

base moment was limited by the plastic deformation of reinforcing bars which

had not already ruptured; during small cycles the buckled steel was ineffective

and the effective stiffness was defined by the gravity restoring force.

The ductility demand in the lower joint, with nearly all the deformation

occurring in that region, became very high. The overall structural displace­

ment ductilities of 4.6 in the simple wall and 4.0 in the flanged wall were

primarily a result of concentrated deformation, and therefore ductility

demand, in the relatively small joint region; in fact, within the two

cracks occurring above and below the joint itself. This excessive demand for

deformation resulted in reinforcing bar fractures near the crack location.
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Though the welded connection between continuous panel bars exacerbated the

rupturing,non-welded continuous bars ruptured as well.

There was no typical elastic constraint on system deformation or

response once the vertical reinforcing bars yielded and the wall was rocking.

Some degree of elastic constraint is usually available in shear walls whose

ductile monolithic design uses distributed vertical reinforcing across the

wall. In the test models, with reinforcing well distributed within the

precast panels but concentrated at wall ends in the horizontal joints, all

of the reinforcing in the joint yielded simultaneously. The only "effective"

constraint, in the limit, was provided by the gravity restoring force which

decreased with increased displacement as P - ~ effects grew.

Energy dissipation in the complete system is relatively small since

nearly all such energy use must occur in a single inelastic region. The

rocking type of mechanism has been traditionally considered to be a

relatively poor source of energy dissipation because of the resultant

tremendous concentration of load and deformation within the few continuous

vertical bars and the small compression zone of the horizontal joint. The

ability of platform type systems, particularly with floors comprised of hollow

core panels, to sustain a high compression block force at the extreme end

of the joint has been frequently questioned. In the present tests the cast­

in-place joint material, with higher compression strength than the panel

material, was able to meet bending compression block demands successfully.

The energy dissipation capacity of the joint was actually limited by the small

dissipation capacity of the few continuous reinforcing bars and by the

destruction of compression concrete at the wall extremes due to lack of

confinement, spalling and buckling of the previously stretched reinforcing

steel.
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Fortunately, behavior of short period systems is not as dependent as

longer period systems on energy dissipation [20,21J. In the tests described

in this report it appears that the overall response of the wall system, a

function of rocking motion, was primarily affected by the isolating mechanism

and by the stiffness softening effect of that motion. Inspection of the test

data indicates that more extensive damage always occurred at one end of the

wall relative to the other. This was a logical result of the isolating effect

of rocking, as already discussed. However the result of such unsYmmetric damage

was effectively to create a direction dependent stiffness. Throughout the

subsequent response the system stiffness and natural period varied, as the

average period lengthened. The combination of force isolation, varying

stiffness and lack of buildup of harmonic response, and ability of the joint

to maintain compressive force capacity during rocking allowed this system to

survive a major earthquake motion without collapse or loss of vertical load

carrying ability.

Overall Response Evaluation

The large panel precast wall system described in this report appears

to have met two basic limit state performance criteria; namely, (i) the

ability to withstand a moderate amplitude earthquake (0.2g ground acceleration)

which contains significant energy in the range of the period of the structure,

while responding primarily in a linear elastic manner without visible damage,

and (ii) the ability to survive a major ground motion (0.7g acceleration) while

maintaining vertical load carrying capacity and avoiding collapse. The strong

motion was withstood with inelastic deformation and damage due to wall rocking

while relative lateral slip was contained by special keys. Detailing within

tile joint region maintained the stability of the system while allowing large

deformation.
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The actual base shear coefficients for the moderate shaking and

the major shaking were approximately 0.35 and 0.68 to 0.92, respectively.

An equivalent lateral load base design shear coefficient for a 'box-

system' as suggested by the Uniform Building Code would be approximately 0.20.

The wall system tested had an elastic capcity which was higher than required

by code but successfully withstood lateral forces as high as four hundred

percent of the code design force.

Conclusions

The design and detailing of the particular precast large panel building

system examined in this project successfully met two critical performance

limit states including withstanding a major earthquake motion without collapse.

Opening and rocking which developed in the lower horizontal joint resulted in

a force isolating effect and limited the amplitude of inertial shear which

could be transferred into the system. Forces and damage within the

remainder of the structure were not great enough to spread the inelastic

behavior. The amplitude of the rocking itself, a function of a particular

earthquake, was controlled or limited by the continuous variation of the

natural period of the system. This variation in natural period and the

isolating effect of the rocking mechanism combined to limit the amount of

energy, from the earthquake motion, that had to be absorbed by the system.

The detailing allowed stable rocking to occur without extensive

degradation of the joint particularly in the form of concrete crushing.

Joint damage and its effect on performance of the system may be more signi­

ficant as axial force, due to vertical loading, increases. Energy dissipation

qualities need not be the prime design objectives for precast panel wall

structures if stability and protection against strength degradation are

provided.
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Initial inspection of the data presented in this report suggests that

some minor improvements might be used to enhance the performance of the system.

Energy dissipation capacity, though not as critical for short period

structures, could be improved for systems in regions of moderate seismicity

by designing joint strength closer to panel strength. thus allowing a spread

of inelasticity over a greater hinge region. Under strong motion, however,

the spread of inelasticity into panels may have an undesirable impact on the

system's ultimate stability. Distributed continuousqertical reinforcement

along the length of the joint would provide some elastic constraint on overall

displacement but would not be economically feasible due to increased field

joining operations. Ductility could be increased by providing additional

confinement around vertical bars to prevent buckling in the joint regions

near the ends of the wall where high compressive stresses, due to bending,

develop. Additional confinement would be particularly desirable within the

block keys at the ends of each wall where spalling occurred accompanied by

bar buckling. A final increase in ductility might be obtained by

preventing bonding of the vertical reinforcing for a measured distance above,

below and through the horizontal joint - allowing yield to develop over a

greater portion of the bar than occurred near the crack in the models tested.

Considerable detailed study of the data from these tests is necessary

before any definite conclusio~s or detailed implications or recommendations

for design may be made. The rocking motion detected here may be an acceptable

limit state behavior depending on the magnitude of ground motion expected

at a particular site. Under extreme motion the rocking provides an isolating

effect similar to results found in steel frame response [10] where uplift was

allowed and internal force levels were decreased by the isolation. Additional

testing and analysis of this type of motion in precast systems, particularly
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with complete three dimensional response, is desirable before it is considered

to be an acceptable limit state. A subsequent report will include detailed

study of deformation mechanisms in the test specimens and analytical

correlation studies.
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APPENDIX B

JOINT DETAILS
AND MATERIAL PROPERTIES

Note: Dimensions on all of the diagrams in this Appendix are in inches.
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APPENDIX C

LOCATION OF DCDT'S, ACCELEROMETERS,
POTENTIOMETERS, AND STRAIN GAUGES

Note: Dimensions on all of the diagrams in this appendix are in inches.
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