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ABSTRACT

This report presents an analytical and experimental correlation of

large-panel precast building system performance on the basis of experimental

studies of three-storey models by means of shaking table and pseudostatic

tests. The experimental shaking table tests were performed at the Earthquake

Simulation Laboratory of the University of California at Berkeley, while the

pseudostatic ones were carried out at the Institute of Earthquake Engineering

and Engineering Seismology, Skopje, Yugoslavia.

The study of the correlation between the two types of experimental

studies as well as with analytical investigations is part of a joint US ­

Yugoslav project on the seismic response of high-rise residential buildings,

i nvo1vi ng cooperati ve research between the Earthquake Engi neeri ng Research

Center of the University of California at Berkeley and the Institute of

Earthquake Engineering and Engineering Seismology of the University "Kiril

and Metodij", Skopje, Yugoslavia.

The investigations of the response of large-panel building structures

have been carried out with models of a large-panel system produced by the RAD

Construction Company, Belgrade.
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1. INTRODUCTION

1.1. Background of the Research

The long range research project "Experimental and Theoretical

Investigations of the Seismic Stability of the Precast Large Panel System RAD ­

Yugoslavia" has been carried out to substantiate the seismic stability of

prefabricated systems, in response to the need for extensive application of the

large panel system RAD - Yugoslavia for multistorey structures in regions

having seismic events of different intensities. The project has been carried

out by the following participating organizations: (1) RAD Construction Company

of Belgrade; (2) Institute of Earthquake Engineering and Engineering Seismology

(IZIlS) of the University "Kiril and MetodiY', Skopje; (3) Civil Engineering

Faculty of the Institute of Materials and Structures in Belgrade, and (4)

Earthquake Engineering Research Center (EERC) of the University of California

at Berkeley.

To achieve the goals of the research program, the project has involved

analysis of existing large panel structural buildings and their joint systems,

not only from the viewpoint of their bearing and deformability capacity but

also from that of their production and assemblage technology. The system has

been improved by introducing a closed type of joint. Modifications to the joint

system as well as other necessary structural modifications have been made on

the basis of a complete analysis of the structure and the joint system. These

structural elements and joints have been utilized in a number of projects of

different types and composition in order to show their multi-purpose character

and their application in a variety of conditions requiring solution of modern

urban design and architectural problems.

The research project described in this report is one phase of a continuing
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cooperative research program in earthquake engineering between the Institute of­

Earthquake Engineering and Engineering Seismology (IllIS) of the University

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

Center (EERC) of the University of California at Berkeley~ California~ U.S.A.

In 1975~ previous activities were extended with the principal thrust of the

cooperative research di rected towards "Seismi c Stabil ity of Hi gh-Ri se

Residential Buildings Constructed as Precast Monolithic Reinforced Concrete

Systems ll
•

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 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-storey assemblages~ representing portions of high-rise

buildings. The resulting specimens were tested on the shaking table at EERC~

and at IZIlS by a pseudo-static test method;· both tests are described in detail

in separate reports~ see References 1 and 2. In this final joint report~ a

summary of the investigation is given with special emphasis on the correlation

between the shaking table test results and those obtained during the

pseudostatic tests. Also~ conclusions are drawn from the experimental and

analytical studies on the stability of the system as a whole.

1.2. Objectives

The disastrous effects of the Second World War caused tremendous economic

difficulties in almost all European countries. Reconstruction of structures of

vital importance was performed immediately after the war in order to
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reestablish their economies, while the construction of residential buildings

began later on. Under such conditions, the classical methods of construction

were unable to satisfy the increased demand. The need for expanded construction

capacity led to the application of prefabricated elements (columns, beams) in

the construction of residential buildings; subsequently, large-panel systems

appeared having a thoroughly prefabricated structural system which is assembled

at the construction site, the elements being produced industrially.

The large panels are surface concrete elements, which are applied as

either horizontal or vertical, bearing or non-bearing components. The

structural system is made up of vertical panel walls interconnected at the

storey height by horizontal panels or prefabricated floor systems (planks). In

these structural systems, all loads are transferred to the ground through the

walls and the foundation structure.

The mass construction of large-panel structures is not only taking place

in the European countries: during the last few years, many countries outside

Europe have increased the application of large-panel systems, mainly in large

series. Large panel systems with high level assemblage procedures enable

efficient, fast and economic construction of residential buildings.

The design of these systems for seismic regions is based on theoretical

(analytical) and experimental investigations which put special emphasis on the

construction and performance of the joints between the panel elements.

Prefabricated large-panel systems in seismic regions are most frequently

des igned to have cast-in-pl ace mono1ithi c joints; the resulting system is

assumed to behave as a monolithic one, without taking into account the

occurrence and development of cracks, i.e., the nonlinear behaviour of joints

and some panels under seismic effects.
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From the structural viewpoint, large panel systems can be classified into

three main groups: cross wall systems, longitudinal wall systems and two-way

systems.

For systems with shear bearing cross walls, the panels in the longitudinal

direction are not load bearing and are usually constructed of light material.

For systems having longitudinal bearing walls, the panels in the transverse

direction are not load bearing and are constructed of a light material.

Two-way systems having bearing walls in both directions provide for easier

and more economic foundation designs, even in cases of relatively unfavourable

soil conditions. These systems are widely applied throughout Europe and are

considered to be a very appropriate structural solution for construction in

seismically-prone regions.

Large-panel systems have been used exclusively in the construction of a

large number of similar buildings according to typical designs; this standard

design approach increases the seismic hazard and risk problem. The design of

buildings of this type has been carried out in full accordance with regulations

which have been especially established for the construction and analysis of

large-panel structures, with the regulations being used mainly as minimum

requirements but not as an exclusive basis for the design of the structure.

1.3. Observed Behaviour of Large Panel Structures during Earthquakes

The experience gathered from the failure of several prefabricated

buildings caused by the Agadir earthquake of 1960 provided little data

concerning the behaviour of precast structures during earthquakes. However, a

general conclusion was drawn that precast structures suffer heavier damage than

monolithic ones.

It could be said that up to the Romania earthquake of March 4, 1977 there

were almost no data about the behaviour of precast structures duri ng strong
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earthquakes. During this event, it was possible for the first time to examine

the behaviour of the entire range of precast systems, especially the large

panel systems which have been used for mass construction in Romania during the

last twenty years. The large-panel systems constructed throughout the country,

amounting to 120,000 - 150,000 apartments, provide a good possibility for

analysis of the behaviour of such systems and of the influence of such

parameters as earthquake intensity, frequency content, soil conditions, height

of the building, types of members, connections and so forth.

The epicenter of the March 4, 1977 Romania earthquake was on the slope of

the Carpathian chain, at a depth of about 100 km; it had a Richter magnitude of

7.2.

Earthquake failure and damage were experienced over an area of 80,000 km2

which is one-third of the whole of Romania. Furthermore, some destruction was

evident in Bulgaria along the Danube River, and the earthquake was also felt,

with varying intensity, in Yugoslavia.

The observed behaviour of the precast structural systems was better than

any expectations, in spite of the different quality of construction of

different types of structures.

Following usual European practice, Romania has adopted the two-way

large-panel system; usually all panel walls, both internal and in the facade,

are bearing walls. Both the horizontal and vertical connections of the panels

are usually wet joints having concrete placed in situ and welded anchor

reinforcement; this is a characteristic of European systems.

Structural systems have mainly been designed and analyzed according to the

existing seismic regulations, applying static methods for definition of the

static loads; the stresses are defined for ultimate stress state.
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The principal structural characteristics of the systems used in Romania­

are as fo 11 ows:

- Two-way systems of eight storeys with nonbearing facade panels. These

structures have no basement and the prefabri cated system is placed on

monolithic foundations. They were constructed in series in Bucharest,

using monolithic horizontal and vertical joints, welded reinforcement of

vertical panels and monolithic slabs above the last precast components.

- Two-way systems of ten storeys with a precast basement structure supported

on monolithic foundations.

In Ploesti which is closer to the epicentral region, construction of

large-panel structures is limited to 5 storeys. They always have

monolithic basements with monolithic floor slabs above. The walls are

arranged in a two-way system with a section of the monolithic column

enlarged in order to increase its shear strength.

In the Romanian towns all the large panel structures behaved very well and

did not suffer any significant structural damage. The overall performance of

members within the structural system was described as follows:

- No damage of the foundation structure has been observed.

- Horizontal panels performed as horizontal rigid diaphragms, without

damage.

- In vertical panels there were no observed cracks in most cases; an

exception is one building where several longitudinal internal panel walls

(without openings) developed fine vertical cracks.

- Also, in some structures on the first and second floor, cracks which might

have been due to shrinkage, developed in vertical joints at the contacts

between the concrete placed in situ and the panels, especially in flanged

joints. The width of these cracks generally was from 0.1 - 0.3 mm. The
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cracks were mainly concentrated on the first floor and less on the second

floor, and as a rule in the intermediate infilled panel walls.

- The horizontal joints occasionally developed cracks close to the place

where vertical cracks appeared and extended 1 - 2.0 mm in the floor panel

from the contact edges towards the middle of the room.

- It should be mentioned here that such cracks in vertical joints close to

horizontal cracks are observed on a much smaller number of structures,

regardless of the system and the location (Bucharest, Ploesti and

Kraiova).

Sometimes, very fine cracks appear in the connection with a prefabricated

staircase.

The precast large-panel system performed very well during the March, 1977

earthquake, compared with other systems such as cast-in-place structures. This

superior performance can be explained by the following:

- High design base shear coefficient according to the predominant natural

dynamic characteristics of structures, soil conditions and the intensity

of the earthquake motion and its frequency content.

- The large number and favourable distribution of the panels and the length

of joints required for architectural reasons in the two-way systems.

- The whole building worked as a box system with capacity for energy

dissipation in the ground at the foundation level.

Increased damping of the whole system due to the energy dissipation in the

fine cracks on the contact areas in vertical and horizontal joints in the

zones of shrinkage cracks.

The quality of concrete was much better than in the case of monolithic

structures even if there were some faults in the cast-in-place joints and

welding of rei~forcement.
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However, these conclusions should not be generalized since the real

behaviour of structures during earthquakes depends in each case upon the earth

quake intensity and frequency content, the soil conditions and the structural

parameters.

1.4. General Principles of Configuration of Structural Elements

European design engineers consider large-panel structures to be monolithic

reinforced concrete systems having bearing walls capable of sustaining vertical

and hori zonta1 loads. On the other hand, achi evi ng good performance of the

large-panel system depends upon the production technology, prefabrication and

the architectural design.

The seismic stability and safety of the structure depends upon the

following concepts:

Aseismic structural elements should be provided in both orthogonal

directions of the structure in order to assure sufficient stability of the

system under seismic effects. The two-way system mobilizing all walls to

resist seismic effects has been accepted in all European seismic regions

and especially in the countries of East Europe. Introducing vertical

structural panels in both directions is particularly effective in the

construction of smaller flats. However, it would be desirable that in the

future the concept of considering only part of the walls to behave as

structural elements during an earthquake be adopted. In this way, the

external facade walls as well as part of the internal walls could be made

to behave as non-bearing walls. This would decrease the total length of

structural joints and provide the possibility of using light materials for

the non-structural elements. Such a system would be a much simpler

configuration and would provide a more clearly defined response to
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earthquake motion.

- Generally speaking, walls may have different cross-sections, rectangular

or with fl anges; even the pass i bil ity of app lyi ng strengthened fl anges,

the so-called "barbell" cross-section should be considered, although

panels with such cross-sections have not so far been used in practice. As

to the rei nforcement, it may be 1ongitud i na1, transverse or it may have

additi ona1 tens il e "confi nement" rei nforcement. Such combi nati ons improve

the whole system, contributing to more favourable behaviour during an

earthquake.

- It is desirable to define in advance zones of allowable nonlinear deform­

ations, especially those due to slipping along the vertical and horizontal

joints. Nonlinear deformations in structural panels should take place by

yielding of reinforcement as a result of the overturning moment. In some

cases, it may be necessary to consider the possibility of designing a

building by casting in place certain parts in which nonlinear deformations

are expected.

1.5. The RAD Large-Panel System: Characteristics of the Structure

The RAD large-panel prefabricated system consists of walls in both longi­

tudinal and transverse directions, and a horizontal rigid floor structure,

which constitute a rigid space structure with the required strength and

deformability [3,4J.

The construction of a large number of buildings using the same members, in

sei smi c zones havi ng different expected i ntens iti es, imposed the need for

intense experimental and analytical studies of structural connections, members

and portions of structures, as well as for full-scale testing in order to

determine requirements for uniform application of the system in all the seismic
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zones and for buildings of different story heights. The results of these

intense studies and of the industrialized production of typical members now

make the uniform application of the system possible in zones of any seismicity

for construction of buildings of different heights, with unlimited

possibilities for different configurations; this proves the system to be

adaptable and to satisfy all the requirements of modern construction.

1.5.1. Structural System

From the structural aspect, the system consists of vertical bearing panel

walls, horizontal panel floor structures and a connection system, which, linked

together, constitute the load carrying structural system capable of

withstanding gravity and additional loads.

Concrete is the basic material for production of the members. Its crushing

strength depends on the selected structural system and the corresponding

calculation, while steel reinforcement is of the usual variety.

The members produced in the factory and assembled at the building are

connected to form a structurally-functional unit by in-situ casting of the

horizontal and vertical reinforced concrete connections, while steel ties

linked by specially elaborated connections provide full continuity of the

assemblages.

The main structural members and their distribution and interconnection are

shown on the characteristic plan of the building presented in Fig. 1.1. The

building structure is completed by full assembly, in stages by floors, as

illustrated in Fig. 1.2.

1.5.2. Vertical and Horizontal Panels

The bearing walls of the structural system consist of independent members
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which are vertical reinforced concrete panels. The dimensions of the panels are

determined by the designs and the technical and technological conditions in

production and assembly. In practice the members which have been used are up to

6.60 m in length and 3.0 m in height, with a minimum thickness d = 16 em. The

vertical edges of the panels are indented and designed to form closed vertical

connecti ons of the sys tem. The upper and lower hori lonta1 edges can also be

indented, if necessary; this is determined by the design and depends on the

results of the structural analysis.

The panels are reinforced with welded web reinforcement (one-side or two

-side) which is designed according to the geometry of the panel, its role in

the structure, openings in the panels, production and technological

requirements, transportation and other conditions (Fig. 1.3).

In addition to the reinforcement of the panel itself, the greater part of

the section of the vertical reinforcement passes through the panel, while a

smaller part of it is placed in the vertical connection between two adjacent

connection walls. The continuous panel vertical reinforcement is extended and

joined to the panel below by special connections.

The panels with openings (Fig. 1.4) are reinforced similarly to the panels

without openings, but with additional reinforcement above and around the

opening. By considering the force distributions in the walls with openings and

the possibility of developing plastic hinges in the lintel parts of the panels

because of strong earthquake effects, these walls can improve the ductility

characteristics of the structure if they are properly designed.

The facade walls may be constructed as multi-layer panels with an archi­

tectural facing and an interior reinforced concrete layer which acts as a

bearing part of the panel, if they are intended for use as bearing walls. In



-12-

thi s case, the thi ckness of the i nteri or porti on shaul d be determi ned by

calculation; the minimum thickness is 8.0 cm.

The reinforcement of the facade bearing panels is carried out in the same

way as in the remaining bearing panels. If these panels are not load carrying

the reinforcement depends, exclusively, on the production needs as well as the

transportation and assembling requirements.

The horizontal panels in the RAD structural system are interconnected with

special connections, thus forming the floor structures. The horizontal panels

form rigid horizontal diaphragms connecting all the vertical panels. The

horizontal panels as well as the connections between them are constructed so

that they transmit the sei smi c effects to verti ca1 wa 11 s without non1i near

deformations, and do not require additional protection for transportation and

assembling, but enable assembling without application of supporting scaffold

and additional equipment.

The shape of these slabs can vary depending on the position of the members

within the building structure. The edges of the members are designed to have

profiles which enable easy assembling and casting of the connections between

these panels themselves, as well as between the horizontal and vertical panels.

The cross section of the ceiling is constructed so that it is possible to

install necessary electrical systems in them.

The dimensions of the floor structure members are variable and their

thickness depends on the span. The most frequently applied span for residential

buildings is up to 6.00 mwith a thickness of 16.5 cm.

1.5.3. Connections of Structural Systems

The connections between the prefabricated panels constituting the

structural system are provided by in-situ cast reinforced concrete joints and
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by special steel reinforcement details.

The main purpose of the connections is to make the prefabricated members

act as a monolithic structural system. The typical joints are closed and

self-formed, which means that they form their shape from the prefabricated

members themselves, without application of additional forms. The connections

are reinforced and poured with concrete at the building site, and according to

their position, function and structure, they can be horizontal or vertical.

The horizontal connection between the vertical wall panels and the

horizontal floor panels is shown in Fig. 1.5. The connection consists of floor

structures supported by the lower wall panels and free standing vertical panels

whose contact is provided by additionally cast, monolithic horizontal

connections. Horizontal floor structure panels are connected through extended

stirrups placed alternately in both directions, longitudinal belt course

reinforcement and additional closed stirrups in the connection.

The continuity of the joint at the ends of the panels is provided by

connecting the reinforcement of the upper and lower floor panels. The vertical

load carryi ng rei nforcement in the wall panels is interconnected as bolt

connections, as shown in Fig. 1.6. The horizontal connection between the floor

panels is shown in Fig. 1.7.

From the structural aspect, the connections should make the prefabricated

floor structure panels act monolithically. The contact surfaces of the

horizontal panels are indented. Reinforcement is extended from the sides of

the prefabricated panels in the form of closed stirrups, so by placing

longitudinal reinforcement and casting the concrete, the panels form a rigid

diaphragm.

The horizontal connections are constructed to provide the elastic

resistance mechanism for gravity, dead and moderate seismic loads, while in the
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case of extremely high seismic effects it provides seismic isolation because of

favourable nonlinear behaviour.

Connection of adjacent vertical wall panels is carried out by vertical

connections. The shape of the vertical connections depends on the position of

the vertical walls. There are two characteristic types of vertical connection:

connection of longitudinal and transverse walls (Fig. 1.8) and connection of

walls in the same direction (Fig. 1.9).

Figure 1.8 shows the connection of vertical panels in longitudinal and

transverse directions along the height of the panel. It is constructed as a

closed connection, so that the surfaces of the prefabricated panels close the

space for the cast-in-situ concrete, thus forming a monolithic section. The

connection is reinforced by horizontal stirrups extended alternately from the

vertical panels along the height where the contact area of the panels is

indented. The vertical reinforcement in the connection includes two bars of 12

mm diameter and is constant along the whole height of the building.

The indented contact areas as well as the extended stirrups provide the

special characteristics of the connection which differs considerably from flat

nonreinforced connections. These connections should provide continuity between

the longitudinal and transverse panels of the structure along the heisht of the

storey.

Concrete used in cast-i n-s itu connecti ons is des igned to have suitable

strength and consistency for injection [5J.

1.6. Experimental and Analytical Investigations

The stability of the RAD large-panel prefabricated system against normal

live loads is identical with the stability of cast-in-place panel systems [4J.

However, the behaviour of the large-panel prefabricated structural systems
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duri ng vi 01 ent earthquakes and other severe dynami c effects differs from the

behaviour of monolithic structures and depends on the design of the structural

system and the system of connections.

For the determination of the seismic stability of the buildings

constructed in the RAD structural system, intensive experimental and analytical

studies were carried out in order to define the stability criteria. The results

of the experimental studies of the system for shear cyclic loads, the

pseudodynamic load tests of the three-storey models, as well as the shaking

table tests on the three-storey models applying actual seismic motions, and

also the analytical studies of the structural response to actual seismic loads

prove that buildings constructed in the RAD large-panel prefabricated system

can be made suitable for regions of severe seismic intensity.

In this study the following experimental investigations were carried out:

- representative joints of the system were subjected to cyclic loading with

variable axial stresses,

representative walls in three-storey models were subjected to

pseudodynamic cyclic loading,

- representative walls in three-storey models were tested on a shaking table

simulating the effects of an actual earthquake,

- small amplitude dynamic testing was carried out on full-scale structures,

in which strong earthquake motion recording instruments (SMA-I) were

i nsta 11 ed.

Analytical investigations followed the long-term program of experimental

testing: special attention was paid to the response of structures to actual

dynamic earthquake effects including the nonlinear behaviour of the horizontal

wall joints.
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A prototype multi-storey building was designed and constructed and

represents the prototype "test model", shown in plan view in Fig. 1.1. The

experimental program covered all members and joints of this system.

The panels of all wall and connection models were constructed in the

Apartment Construction Factory in Belgrade under the same conditions as the

prototype structure, while assembling and filling of connections was carried

out under 1aboratory conditions. The Dynami c Testi ng Laboratory of IZIIS was

the site of all static and pseudostatic tests. Testing of three-storey models

on a shaking table was carried out at EERC. The panels used in the connection

tests were full scale while those used in the three-storey models were

one-third scale.

The procedure and results of testing have been given in detail in

References 1 and 2. Brief summaries of the information contained in these

references are presented in Chapters 2 and 3 of this report, respectively.
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2. PSEUDOSTATIC EXPERIMENTAL STUDIES

2.1. Introduction

Experimental studies using pseudostatic (slow-cycling) methods were

carried out on representative connections of the system for shear

force-displacement relationships with variable axial stresses, and on

representative bearing walls in three-storey models.

The testing of the connections in the system was intended for evaluation

of shear resistance and deformability, while testing of structural parts

(walls) was aimed at investigation of the simultaneous action of moments, axial

and shear forces.

The design and construction of the models were based on a detailed static

and dynamic analysis of the prototype IItesting model building ll (Fig. 1.1)

including linear and nonlinear response to actual earthquake effects. For the

purpose of experimental testing of structural subassemblages, three

representative walls were selected: (i) rectangular panel walls, (ii) panel

walls with openings and (iii) IIflanged ll panel walls (taking into account the

influence of connected perpendicular walls). All wall models were designed in

the scale of 1:3. Three identical models were constructed for each wall. The

first two were used for pseudostatic testing while the third model was tested

on the shaking table.

The pseudostatic experiments described in this chapter were performed in

the dynamic testing laboratories of rZIIS.

2.2. Experimental Investigation of Connections

On the basis of analyses of representative structures, four joints were

selected defining the structural characteristics of the system, the load

carrying capacity and deformation characteristics for serviceability and
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ultimate loads. Vertical joints of bearing panels, horizontal joints of

vertical panels, and horizontal joints of the floor panels were tested. All

joint models were constructed and tested with equipment which provides for

displacement control and automated data acquisition.

For each of these four types of connections, two full-scale models and one

one-third scale model were considered. A brief summary of the test results is

presented below.

2.2.1. Horizontal Connection

Horizontal wall joints provide connections between vertical wall panels

and floor panel slabs. The bottom edge of the contact area with the connection

is plane and has no cantilevered stirrups, so that the contact between the

panel and the joint is provided by cast-in-place concrete, as shown in

Fig. 1.5.

The experimental tests of horizontal wall connections under cyclic shear

force loads were carried out on different models having different intensities

of axial stress.

The horizontal wall connection results for the full-scale model loaded by

a gravity load q = O.85MPa are shown in Fig. 2.1.

First the model was loaded by a force simulating the gravity load of q=

O.85MPa which remained constant throughout the testing. Then, the model was

loaded by a cyclic horizontal shear force of 160kN which was calculated to

induce the occurrence of the first crack. The displacement 1'1 caused by this

loading was enlarged to 21'1, 31'1, ... nl'1 until a relative displacement of 8.5 mm

was achieved at which there was no further decrease in the shear resistance of

the joint. Three cycles were performed at each displacement amplitUde. The

force-displacement results obtained for one of the models of this type are
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shown in Fig. 2.1. Similar results were obtained with the one-third scale

model.

On the basis of the results of the experimental studies the following

conclusions may be drawn: (i) the behaviour of the models under cyclic loading

at the same displacement amplitude shows considerable decrease of the

resistance to moment loading; (ii) maximum shear resistance is achieved in the

range of relatively small displacements (from 1.4 to 2.8 mm} and is followed by

cracking between the monolithic and the prefabricated concrete giving rise to a

range in which shear resistance is constant and proportional to axial forces

representing the dry friction mechanism, not only from the aspect of bearing

capacity but also from the Viewpoint of deformability, as can be seen from the

hysteresis loop presented in Fig. 2.1.

2.2.2. Vertical Connection

Vertical joints connect longitudinal and transverse wall panels. The

panels at the contact surface with the connection are indented and have

stirrups connected by longitudinal bars.

Figure 2.2. shows the hysteresis relationship from experimental testing of

vertical connections in vertical panels due to shear forces, for :full-scale

models; and Fig. 2.3 shows the hysteretic behaviour of the same connection for

the one-third scale model.

The main characteristic of the behaviour of vertical joints is the high

shear capacity in the first stage up to the initial occurrence of large

inelastic deformations, which is very close to the shear capacity of

cast-in-place reinforced concrete elements and connections. In the next cycle

of loading there is an abrupt decrease of stiffness and strength which is in

inverse proportion to the size of the inelastic deformations. Examining any
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cycle of loading in Fig. 2.2, it is quite obvious that the narrow hysteresis

loop is due to the low shear resistance of concrete as a material and the fact

that there is no normal force in the connection. The indented contact area

between the loaded panel and the connection contributes to the development of

high shear resistance in the range of small deformations. The increase of

deformations results in breaking of the indentation teeth, then the remaining

capacity of the concrete is quite small because there is no axial force to

induce fri cti on. From a compari son of Fi gs. 2.2 and 2.3 it can be concl uded

that there is a good agreement between the full-scale and one-third scale

models with differences in shear stresses of less than 20 - 25%.

2.3. Experimental Studies of Three-Story Models of Panel Walls

The main objective of the research was to determine the hysteretic

behaviour of panel walls as a basis for studying the stiffness, strength,

ductility capacity, modes of failure, energy dissipation and contribution of

different mechanisms to the overall deformation.

2.3.1. Program, Test Models, Equipment and Test Procedure

The experimental study of the behaviour of structural walls included three

representative arrangements of wall panels: rectangular panel wall, panel wall

with opening and flanged panel wall.

A model of a panel wall with rectangular cross-section (PZ-I) is presented

in Fig. 2.7 with details of joints and reinforcement. Presented in Fig. 2.15 is

a model of a panel wall with opening (PZ-II) and details of its joints and

reinforcement. Figure 2.20 shows a model of a flanged panel wall (PZ-III),

i.e., connected perpendicular walls. All models were designed and produced in

the scale of 1:3.
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The panel elements were manufactured in a factory and transported to the

laboratory at IZIIS where they were assembled using joints of monolith

concrete.

As has already been stated, identical elements of panel walls were shipped

to the 1aboratory of EERG where the models were assembled and prepared for

testing on the shaking table.

This chapter presents the results of the pseudostatic testing of the panel

wa 11 s.

The testing of the models was performed using pseudostatic test equipment

including three hydraulic actuators having a total capacity of 200 tons. All

the elements were supported in a horizontal position, with the equipment

arranged as shown in Figs. 2.4 - 2.6. Actuators 2 and 3 simulated axial loads,

while actuator 1 simulated the horizontal shear force. The instrumentation of

the models was installed according to the schematic presentation in Fig. 2.5,

using external and internal instrumentation for collection of such data as

displacement, deformation, dilatation, strains, etc. The measuring equipment,

the data acquisition system and the loading control system were operated by

means of a processing PDP 11/45 computer. According to the program, the loading

procedure included application of forces for simulation of axial load

(actuators 2 and 3) which remained constant throughout the application of the

horizontal shear force (actuator 1) simulating cyclic load.

2.4. Experimental Results

The results are presented for the first (denoted el.1) of the two

identical models for each of the three wall models; PZ-I, PZ-II and PZ-III,

which were designed, constructed and tested for correlation with the models

tested on the shaking table. Because the technical possibilities associated

with testing on a seismic shaking table are limited (limited weight) the
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models presented in this report were designed to simulate the upper storeys of

the building prototype. Because of the large amount of data, the results are

presented mainly in the form of diagrams, but numerical values also are

indicated for the main parameters. The hysteresis diagrams presented in this

chapter are plotted as functions of the horizontal shear force.

2.4.1. Test Results for the RectangUlar Wall - Specimen PZ-I

The specimen PZ-I (Fig. 2.7) was subjected to the loading program

presented in Fig. 2.8, and the measured hysteresis relationship

(force-displacement) is presented in Fig. 2.8b. At first, the element was

loaded by axial forces N1=N2=41.5kN, i.e., a total axial force of E N=83kN

corresponding to nominal axial stress of CJo=O.80MPa. The horizontal force

applied at the top of the element varied according to the loading program (Fig.

2.8a)' resulting in total cyclic behaviour for different levels of forces and

strains.

Ouri ng the fi rst 1oadi n9 phase up to the 1eve1 of the occurrence of the

first visible cracks (PCR=54.3kN) the behaviour was linear (loading points

LP.29-69). In the next phase the element was loaded up to the yielding point

(LP.62) resulting in yielding force Py=84.8kN and corresponding yield displace­

ment 6y=4.55mm; LP.71 was selected as the yield point for loading in the

opposite direction (see the hysteresis relationship shown in Fig. 2.8b). This

state can be regarded as initial yielding at which the displacement ductility

is 1.1 = ~y. = 1, and resulted in the occurrence of the first visible shear
y £.\1

cracks at the ends of the panel walls propagating continuously through the

cast-in-place and the prefabricated concrete (Fig. 2.9). The element

subsequently was subjected to cyclic loading with displacement amplitudes which

correspond approximately to the displacement of 26y, 36y, ... n6y - up to

failure. The characteristic part was LP.149-157 - a state corresponding to
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displacement ductility of II = 146:5550 = 3.63 when damages to the panel occurred­

(Fig. 2.10); this was in the form of shear cracks and a characteristic crack

along the joint line propagating continuously during the loading process, while

the cracks in the upper part of the panel were blocked. This failure mechanism

was of the "gap opening" type which became predominant especially in the range

of large deformations. During the next loading cycle (LP.211-231) a maximum

yield strength of Pu=95.8kN and yield displacement l1u = 24mm were obtained

corresponding to displacement ductility of II = /~5 = 5.30 which can be

estimated as the ultimate value since at that moment, on the left side of the

panel, the ties in the prefabricated part of the panel were separated, while

concrete failure due to compression took place on the other side (Fig. 2.11).

This state was followed by an abrupt strength deterioration (on the left side

of the diagram in Fig. 2.8) as well as decrease in rigidity with considerable

increase of damage to the model. The analysis of the results and of the form of

damage to the model point to the fact that the predominant effect is "gap

opening", i.e., moment deformations which are clearly seen in Fig. 2.12,

showing the relationship between strength variation and gap at the end of the

panel wall. The influence of the shear slippage effects was negligible as is

shown in the relationship presented in Fig. 2.13.

On the basis of the damage to the wall which included cracks in the

precast panels, dominant opening of the horizontal connection of the lower

level panel, yielding of the vertical reinforcement in the vertical joints and

tensile reinforcement in panels with rupture in the case of larger top

displacement, crushing of concrete and buckling in bars (Fig. 2.14), it can be

concluded that the major failure mechanism occurred as gap opening in the

horizontal joints with limited shear sliding and limited shear failure in the

precast panels.
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On the basis of the experimental results showing the load carrying and

deformability capacity as well as the failure mechanism and hysteretic

behaviour, it can be concluded that the precast wall panels are ductile

elements of the structural system, and are capable of withstanding a

considerable amount of nonlinear deformation (effective displacement ductility

of ~ > 5) with energy absorption as shown by the dense hysteresis loop.

2.4.2. Test Results for Wall with Openings - Specimen PZ-II

The model PZ-II is a wall with openings; its characteristics are shown in

Fig. 2.15. The loading scheme shows that the element was loaded by axial forces

l: N=83kN, while the cyclic loads were applied with three successive cycles at

the same displacement amplitude.

The force-displacement relationship for the entire loading sequence is

shown in Fig. 2.16, while the displacements of the first and the second storey

are given in Figs. 2.18 and 2.17, respectively. The maximum horizontal force is

about P = 100kN, the maximum displacement initiating failure is aboutmax
6fail =40mm; however, the loading point 204 with 6ult=30mm should be considered

as an ultimate state ~ since a sudden force drop occurred then. Hence the

displacement ductility is evaluated as

6ult 30
~dis p1 = ;;,y = 6. 50 = 4. 60 .

In the displacement to the initial yield point, cracks appeared in the

parts of the wall under tension and diagonal cracks appeared in the beams as

we11 as cons iderab1e cracks in the contact zone between the precast and the

monolith concrete, all on the first floor. The increased displacements widened

.the cracks and resulted in appearance of cracks on the second floor (LP.111);

however, 1oca1i zati on of the damage to the contact zone also was noted. The

failure mechanism developed successively from the crushing of concrete in the
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compressive zones in which widened cracks already existed, so that almost

complete failure took place in the cast-in-place concrete at the edges of the

panels. The real failure took place in the final stage as failure of the panels

due to compression (Fig. 2.19).

From the experimental results and the observed behaviour of models of

walls with openings under cyclic loading, the following conclusions can be

made:

- The failure mechanism, i.e., the stress and strain distribution, in

walls with openings is different from that in the panel wall of the rectangular

section without openings.

- The connecting beam above the openings in these walls is of special

importance, first of all for the force distribution and moment reduction in the

lower stories, as well as for increasing the energy absorption capacity through

the beam failure, shown first by initial cracks and then by formation of

plastic hinges.

- The expected plastic hinge development in the beams did not occur

because of the constraint provided by the loading beam at the wall top; thus it

wi 11 be necessary to perform a new test of wall s with openi ngs to avoi d thi s

effect.

2.4.3. Test Results for Flanged Wall - Specimen PZ-III

The structure of the flanged panel wall model PZ-III displaying a middle

longitudinal wall from the building prototype is presented in Fig. 2.20. The

main objective for testing the flanged panel wall is to study the participation

of perpendicular walls in the total bearing capacity of the walls.

The model PZ-III was loaded by an axial force of L: N = 153kN, and by the

cyclic shear force P(N) according to the loading program. The measured

hysteresis relationship is presented in Fig. 2.21 which shows all the
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characteristic phases: occurrence of the first cracks (Pcr), serviceability

load level (Psv), design earthquake level (Pde), initial yielding (P'Y),

ultimate stress (Pu) and state of failure (6cl). Under cyclic loading of about

15 mm top displacement, failure of the compressed flange occurred (which may be

characterized as local failure of a flange) followed by abrupt force

deterioration (LP.156) and a considerable increase of slippage. Although

failure occurred quite early, a displacement ductility higher than 4 was

achieved.

As to the behaviour of the flanged walls, it may be concluded that

efficient shear resistance is contributed by the perpendicular walls, not only

in the elastic but also in the post~elastic range.

2.5. Summary of the Pseudostatic Test Observations

On the basis of the experimental test results and observed behaviour of

the models it can be concluded that testing of all the models was successful

and the results obtained provide a good basis for correlation of the static

results with dynamic tests. for establishment of analytical models and for

developing recommendations for design and construction.

It can be concluded that the system connections are efficient and that the

structural parts behave as ductile structures in the nonlinear range. The

cast-in-place part of the vertical panel joints and the continuity of vertical

reinforcement between the panels aid in prevention of panel sliding or brittle

failure due to shears along the contact zones. The end result was an increase

of energy absorption capacity during earthquakes, which is a significant

prerequisite for creation of a universal system to be applied under all seismic

cond itions.
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It should be mentioned that the design modifications incorporated in the

vertical panels ensured that the precast panels themselves contributed to the

inelastic work of the system, as is evident from the experimental results. This

justifies the method of construction and reinforcement of the panel walls

which was intended to provide for their optimum performance in the nonlinear

range.

The very large contribution of the flanges to model PZ-III behaviour

demonstrates the importance of three-dimensional study of panel structures,

which will have to be done in a future investigation.
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3. SHAKING TABLE EXPERIMENTAL STUDIES

3.1. Introduction

From the earliest phase of planning this research program on the seismic

resistance of large-panel precast concrete apartment buildings, it was

recognized that shaking table experiments would be an important part of the

study. The pseudostati c test program descri bed in the precedi ng chapter was

intended to demonstrate the capacity of the RAD structural system to resist

earthquake type loads, and to accommodate deformati ons that mi ght be imposed

during an earthquake. The strength and deformability of the typical joint

systems used in assembling the precast panels were investigated, and then the

earthquake capacity of three different three-storey assemblages of the panels

was calculated. Such testing provides an ideal approach to planning design

improvements, because the relative capacity of different design proposals can

be determined quickly and at small cost.

However, the pseudostatic testing method has one major deficiency - it

does not provide any information on the strength and deformation demand to be

made on the structure by a specific design earthquake. Strength and

deformability are essential characteristics of any earthquake-resistant

structure, and as mentioned above these properties are easily measured for any

structural component or assemblage by a cyclic testing method. But a prescribed

earthquake motion does not require the structure to have any specific strength,

deformation limit or energy absorption capacity. Satisfactory performance may

be obtained with structures having Widely differing values of these properties

and a true dynamic response experiment is the best way to establish whether a

specific design will perform satisfactorily in resisting a prescribed design

earthquake; the response mechani sm i nvo1yes the combi ned acti on of strength,
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deformability and energy absorption.

An important concept in planning the shaking table experiments was that

they should be performed on test specimens as nearly identical to the

pseudostatic specimens as possible in order to relate the demand imposed by the

earthquake motions to the capacity indicated by the static tests. Thus the

shaking table test assemblages designated PZ-I, PZ-II and PZ-III were

fabricated from one-third scale panels manufactured by RAD in the same way as

the corresponding pseudostatic models. Also the properties of the concrete and

steel used in the two sets of models were essentially the same. The only

significant discrepancy was in the compressive strength of the concrete used in

IZIIS specimen PZ-II, which was only about half as strong as that used in the

other panels; however the shaking table arrangement used for testing this model

proved to be unsatisfactory (as was mentioned above for the pseudostatic test)

so it was not included in the comparison of the two types of test results.

In the following sections of this chapter, brief descriptions will be

presented of the shaking table test system, of the instrumentation used to

record the performance of the models, of the tes ts performed and resulting

damage, and fi na lly of the dynami c response behavi our of specimens PZ-I and

PZ-III. The specimens themselves are equivalent to those described in the

preceding chapter so their descriptions are not repeated here. Complete details

of the entire shaking table test programs are published in Reference 1.

3.2. Shaking Table Test System

The dynamic tests of the three-storey test specimens were performed on

the Earthquake Simulator at EERC. This 20 ft. square shaking table can be

controlled to produce any specified earthquake motion in one horizontal

component together with an equally arbitrary verti ca1 moti on. The maximum
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weight of the structures that may be tested is 100,000 lb, and with this full

capacity load the table can produce accelerations of up to 2/3 9 horizontally

and 1/3 9 vertically.

The data acquisition system to record data from the dynamic tests can take

signals from as many as 128 transducers and can record these in digital form at

the rate of up to 155 readings per second from each instrument. Information

recorded in typical tests of structural systems included dynamic displacements

and accelerations as well as strains measured at selected points on the

structure.· All test data are stored on magnetic disks from which it can be

recovered as desired for use in preparing plots of the response quantities.

To perform a test of any of the precast panel assemblages, the model was

supported on a steel foundation system which in turn was bolted to the shaking

table. A steel platform also was attached to the top of the model and concrete

blocks were supported on the platform to provide the desired added load of

19,100 pounds. The purpose of this load was to induce dynamic stresses and

displacements of the model equivalent to those expected near mid-height of a 10

to 20 storey building during the design earthquake.

Because each test structure represented only a single wall section of the

prototype building, it was necessary to use a test fixture to provide stability

in the lateral direction (i.e., perpendicular to the earthquake excitation

axis). This fixture is a rigid steel frame which surrounded the test specimen

on the shaking table. A 1inkage system between the fixture and the specimen

provided lateral support but offered no resistance to displacements in the

vertical plane of the dynamic response. Figure 3.1 is an elevation view of a

typical test specimen on the shaking table, also showing the top steel platform

,andooncrete mass blocks. Figure 3.2. is an equivalent view of specimen PZ-II

seen through the side of the structural steel lateral support fixture.
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3.3. Instrumentation

Instrumentation used in these experiments was designed to monitor three

kinds of dynamic response : (1) shaking table motion, (2) accelerations and

total displacements of the model measured from a stationary reference frame,

and (3) local deformations (i .e., relative displacements) and strains within

the model. Details concerni ng some of the more important measurements are

presented in the fo 11 owi ng paragraphs; Reference 1 contains complete

information on the instrumentation system. In general, an average of 85

channels of test data were recorded for each test specimen studied during this

test program, readings of each channel being taken at the rate of 100 samples

per second.

The most important data recorded from the shaking table were its

horizontal acceleration and displacement. No vertical earthquake component was

app1i ed in these tests because such moti ons have been observed to produce

negligible effects on the performance of test buildings.

Displacements and accelerations in the horizontal direction were measured

at the base, at each floor level, and at the top of the test structures.

Additional gages were installed to measure rotational displacements and

accelerations at the top of the assemblage. Local deformations measured within

the test specimens included the shear slip at vertical and horizontal joints,

uplift at the bottom floor joint, and panel shear distortions. In addition,

resistance wire strain gages were welded to reinforcing bars at critical

locations, notably on the vertical bars cast-in-place at the sides of the

panels and on the horizontal bars in the horizontal panel joints.

One further type of response i nformat i on was provi ded by a set of force

transducers connecti ng the base of the test system to the top of the shaki ng

table. These four gages were calibrated to indicate the shear forces developed



-47-

at the four corners of the support frame, and thus provi ded a check on the

inertial forces derived from the horizontal acceleration measurements.

3.3. Test Program

During the test program, each specimen was subjected to a sequence of

simulated earthquake motions. In each case, the test signal was first applied

at low intensity in order to check the functioning of the instrumentation

without causing damage to the structure. Then the specimen was subjected to

base motions of sufficient intensity to cause appreciable damage. In all tests,

the applied motion was proportional to the N-S component of the earthquake

recorded at El Centro, California in May 1940, the intensity being set as

desired by appropriate adjustment of the control system. In general the

earthquake intended to cause the initial major damage of the specimen was set

to have a peak acceleration value of about 2/3 g. After the main test, each

specimen was subjected to an "aftershock earthquake"; for specimen PZ-I this

was less intense than the main shock, but for specimen PZ-III it was made

s i gnifi cantly greater than the main shock. The test sequence for these two

specimens is summarized in Table 3.1.
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Shaking Table Sequence

Specimen

PZ-I

PZ-II I

Test No.

1

2

3

1

2

3

Input Signal

El Centro (150)

El Centro (700)

El Centro (500)

El Centro (200)

El Centro (750)

El Centro (1000)

Maximum input
acceleration (g)

0.179

0.666

0.495

0.223

0.689

1.081

In order to assess the degree of damage induced during each test, the free

vibration frequency of the test structure was measured before testing and after

each simulated earthquake. The frequencies were determined by applying a

low-intensity "white-noise" table motion and analyzing the response signal of

an accelerometer mounted at the top of the specimen; thus the frequency

indicated is that of the test structure on the operating shaking table. The

measured frequency results are listed in Table 3.2. The reduction of frequency

shows that the stiffness was reduced by about 50% as a result of the damage

incurred during the main shock; however the structure still supported the

applied load even after being subjected to an additional severe earthquake.
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Free Vibration Frequencies in Shaking Table

Specimen

PZ-I

PZ-III

Test Program Phase

Prior to test

Post EC -150

Post EC - 700

Prior to test

Post EC - 750

Frequency (Hz)

5.20

5.10

3.90

6.30

4.32

Damage Observations

Observations of the performance of the specimens during the tests and

examination of the damage after the tests provided valuable information

supplementary to the instrumental data. In all cases there was no visible

deformation during the preliminary low intensity test. A summary of the damage

resulting from the severe shaking tests of specimens PZ-I and PZ-III follows.

PZ-I: The obvious visible response mechanism during intense excitation was

rocking motion associated with uplift separation at the first floor

horizontal joint; no shear slip could be noted. Uplift occurred over

at least half of the north end of the joint length and was

accompanied by compression damage to the north end column and shear

key.

Subsequent cycles of rocking caused the two reinforcing bars of the
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south end cast-in-place column to buckle and ruptured the adjacent~

panel bar. Figure 3.3 is a photograph of this damage area; only minor

cracks were noted at the corresponding north end colum"n.

PZ-III This specimen was similar to PZ-I except that it had flange walls at

each end oriented perpendicular to the main wall; its visible motion

also was dominated by rocking associated with alternating uplift of

the ends of the wall and flanges. The principal damage consisted of

crushing of the shear key at the south end and spalling of the

adj acent fl ange panels; 1esser but s imil ar damage occurred at the

north end. Careful study of the south end damage regi ons revealed

that the outer column bar had ruptured a short distance above the

floor and the inside bar buckled; also the flange and wall panel bars

had ruptured. The lesser damage at the north end included buckling of

the two column bars and rupture of one of the fl ange panel bars.

Photographs of these damage areas are presented in Figs. 3.4 and 3.5.

3.5. Experimental Results

3.5.1. Test Results - Specimen PZ-I

The. i nstrumentati on records confi rmed the type of response behavi our

described above. For both specimens the preliminary test was intended to induce

deformations within the linear elastic range and the shaking table motions

applied to specimen PZ-I, shown in Fig. 3.6, indicate a peak acceleration of

only 0.18 g. As shown in Fig. 3.7, the acceleration of the concrete blocks at

the top of the test system was considerably greater, about 0.4 g, but this

increase is mostly associated with a rocking motion of the shaking table and

does not indicate significant deformation of the wall assembly. The essentially
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linear response behaviour is demonstrated in Fig. 3.8 in which the shear force

exerted by the shaking table at the base of the test structure is plotted as

the abscissa while the horizontal response of the wall relative to the table is

indicated by the ordinate. The nearly constant slope of this force-displaceme~t

relation during the entire 20 seconds history of the table motion shows that

the test structure did not lose any of its original stiffness property.

The much more severe table moti on app1i ed in the second test of thi s

specimen is evident in the peak acceleration of 0.67 g indicated in Fig. 3.9,

but comparison of the displacement trace of this figure with that of Fig. 3.6

shows that the two tests were equivalent except for intensity. The significant

amplification of motion with height is shown by the acceleration traces from

the different floor levels in Fig. 3.10. In this test the amplification results

mainly from rotation of the model relative to the table, a phenomenon that was

indicated by the uplift gages at the base of the model. The nature of this

uplift mechanism may be deduced by study of Fig. 3.11, which shows the history

of vertical displacement relative to the table measured at three points at the

base of the wall. GaugeU6 is located in the shear key at the left (north) end

of the wall; it clearly shows that the wall uplifts and returns to the table

top, alternately, as the top of the wall displaces right and left. Also it is

clear that the uplift never completely returns to zero; apparently the yielded

(elongated) vertical reinforcing bars and loose concrete particles support the

wall in a slightly elevated position. The displacements at gages U7 and U8 show

lesser amounts of uplift indicating that the wall is pivoting about the right

(south) end during top displacement toward the right; however smaller uplifts

also may be seen between the main rocking cycles, demonstrating that similar

pivoting is taking place about the left end of the wall.
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The second type of relative motion measured at the base of the wall was

shear slip, that is, horizontal sliding of the wall along the crack resulting

from the uplift mechanism. This sliding history is shown in Fig. 3.12; careful

study shows that sliding towards the south is in phase with uplift at the north

end of the wall, and that the peak slip displacements are essentially

proportional to the amount of uplift but only about one-tenth as great. The

sliding towards the north as the wall rocks in the opposite direction has

noticeably smaller peak motions, but it is interesting that the average sliding

motion (especially during the latter part of the earthquake) tends to be more

north than south.

The shear force exerted by the table on the base of the wall was measured

by the force transducers supporting the test specimen, as mentioned earlier;

however the hori lonta1 force also coul d be cal cul ated as the product of the

mass of the test structure at vari ous 1eve1s and the correspondi ng measured

accelerations. The values of total base shear force obtained by each approach

are compared in Fig. 3.13, the solid line showing the sum of the shear

indicated by the base transducers and the dashed line indicating the sum of the

horizontal forces calculated from the accelerometer values. The close agreement

between the two types of data is apparent in the lower sketch, which presents

the first 4 seconds of the test using an expanded time scale. The relation

between the base shear force and the motions of the wall is shown clearly in

Fig. 3.14, which indicates the first four seconds of the test. As expected, the

displacement of the wall towards the south coincides with the shear force

towards the south and with the uplift at the north end.

The final indication of the performance of this wall to be considered here

is the top displacement vs. base shear force history showr. in Fig. 3.15. This

plot is equivalent to the low intensity test result of Fig. 3.8, but the

nonlinear nature of the response behaviour is quite obvious in Fig. 3.15. It is
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apparent in the lower plot (which shows the first two seconds of response) that

the behaviour was essentially linear during the beginning of the test, but then

when the shear force exceeded about 13 kips (negative) the displacement

increased suddenly - indicating yield or fracture. On the return (positive

direction) motion the stiffness was noticeably less than in the first phase

response; also positive direction damage is observed when the shear force

exceeds 15 kips. The sudden drop of shear force at B, between points A and C of

the trace, coincide with rupture of some of the north side reinforcement, but

it is inte~esting that most of the shear force was recovered after the rupture

on this cycle of deformation. However, it is apparent that this same maximum

force was not attained in subsequent cycles, demonstrating the degree of damage

associated with the rupture of the reinforcement.

3.5.2. Test Results - Specimen PZ-III

In the preliminary low intensity test of specimen PZ-III, the table

motions were essentially equivalent to those applied to specimen PZ-I, as shown

in Fig. 3.6, except that the shaking intensity was set a little higher (peak

table acceleration of 0.22 g rather than 0.18 g) in recognition of the greater

strength of the wall with flange panels. The plot of base shear versus top

displacement shown in Fig. 3.16. shows that the average lateral elastic

stiffness of the flanged specimen was about 106 k/in, well above the value of

54 k/in shown in Fig. 8 for PZ-I.

The first high intensity earthquake motion applied to PZ-III is shown in

Fig. 3.17. from which it may be seen that the peak table acceleration was 0.69

g. The acce1erat i on response of th is fl anged model is shown in Fi g. 3.18; the

increased acceleration at the successively higher floor levels is due mainly to

base rotation associated with uplift of the lower wall panel from the

foundation walls, as was true for specimen PZ-I. The uplift displacements
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measured at three locations across the base width are shown in Fig. 3.19. These­

plots show that the cyclic motions are supplemented by two major permanent

offsets occurring at about 3 and 16 seconds from the start. It is probable that

both yield elongation of the reinforcing bars and the presence of crushed

concrete in the uplift crack prevented the return of the wall to its original

level after these displacements. The reinforcing bar strains shown in Fig. 3.20

are consistent with the uplift history described above. All three main bars

exhibit major yielding at 3 and 16 seconds; on the other hand an adjacent

vertical panel bar shows only elastic strains.

3.6. Summary of Shaking Table Test Observations

(a) These tests demonstrated that seismic inputs with accelerations as large

as 0.22 g or 0.18 g could be resisted without any apparent damage to the

three-storey test specimens with and without flange walls, respecti.vely,

at the ends of the main shear wall. In these tests there was no visible

evidence of either of the most likely types of displacement at the

horizontal joints of the shear wall uplifting associated with

overturning moments or sliding associated with horizontal shear forces.

(b) When the shaking table motions were increased by factors between three and

four, significant damage to the base joints of the models was observed.

Yielding of the vertical reinforcing bars at the two sides of the model's

base joints allowed rocking motions to develop. The uplift associated with

this rocking and pivoting about the opposite end of the base joint was the

dominant deformation mechanism; very little horizontal shear displacement

was found at the base of either model.
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(c) Even though some of the vertical reinforcing bars ruptured and there was

some crushing damage to the concrete at the two ends of the base joints,

both models were able to support the large static vertical loads after the

table motion stopped; in fact. each model survived a severe "aftershock"

test without any danger of collapse.
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4. CORRELATION OF SHAKING TABLE AND PSEUDOSTATIC TEST RESULTS

4.1. Similarity of Test Models

The test specimens used in the static and shaking table tests were nearly

identical. All of the precast elements were fabricated by the RAD Construction

Company in Belgrade and shipped to the two laboratories where their assemblage

and testing were completed. Minor differences existed in the strengths of

materials in the specimens, in the means of applying load at the top of the

specimens, and in the orientation of the walls during testing.

The cast-in-place concrete used to join the precast panels was designed to

simil ar specifi cations and used simi 1arly graded aggregate. The compressive

strengths of the joint material in the static and shaking table tests differed

slightly because of differences in the materials used and age at testing. The

areas and strengths of reinforcing bars used in the cast-in-place joints also

differed because of basic differences in the properties of the steel bars

obtained in the two testing locations. The overall effects of these variations

appear to be minor. Properties of the materials used in the static and dynamic

tests are compared in Table 4.1.

A second difference in the static and shaking table specimens resulted

from the boundary condition which was provided at the top of the three-storey

model. A cast-in-place top beam was used in the static test and a cast-in-place

wall element was used in the dynamic test with additional steel members above

as portrayed in Fig. 4.1.

The remaining difference was in the orientation of the walls during

testing. The static walls were tested in a horizontal position to allow

convenient anchorage of the foundation and the actuator reaction blocks to the

laboratory test floor. The shaking table specimens were tested in their natural
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vertical position. The orientation of the specimens may have had an effect on

their behaviour as noted below in the comparison of their stiffness variation.

4.2. Similarity of Test Loading

The static walls were loaded by applying a controlled series of cyclic

displacements to the top of the wall. The displacements included complete

reversals and were intended to simulate the range of displacements which might

occur during an earthquake. The shaking table tests used ground motion records

which were derived from historical earthquake accelerograms. The actual loads

and displacements developed during the shaking table tests were dependent on

the ground motion, the instantaneous stiffness and damping of the structural

system, and the preceding response history.

The location of the resultant lateral load or lateral inertial force

differed slightly in the static and dynamic tests. The lateral load was applied

through an actuator in the stati c tests at a constant di stance above the

specimen base. Data indicated that the resultant inertial load in the shaking

tests, due to the distributed mass, remained at a fairly constant distance

above the specimen base but differed from the location in the static tests by a

factor of 1.8.

Axial load was applied to the static test specimens through two hydraulic

actuators operated under force control at the top of the specimen. The

actuators maintained a constant axial load independent of the lateral motion.

Axial load was provided in the shaking table tests by the added mass system at

the top of the structure. The axial load applied in the static tests was

calculated for the wall specimens based on their cross section areas to provide

a constant axial stress of O.80MPa (114 psi). The total axial load acting on

the two shaking table specimens was equal, resulting in an axial stress of 0.96
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MPa (146 psi) in the simple wall and 0.66 MPa (96 psi) in the flanged wall. The

differing axial loads in the static and shaking tests has a slight influence on

the yield force levels and on the gravity restoring moment as described in a

following section.

4.3. Comparison of General Response

The static and shaking table specimens all exhibited similar visually

detectable damage. Damage included opening of the lower level horizontal joint,

yielding and subsequent buckling of vertical reinforcing through the joint,

spalling of concrete adjacent to the buckled bars, rupture of some vertical

reinforcing bars through joints, crushing of concrete and limited formation of

combined flexural-shear cracks in the precast panels. These types of damage may

be noted and compared in Fig. 4.2 for specimens tested under both types of

loading.

The horizontal joint between the panels, having less vertical reinforcing

than the panels themselves and a precracked plane as well, was the location of

concentrated inelastic deformations and damage in both test series. The damage

in the gradually deformed static specimens started with cracking of the

horizontal joint followed by limited cracking of the panel in a manner which

would result from combined flexural tension and shear stress at the tension

ends of the panel. The horizontal joint opened and a gap formed at the tension

ends as the lateral top deformations increased. Gap opening was accompanied by

yielding of the tension steel across the joint and subsequent buckling when the

top displacements were reversed. Combined steel buckling and compression forces

in the concrete caused the concrete in the vicinity of the buckled bars to

spall or crumble away. Further loading caused rupture of some of the vertical

joint reinforcing. The exact sequence of damage formation could not be followed
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during the shaking table tests on account of their short duration, but the

observed damage was consistent with a process similar to that recorded in the

static tests.

Damage in the dynami c tes ts was genera11 y not symmetri ca1 since the top

displacements did not have equal complete reversals as they did in the static

tests. Once damage develops at a particular location during dynamic tests,

further motion tends to compound the inelasticity within that region since the

motion which occurs subsequently depends on the remaining force capacity of the

damaged region and the instantaneous structural characteristics of the system.

Though similar damage occurred in both test series the shaking table tests

resulted in unsymmetrical damage' because of unsymmetry of the earthquake

motions.

The overall behaviour of both systems was characterized by a rocking of

the three precast panels at the lower horizontal joint. Shear slip was

effectively limited during most of the tests by cast-in-place keys at the ends

of each joint and panel. Specific values of various force and displacement

quantities are compared in Table 4.2 for the two test series.

4.4. Specific Behaviour Characteristics

The two basic mechanisms of deformation in precast panel walls are often

characterized as moment rocking and shear-slip. The features of each of these

two types of mechanisms are compared here for the static and shaking table

tests. The rocking mechanism was predominant in both series of tests with

shear-slip haVing minor effects for the simple walls. Shear-slip became

important with large top displacements in the static flanged wall test.
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4.4.1. Moment and Rocking

The location of the resultant lateral forces differed in the static and

shaki ng tests but rocki ng mati on is primari ly a result of the moment at the

base of the structure. The compari son of rocki ng behavi our in the two test

series will not be affected by the differing moment arms to the lateral forces

since moments are used as the basis of comparison. The primary characteristics

of structural response to earthquake moti on strength, stiffness,

deformability, and energy dissipation noted in the test series are discussed.

The overall load resisting quality of the systems and strength capacity

are shown in the envelope of the moment vs. top displacement response plotted

in Figs. 4.3 and 4.4. The overall agreement between the envelope obtained from

the static tests and shaking table tests is very good indicating that both

tests provide similar information regarding the overall strength, strength

deterioration and stiffness of the wall systems. The primary difference in the

envelopes is a result of the unsymmetric deformation which develops in the

dynamic tests. The capacity deterioration seen in the envelopes is a result of

rupture of continuous vertical steel through the lower horizontal joint and to

a lesser extent due to deterioration of the concrete at the ends of the lower

horizontal joint. The displacement at which the rupture occurred was controlled

by the method of connecting the vertical panel reinforcing which was made

continuous through the joints. The rupture displacement level was reduced in

these tests as compared with typical field construction performance because the

bars used in the tests were connected by welding which resulted in

embrittlement that would not develop with the connections normally used. Both

types of tests showed very similar rupture levels or welded bar capacity. The

level at which strength deterioration occurs will differ for other connecting

methods.
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Rupture of some of the vertical through joint reinforcing led to the

development of major rocking in both test series. Rupture of the continuous

panel bar occurred with large displacements and gap openings. The remaining

bars had yielded and considerably elongated. On subsequent cycles they provided

no restraint against rocking until displacements reached levels near to their

previous maximums. Until these bars became active again the only restoring

force in the rocking mechanism was provided by the axial gravity load which

remained constant as displacement increased. The amplitude of the rocking was

effectively limited by the cyclic reversing nature of the earthquake ground

motion in the shaking table specimens and the applied displacement in the

static tests. Both test series exhibited nearly unrestrained deformation with

rocki ng after bar rupture occurred. The effect of the varyi ng moment-rocki ng

stiffness and of the constant restoring force was to act as a load limiting

mechanism ending the spread of inelastic deformation upward in the wall system.

The varying stiffnesses of the moment-rocking mechanism of the simple wall

are shown in Fig. 4.3 for both test series, with the near perfectly plastic

condition created by rocking apparent. An excellent agreement in behaviour and

stiffness is exhibited by the hysteresis loop envelope of the static test and

the first major response cycles of the shaking table tests. Rupture of the

continuous panel bar occurred in the static tests during the 17th cycle of

loading when top displacement reached 21.5 mm (0.85 in.). A similar rupture

occurred during shaking table tests at 1.42 seconds during the second cycle of

major yielding with a displacement of 15 mm (0.59 in.). Both tests show a

significant loss of strength and stiffness after the rupture. The post-rupture

hysteresis plots from the shaking table test clearly show the rocking phenomena

and load limiting behaviour with increasing negative displacement. The moment

level at which nearly zero stiffness elastic deformation starts is consistent
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with rocking of the wall and an axial load restoring force. Upon reversed

deformation the shaking table test -elastically follows the zero stiffness

loading path until the section closes and rocking ceases. The stiffness

variation apparent in the static test result is significantly different after

the tension bar ruptures and rocking occurs. The low stiffness under increasing

deformation is apparent as in the shaking tests. However, when the deformation

is reversed, the wall does not unload elastically as in the dynamic test. The

moment becomes negative before displacements return to the level at which the

low stiffness rocking started. It is believed that the rapid drop in moment at

displacement reversal may be a result of loose concrete material becoming

lodged within the gap which had slowly been opened during loading, providing an

immediate low compression capacity and reversed moment when the gap begins to

close. This difference from the dynamic tests behaviour.may have occurred

because the static specimens were tested in a slow manner and in a horizontal

position.

The moment rocking mechanism's stiffness in the flanged wall tests also

was studied, and the static and dynamic test results showed very similar

characteristics in the initial load cycles before rupture. Both of the walls

appeared to sustain rupture of some of the tension bars in a nearly identical

fashion when the top displacements exceeded 15.00 mm (0.60 in.). However, the

response after rupture was completely different in the two test series. The

shaking table test had an apparent rupture (detected by strain gauges) of the

north web panel bar at 16 seconds into the earthquake record. The displacements

at the early peaks were not sufficient to cause rupture like that seen in the

simple wall (0.7 in. vs 1.3 in.). Only a single large displacement occurred

following the rupture, thus the load limiting and rocking noted in the simple

wall test did not have an opportunity to develop in the flanged wall. The
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static tests showed the low stiffness load limiting behaviour during

displacement cycles beyond the rupture level. More bars ruptured in the

positive displacement direction than in the negative producing unsymmetrical

hysteretic behaviour. In this static case the low stiffness was not a result of

rocking but of shear-slip and is discussed in the following section.

The deformability produced in each of the test series was nearly

identical. The maximum displacement as a percentage of the yield displacement,

for each wall is listed in Table 4.1. Structural ductility is normally

determi ned by compari n9 the di spl acement at maximum load capacity to that at

yield. The ductility determined in such a manner would have little meaning for

these tests since the load capacity was limited by the capacity of welded

reinforcing bars in the panel to panel connection. In actual construction

practice other means of connection are used to avoid the brittle fracture of

welded bars. The large deformability and load limiting behaviour of the

horizontal joint prevented serious inelastic damage from spreading upward into

the remainder of the structure. The large deformabil ity with rocking allowed

the walls to withstand a strong seismic load but is dependent on maintaining

stability out of the plane of the walls. That stability was provided in the

tests by the configuration of the loading fixtures.

The wall's energy dissipation capacity always appeared larger in the

static tests than in the shaking table tests. Two explanations may be made for

this deviation in behaviour. The deformations applied in the static tests were

achieved in a very slow manner. The structural system appeared to take

advantage of the slow test rate and redistributed the forces and deformations

slightly so that less concentration of deformation at a specific point may have

occurred. Second, the hysteresis loops of Fig. 4.4 after rupture appeared

larger for the static tests than for the dynamic because debris may have



-74-

accumulated in the open horizontal joint of the static test. This material

initially tended to resist gap closing until it crushed and energy was

dissipated. The shaking table test showed little energy dissipation during the

elastic bi-linear deformation with negative moment and rocking. Energy

dissipation in this type of jointed structure is naturally lower than in well­

reinforced monolithic structures since deformations are concentrated in a small

volume of material within the joints. It is important to note, however, that

the energy dissipation may not be essential since acceptable deformability was

available during all the tests.

4.4.2 Shear-slip Mechanism

The shear-slip mechanism had very little effect on the system behaviour in

all of the tests on the simple walls. Slip accounted for less that 7% of the

total maximum top displacement in those tests. The shear-slip mechanisms i.n the

flanged walls differed significantly between the static and shaking table

tests. Slip contributed 6.3% of the top of wall displacement in the shaking

table test with moment-bending being the dominant behaviour. Slip made up

nearly 75% of the total maximum top motion during static tests on the flanged

wall. The statically tested flange wall developed significant plastic

displacement, rupturing, and buckling of the through joint reinforcement at

each end of the web and flanges due to the large applied displacements and full

reversa1s. The buckl ed steel caused spall i ng of concrete in the fl anges near

the horizontal joint and substantially reduced the shear capacity of the

system. The steel deformation which developed in the shaking table tests

occurred primarily at one end of the wall allowing the full joint and key

mechanism at the other end to remain effectively intact. As a result this

intact joint maintained the restraint against slip.
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4.5. Summary of the Correlation between Shaking Table

and Pseudostatic Test Results

The tests of each type of wall exhibited similar damage in the systems

regardless of whether the loading was statically applied with controlled

displacements or was a result of shaking table motions. Damage invariably

consisted of initial cracking at the lower horizontal joint between

cast-in-place concrete and the vertical panel above. Continued increase in the

top displacement of the walls caused yielding of vertical steel across the

joint, steel buckling and steel rupture with spalling of concrete in the region

near the vertical bars.

The response behaviour measured in the two test series also agreed very

well. The overall force capacity vs. displacement envelopes, including the bar

rupture level and loss of capacity and stiffness, were nearly identical for

shaking table and static tests. Bar rupture led to development of rocking

motion of the precast wall system about the lower horizontal joint in all

cases. The hysteresis records of base moment plotted against top displacement,

before bar rupture, were quite similar. Both types of tests on the wall systems

produced nearly identical deformability. Shear-slip behaviour, which was

effectively limited by cast-in-place keys, was not an important mechanism in

either of the tests on the simple rectangular wall and did not exceed 10% of

the wall top displacement.

Three substanti a1 differences were apparent in results from the test

series under static load and dynamic load. The energy dissipation exhibited in

plots of base moment vs. top displacement was consistently higher in the static

tests than in cycles of response of similar amplitude from the shaking table

tests. It is believed that this is partially an effect caused by the horizontal

orientation of the static specimens, allowing material to become lodged within
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open joints in comparison with the vertical orientation of the shaking table

specimen where loose spalled materials tended to fall away from the joint. The

response of the flange walls was substantially different in the static and

dynamic tests. Shear-slip accounted for 75% of the top of wall displacement at

the maximum deformation cycles during the static test whereas shear-slip was

limited to less than 7% of top displacement in the shaking table test. The

large slip in the static test occurred because several cycles of large applied

top displacement created significant deterioration of the joints at the flanges

and in the keys. The shaking table specimen only experienced one cycle of

deformation at the maximum level of the static test and did not develop similar

deterioration. A final minor difference always apparent in a comparison of the

shaking table results and static test results was in the unsymmetric character

of damage from one end of the wall to the other in shaking table tests. The

controlled displacements of the static test invariably led to nearly symmetric

damage at both ends of the wall. During shaking table tests once damage occurs

at one location in a structural system the force which can be transferred

through the damaged area is usually 1imited and the dynami c character of the

system changes because of lowered stiffness. These two effects tend to cause

further damage near the already damaged region with lack of symmetry developing

in overall damage.

Very satisfactory agreement in results from the static and shaking table

tests occurred even though mi nor differences exi sted between the boundary

conditions of the walls in the two tests, in the ratios between shear, moment

and axial forces existing simultaneously, in the orientation of the specimens

during testing; slight differences also existed in the material strengths and

in the means of applying the loads.



Table 4.1. Properties of the Materials Used in the Pseudo-Static and Dynamic Test Models

fc' - Concrete Tensile Steel in Panels Tensile Steel in Joints

Model Type of test

Panels Joints - Ast Gy Ast Gy

45.3 MPa 30.1 f'1Pa 1.13 cm2 385.6 MPa 2 445 MPa
PS - static

1.01 cm

PZ-I 6.58 KSI 4.37 KSI 0.175 in2 56.0 KSI 0.155 in2 64.5 KSI
(Simple Wall) 44.7 MPa 40.0 t-IPa 1.13 cmt::' 385.6 MPa 1.03 cm2 443 MPa

Dynamic 0.175 in2 ?
6.49 KSI 5.81 KSI 56.0 KSI 0.159 in"" 64 KSI

--
2 2

PS-8tatic
44.8 MPa 27.94 MPa 3.39 cm 385.6 MPa 0.50 cn 445 MPa

PZ -III 6.49 KSI 4.06 KSI 0.525 in2 56.0 KSI 0.077 in2 64.5 KSI
(Flanged Wall) 45.3 MPa 40.0 MPa 3.39 cm2 385.6 MPa 0.62 Clll

2 456 MPaDynamic
6.58 KSI 5.81 KSI 0.525 in2 50.0 KSI 0.096 in2 66 KSI

I

"......,
I
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Table 4.2. Comparison of General Response

1. Simple Test model PZ- I

Quality Pseudo - Static Test Dynamic Test

282.43 KN-m 397.3 KN-m
1. Max. Base Bending Moment (2499 IN-K) (3516 IN-K)

99.30 KN 70.7 KN
2. Max. Shear Force (21.89 KIPS) (15.6 KIPS)

0.806 MPa 0.96 MPa
3. Applied Axial Stress 116 PSI 146 PS I

36 mm 37.6 mm
4. Max. Top Displacement

(1.tl1 IN) ( 1 .48 IN)

-

5. Top Displacement at the Time When 21.5 fllm 23.03 mm
Tensile Bars Ruptured (0.85 IN) (0.59 IN)

34.4% at 3.47% at
6. Bar Opening as a %of Top l1T = 21.5 f'lfll l1T = 37.6 mm

Displacement at Time of Rupture (l1T = 0.85 IN) (l1T = 1.48 IN)

7. Average Shear Stress at Time 0.96 MPa 0.68 MPa
of Max. Shear Force ( 146 PSI) (104.0 PSI)

5.58% at 0.27% at
8. Shear Slip in %of Top Displacement l1T = 21.5 mm "'T = 37.6 mm

at Specific Point (liT = 0.85 IN) (liT = 1.46 IN)
I
i
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Table 4.2. Comparison of General Response
(Continuation)

2. Flanged Test model PZ - III

Quality Pseudo - Static Test Dynamic Test

1.
485.63 KN-m 458 KN-r"

Max. Base Bending Moment
(4300 IN-K) (4056 IN-K)

2.
163.5 KN-m 97.4 KN"'.!l1

Max. Shear Force
(36.04 KIPS) (21.5 KIPS)

0.80 MPa 0.66MPa
3. Applied Axial Stress

116 PS I 96 PSI

4. Max. Top Displacement
22 mm 40.6 mm

(0.86 IN) (1.60 IN)

s. Top Displacement at the Time When 16.6 film 15 mm
Tensile Bars Ruptured (0.65 IN) (0.59 IN)

6. Bar Opening as a %of Top 40% 45%
Displacement at Time of Rupture at !'IT = 8 mm at !'IT = 20.3 mm

(!'IT = 0.32 IN) (!'IT = 0.3 IN)

7. Average Shear Stress at Time 1.08 MPa 0.64 MPa
of Max. Shear Force (156 PS 1) (93 PSI)

8. Shear Slip in %of Top Displacement
17.2% 0.04%

at !'IT = 11. 6 mm at !'IT = 40.6 mm
at Specific Point (tT = 0.47 IN) (tiT = 1.6 IN)
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a)

I
_-L

b)

Fig. 4.2. Wall Damage at End of Wall

aJ IZIIS-Test, bl EERC-Test
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5. ANALYTICAL CORRELATION STUDY

5.1. Introduction

Extensive computer aided analytical studies have been completed at the

University of Wisconsin using the data from the shaking table tests to verify

analytical methods [7,8,9]. The analytical vs. experimental correlation studies

determined the essential response mechanisms which have to be duplicated for a

successful prediction of seismic response of precast panel walls at various

levels of excitation. The results also verified the ability of current

modelling and analytical techniques to simulate true structural behaviour

correctly.

An assortment of eXisting computer programs was used and modified as

appropriate during the correlation studies. The programs included RCCOLA [10]

for predicting section inelastic flexural behaviour characteristics, ANSYS [11]

for verifying specific finite element modelling techniques, DRAIN2D [12] for

modelling the wall systems as vertical inelastic cantilever beams, and

DRAIN2D-MarkII [13J a modified version of the preceding program for simulation

of precast panel wall systems with inelastic response mechanisms in the joints.

The following sections describe the general methods involved in the corre­

lation studies for the simple wall test specimen. A theoretical model is

described which simulates the geometry of the simple rectangular wall in the

tes t program. The phys i ca1 properties of the wall will be re1ated to the

characteristics simulated in the analytical model. Results of various computed

simulations of the wall response to the experimentally applied ground motions

are presented and the effects of modelling assorted joint inelastic deformation

mechanisms are discussed.
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5.2. Physical Geometry of Analytical Model

The obvious primary portion of the analytical model consisted of the three

storeys of precast panel walls and the cast-in-situ joints. Since out-of-plane

motion was restrained in the actual wall tests the analytical approach used two

dimensional simulation of the structure. Floor elements, which were included in

the experimental specimens to form the horizontal joints correctly, were

ignored in the analytical model. The dimensions used in the analytical model of

the walls dupl icated the dimension of the test specimens. The masses of the

panels and joints were lumped at the joint locations to simplify the dynamic

analysis.

An elaborate arrangement of steel platforms and concrete blocks was used

in the shaking table tests to simulate the axial load expected in a wall system

and to provide a means of preventing complete collapse of the structure onto

the shaking table if instability developed. The analytical model included a

lumped translational and rotational mass above the wall panel elements to

simulate the added mass system. This mass was attached to the top of the wall

element with rigid links.

The experimental wall panels were placed upon a relatively rigid steel

member which was linked to the shaking table by load cells used to measure base

shear. This system of steel member and load cells was referred to as the

"foundati on ll
• The flexi bil ity of thi s foundation was considered as be; ng

sufficiently large to affect the dynamic character of the complete system and

was included in the analytical model. Deformations in the foundation were

measured during the tests and used to calculate actual stiffness values for the

foundation to be used in the analysis.

The shaking table itself has a detectable amount of pitching or rotation

which develops because of structural interaction even though the command table
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movement prescri bes only 1ateral moti on. Thi s pitchi ng becomes parti cul arly

evident when relatively rigid structures with high base moment are tested and

has the effect of reducing the natural frequency of the full shaking table ­

structure system. The analytical model included a rigid table with rotational

mass supported on rotational springs which simulated the actual pitching

motion. The measured table lateral accelerations were used as the earthquake

base motions in the analyses.

5.3. Behaviour Characteristics to be Modelled

Structural behaviour is commonly separated into elastic and inelastic

response. The two base motions used during the shaking table tests were

intended to produce elastic response in the first phase and severe inelastic

moti on in the second phase. The approaches for mode 11 i ng the two types of

response analytically may be considerably different. Elastic response is

normally relatively simple to simulate but inelastic behaviour is considerably

more complex. Two separate analytical methods were used to predict the two

levels of response in this study.

5.3.1. Elastic Behaviour

The section properties of the panel elements had to be correctly selected

to achieve accurate representation of the system's structural response under

low 1eve1 base motion. Because of the i nhomogenei ty of rei nforced concrete

structures, selection of a section stiffness could be based on either a

transformed section, a gross concrete section, or a cracked section. Selection

of the appropriate section depends on the internal forces and likelihood of

cracking. Several techniques were used, based on results of other research

studies, to estimate the base moment level at which cracking might initiate and
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to compare it with internal wall moments predicted from an analysis using gross

section properties, as a means of selecting the correct section properties. The

joints were assumed to be precracked so that cracked section stiffnesses were

appropriate.

5.3.2. Inelastic Behaviour

The internal moments and shears in the wall system become very high during

the strong shaking test. Since the horizontal joints between the vertical

panels contain substantially less vertical reinforcing than the panels, and

generally are already cracked because of shrinkage at the panel-joint

interface, any inelastic behaviour due to large shear forces or moments would

be expected to occur within the joints. Thus the panels could be assumed to

remain elastic with a cracked section stiffness.

Other research studies have determined that the inelasticity within the

horizontal joints is likely to occur in two forms: horizontal slip of panel

relative to joint due to high shear and precracked joint interface, or rocking

of the panel relative to the joint due to high overturning moments and little

vertical steel reinforcing. Analytical modelling of the shear-slip mechanism

requires an estimate of the friction coefficient, the dowel action, the

c1ampi ng effect of verti ca1 rei nforci ng, the correct compressive force and

behaviour of any keying mechanism. The cast-in-place keys in the wall specimens

were substantial enough to assume that slip would not be an important mechanism

in the response analysis. Accurate modelling of the rocking behaviour due to

high overturning moments could include simulation of the yielding of vertical

steel through the joints, softening of the steel due to Bauschinger cyclic

effects, buckling of reinforcing under compression, rupture of tension

reinforcing, opening and closing of joint cracks, and loss of concrete

compressive material due to spalling and crushing.
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5.4. Correlation: Elastic Model during the 0.17 g Test

The initial simulation of the simple rectangular wallIs response to the

earthquake ground motion with an acceleration amplitude of 0.17 g used gross

panel section properties in the wall elements and cracked joint properties. The

results from that analysis \'Iere used to estimate what portion of the precast

wall panels would be cracked and should have cracked section stiffness. An

analytical model was then prepared which would have gross section properties

initially but would change to a cracked section over a limited height after the

estimated cracking moment was attained. The displacement results of that

simulation are plotted with the experimentally measured response in Fig. 5.1.

The analysis correctly modelled the response through the major initial

displacement cycles where the lower element panel cracked but did not match the

low amplitude response after cracking. After cracking the system regains its

initial gross section stiffness, due to the axial gravity load, when the

flexural cracks close. Special spring and gap elements were used in the final

analytical model to al·low cracking of the panel element with an elastic

behaviour and a gradua 1 return to uncracked secti on stiffness when cracks

close. The behaviour of this modified model is shown in Fig. 5.2. Parameter

studies on the finite element modelling of the wall panels made possible the

selection of the correct size mesh needed to simulate the panel elasticity and

allowed the panel elements to be connected to joint elements without producing

unnatural panel deformations due to concentrated joint forces. The successful

correlation between predicted response from this model and the experimental

results is shown in Fig. 5.2.

5.5. Correlation: Inelastic Response

Simulation of the rectangular wallis inelastic response during strong

ground motion required an exceptionally complex modelling approach. The
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system's response involved yielding of steel reinforcing, Bauschinger

softening, buckling, rupture, opening of joints, and loss of compression

concrete. The effect of these various mechanisms on modifying the predicted

response of the wall system will be discussed in the following. The behaviour

of the precast wall panels were modelled as being elastic with cracked section

stiffnesses. All of the inelasticity was modelled as occurring within the

horizontal joints between vertical wall panels.

A simple model for simulating moderate inelastic response would include

the yielding of vertical steel crossing the horizontal joint and opening of the

joint along an assumed precracked plane between the joint material and the

lower vertical precast wall panel. It is essential that the natural elastic

conditions within the panel itself be maintained while modelling the inelastic

joint. The DRAIN2D-MkII program used to analyze the wall system contains a

variety of specific discrete lI spr ing type II elements which may be used in many

combinations to produce the desired behaviour. The precast panels are modelled

with finite elements which remain elastic. These panel elements must be

subdivided into a fine mesh to provide sufficient nodes along the base of the

panel for connecting with the inelastic joint springs without creating

unnaturally large concentrated joint forces and local panel deformation. In

Fig. 5.3, results for the first two seconds of response of the test wall are

compared with response predicted using an analytical model which had

distributed elastic concrete compression springs within the joint and bilinear

yielding tension elements to simulate the vertical joint reinforcing. This

simple model accurately simulates the true response until bar rupture occurs in

the test specimen at 1.42 seconds. Figure 5.4. shows the hysteresis base moment

vs. top displacement relation for the analytical model.

The inclusion of steel rupture is essential for accurate modelling of the

true behaviour since the predominant rocking displacement mechanism became
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active after rupture. Figure 5.5 indicates how the correlation between

analytical and test results could be extended when the reinforcing in the joint

was modelled with a bilinear stiffness in tension and a limiting tension

rupture level. The analytical model had rupturing of the tension steel at only

one end of the wall similar to the unsymmetric rupture which occurred in the

test specimen. The ana lyti ca1 moment vs. top di spl acement behavi our after

rupture, which is plotted in Fig. 5.6, produces the same elastic rocking

response when the wall deforms in the direction where tension reinforcing had

ruptured, as was indicated in the experimental data shown previously in Fig.

4.4. The maximum level of moment existing within the wall during rocking is

limited to the amount which can be provided by the axial gravity load restoring

force.

The wall panels do not bend in a manner that is consistent with the common

theory of "plane sections remain plane" after reinforcing bar rupture occurs

and rocking motion develops. The effect of the wall panels rocking with respect

to the horizontal joint is to create significant uplift and gap opening at the

tension end of the wall and a small region of high compression forces in the

concrete at the opposite end. In this condition the true wall exhibits

non-planar deformation at the joints. The error which would exist in the

analytical approach if normal beam flexural theory of plane sections is

assumed, is shown in Fig. 5.7; the previous analytical model was constrained to

deform in a linear manner at the panel base.

The process of exact modelling of the inelastic response must include

other deformation and strength degradation mechanisms such as Bauschinger

softening in the remaining reinforcing and loss of concrete cross section due

to spalling and crushing (Figs. 5.8 and 5.9).
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6. CONCLUSIONS AND RECOMMENDATIONS

On the basis of the study presented in this report, it can generally be

concluded that there ;s good correlation between the results of the shaking

table and pseudostatic tests, which can be seen in the overall force capacity

vs. displacement envelopes, in the similarity of the damage mechanisms and the

good agreement between the other model response parameters.

lhree substantial differences were apparent in the results from the test

series under static load and dynamic load. (i) The energy dissipation exhibited

within plots of base moment vs. top displacement was consistently higher in the

static tests than in cycles of response of similar amplitude from the shaking

table tests. It is believed that this is partially an effect caused by the

horizontal orientation of the static specimens. (ii) The response of the

flange walls was substantially different in the static and dynamic tests. The

large slip in the static test occurred because several cycles of large applied

top displacement created significant deterioration of the joints at the flanges

and in the keys. The shaking table specimen only experienced one cycle of

deformation at the maximum level of the static test and did not develop similar

deterioration. (iii) A final minor difference always apparent in a comparison

of the shaking table results and static test results was in the asymmetric

character of damage from one end of the wall to the other in shaking the table

tests. The controlled displacements of the static test invariably led to nearly

symmetric damage at both ends of the wall. During shaking table tests once

damage occurs at one location in a structural system the force which can be

transferred through the damaged area is usually limited and the dynamic

character of the system changes because of a lowered stiffness.

Very satisfactory agreement in results from the static and shaking table
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tests occurred even though minor differences existed between the boundary con

ditions of the walls in the two tests, the ratios between shear, moment and

axial forces existing simultaneously, and the orientation of the specimens

during testing, as well as slight differences in the material strengths and

different means of applying the loads.

As to the correlation of the analytical results with the experimental ones

obta i ned by dynami c tes ts, it can be concluded that they agree qu i te well in

the case of elastic response, whereas the process of exact modelling of the

inelastic response must include other deformation and strength degradation

mechanisms such as Bauschinger softening in the remaining reinforcing and loss

of concrete cross section due to spalling and crushing.

On the basis of the above-mentioned facts, it can be concluded that

further investigation is necessary and should be directed towards: (i)

experimental testing of three-dimensional models on a seismic shaking table,

i.e., testing of a "box" system emphasizing the role of perpendicular walls and

of the considerably different effects in the elastic and inelastic phases of

structural behaviour; and (ii) analytical investigation of the inelastic

response of struc tures under strong motion and the corresponding modelling.

From the experimental investigations and the study on the large-panel

precast building system performance, it can generally be concluded that the RAD

panel system has a desirable balance of earthquake resistance capacity and

deformability which improves the survivability of the system when constructed

in areas of high seismicity.
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