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Abstract

ABSTRACT

This report summarizes part of a four year study on the feasibility
and limitations of small-scale model studies 1in earthquake engineering
research and practice. The emphasis is placed on dynamic modeling theo-
ry, a study of the mechanical properties of model materials, the develop-
ment of suitable model construction techniques and an evaluation of the
accuracy of prototype response prediction through model case studies on
components and simple structures. Steel and reinforced conerete struec-

tures are considered in this study.

The basics of similitude theory and its application to the modeling
of dynamically excited structures are reviewed and similitude laws for
various types of models are developed. These models include true replica
models in which all physical quantities are properly simulated, and va-
rious kinds of adequate models in which the violation of specific simili-

tude laws does not affect appreciably the response prediction.

Adequate simulation of material properties was found to be the most
important aspect of model research, particularly under dynamic excita-
tions. Materials for modeling of steel structures (structural steel and
copper alloy 510) and reinforced concrete structures (wire-reinforced mi-
croconcrete) are investigated under low and high strain rates and with
due regard to cyclic load effects. A comprehensive set of material data
is assembled for direct use in model studies, and systematic material
testing procedures are developed for the investigation of alternative

model materials.

Problems encountered in the construction of models are identified

and recommendations are made for the fabrication and joining of model
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elements for steel structures as well as for microconcrete mix design
practices, fabrication of model reinforcement and fabrication and curing

of reinforced microconcrete elements.

The adequacy of the simulation of prototype response is evaluated on
hand of a series of tests on models for which prototype test data are a-
vailable. The correlation between model and prototype response is judged
as good to excellent, depending on the type of structure. Whenever
discrepancies in the response are observed, the causes are identified and
evaluated to assess the limitations of model research in earthquake
engineering. The test specimens used for this purpose are cantilever
beams made of steel, phosphor bronze and microconcrete, and simple single
degree of freedom structures made of steel and phosphor bronze which are

tested on a shake table.

The research has demonstrated that model analysis can be used in
many cases to obtain quantitiative information on the seismic behavior of
complex structures which cannot be analyzed confidently by conventional
techniques. Methodologies for model testing and response evaluation are
developed in the project and applications of model analysis in seismic
response studies on various types of civil engineering structures (buil-

dings, bridges, dams, ete.) are evaluated.
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Chapter 1 Introduction

CHAPTER 1

INTRODUCTION

Experimental techniques have always been a vital part of advanced
engineering design. Whenever the current theoretical knowledge reaches
its limit, an experiment provides an alternative in the evaluation of the
adequacy of the proposed design. The final design of innumerable ad-
vanced structures is based on the results of experimental analysis. At
present, mathematical methods are capable of predicting the response of a
structure to environmental effect, providing the complete functions of
material characteristics, geometric delineation and boundary conditions
are available. The time and temperature dependance of such functions
often results in a complexity surpassing the feasibilities of mathema-
tical approach. Consequently, the experiment remains the only alterna-
tive. The interrelation between the complexity of the analyzed struc-
ture, the ratio of the cost of design to the value of the structure (re-
lative cost) and the applicable analysis techniques is presented schema-
tically in Fig. 1.1 (after Hossdorf, Ref. 1). With the improvements in
numerical techniques and theoretical knowledge, the line of analytical
capability moves to the right, thus including a larger number of struc-
tures in the left portion of the figure. This progress does not indicate
a decrease in the number of structures located to the right of that line,
as the demands posed on the design are increasing with the technological

progress.

Considering the high cost of experimentation as compared to conven-
tional or computer analysis, the scope of experimental work is usually
limited to fundamental research and the study of complex input and res-

ponse phenomena which cannot be modeled mathematically with confidence.
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In most cases, experimentation is carried out to fulfill one of the fol-
lowing three basic objectives:

(1) Develop or verify analytical models of force-deformation charac-
teristics of materials, individual elements and structural subas-
semblies.

(2) Establish realistic loading criteria for complex environmental
effects such as wind or earthquakes.

(3) Study the behavior of structural systems or specific structures
under simulated loading conditions. The purpose of such experi-
mentation may be the verification of analytical studies, the de-
monstration of the integrity and safety of structural systems
under various 1levels of environmental disturbances, or a general
study of the response characteristics of structural systems with

controlled variation of input and response parameters.

Experimental work can be carried out on either unscaled prototypes
or scale models of elements, subassemblies and complete structures. The
confidence the profession places in the results of experimental studies
appears to be proportional to the selected scale factor. Very few doubts
are raised regarding the reliability of experimental results of prototype
tests or one-half to one-third scale model tests. On the other hand,
small scale model tests (in the order of 1:5 and smaller) are often
viewed with considerable skepticism. This skepticism is often unwar-
ranted when scale effects in the materials and the load application are
properly accounted for and the instrumentation system is adapted to the
size of the test specimen. Nevertheless, it is desirable to keep the

scale factor close to one whenever feasible.

In earthquake engineering, where post-elastic response characte-
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ristics and safety against failure are of primary interest, the analysis
of many structures requires the application of experimental methods. Ex-
perimentation may be performed in the field or in a controlled laboratory
environment. Cost limitations, test versatility and control precision
make laboratory teéting most applicable to experimental analysis. In
earthquake engineering, laboratory experimentation on complete structures
is, in most ’‘cases, limited to testing of sacale models, often at rather

small scales.

A powerful tool was provided to experimental analysis in earthquake
engineering through the development of ¢lesed-loop shake tables and high
speed data acquisition systems. 1In the U.S3, there are available a small
number of medium size tables (larger than 10 ft. x 10 ft.). With few ex-
ceptions, such as component and equipment testing and testing of very
small prototype structures, experimentation on such tables is limited to
one-half or smaller scale models. There are obvious advantages to the
use of large scale models (one-half to one-third scale). For instance,
small rolled sections can be used for models of steel structures, and
prototype material (reinforcing bars and concrete) can be used for
reinforced concrete models. Nevertheless, such structures are models and
do not fully simulate the behavior of an actual structure unless model
similitude laws for ground motion, material, and force simulation are

taken intoc consideration.

The majority of shake tables avallable in the U.S. have to be clas-
sified as small tables (10 ft. x 10 ft. and smaller). Most of these ta-
bles are used primarily for demonstration pruposes, qualitative studies,
or component testing. It appears that they are not fully utilized for

replica modeling of actual structures at small scales. The reason for
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this 1limited utilization is that modeling problems increase with a
decrease in scale and that insufficient information is available in the
literature on the possibilities and limitations of small scale replica

modeling.

To fully utilize available laboratory facilities for mitigation of
hazards of eqrthquakes, it is necessary to develop a general capability
for constructing, at different scales, replicas of actual buildings, bri-
dges, dams, etc., and for reproducing adequately the manner in which they
respond, absorb and dissipate energy, and ultimately fail under pres-
cribed earthquake excitation. If such a capability can be developed it
should be possible to use small shake tables in a cost efficient manner
as a viable and reliable research tool in the field of earthquake engi-
neering. Among the many topies on which model tests on shake tables
should provide useful information are the following:

1. High-quality, small-scale models can be used as complement for
and/or an alternative to analytical investigations. This need is
especially urgent in connection with complex structures, where
mathematical models are difficult to construct and to verify.

2. Models are especially useful for comparative studies or cont-
rolled parameter variations, since it is relatively easy to alter
their configurations systematically.

3. Replica models enable the investigation of earthquake-related
phenomena which cannot be studied on actual prototype structures.
Such phenomena include rate of loading effects, dynamiec response
characteristics under realistic seismic excitation ranging from
low amplitude vibrations to excitations producing inelast}c

response and failure, failure mechanisms, effects of mass and
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stiffness irregularities, torsional effects, overturning effects,
dynamic instability and idealized soil-structure interaction
effects.

4, The demonstration of integrity and safety under various levels of
earthquake inputs--if it is ever to be accomplished prior to the
erection of an actual structure--could be achieved with a fine
replica model.

At this time of rapid advancement in knowledge of all aspects of
earthquake engineering it is necessary to examine carefully the place dy-
namic model testing could occupy in the field of earthquake engineering
research. It can be said that experimental research with dynamic load
application is in its infancy compared to quasi-static experimentation
and analytical studies, and there is 1little doubt that it will play a

more significant role in the years to come.

A study of the feasibility and limitations of small-scale model tes-
ting in earhtquake engineering was the subjeet of a four-year NSF spon-
sored study which in part is summarized in this report. In the first re-
port on this study, Mills et. al. (Ref. 58) present a comprehensive dis-
cussion of shake table performances and of modern data acquisition sys-
tem. A model study of a three-story steel frame structures is also des-

aribed in Ref. 58,

This report emphasizes general aspects of dynamic modeling theory,
model material behavior and the accuracy of prototype response prediction
through small-scale model tests. In conjunction with Ref. 58 this report
is intended to provide a state-of-the-art assessment to researchers and
practicing engineers who want to utilize small-scale model tests in

earthquake engineering research and practice.
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CHAPTER 2

OBJECTIVES AND SCOPE

The main objective of this work is to asses the feasibility of model
testing in earthquake engineering and to provide systematic and detailed
information on procedures involved in the design, execution, and modus
operandi of dynamic model experiments. This goal is approached by pla-
cing the emphasis on dynamic modeling theory, model material studies, mo-
del fabrication techniques, and case studies performed on components and
simple structures. The research concentrates on models of steel and re-
inforced concrete structures.

The scope of the work presented in this report is summarized in the

following paragraphs.

1. Dynamic Modeling Theory. The emphasis is placed on the synthesis

and extension of modeling theory into the domain of time-dependent, non-
linear response of structures and materials. Various types of models are
explored which can be constructed within the constraints of material,
mass, and earthquake simulation but still permit an adequate predietion
of prototype behavior.

2. Model Material Studies. The emphasis 1is placed on the identifi-

cation of material properties affecting the reliability of prototype res-
ponse prediction based on small scale model tests. A systematic approach
to material studies is developed. Various types of material tests and of
necessary testing equipment are explored. Material studies on steel,
phosphor bronze, microconcrete and model reinforcement are carried out
including studies of the uniaxial stress-strain behavior of the materials
under various strain rates and of the cyclic behavior of steel and phos-

phor bronze.
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3. Model Tests of Components and Simple Structures. Small-scale mo-

dels of structural elements and simple structures are fabricated and tes-
ted to develop suitable model construction techniques and to study the
accuracy of prototype response prediction. Cyclic loading tests are car-
ried out on cantilever specimens made of steel, phosphor bronze and mi-
croconcrete. The simulation of prototype response is evaluated with due
regard to the effect of the speed of loading (cyeling frequency). For
the microconcrete specimens, tests are performed with cycling frequencies
from 0.0025 Hz to 10 Hz and, with beams of different span-to-depth ratios
to investigate the simualtion of different fallure modes from flexure to
pure shear. The results of a shake table study on a simple steel struc-
ture and its phosphor bronze model are evaluated by comparing displace-

ments, accelerations and story shears in the prototype domain.

One of the major concerns of this work is to present the information
in as complete a form as possible, incorporating throughout the text re-
sults of studies reported by other researchers. 1In addition, an exten-

sive list of U.S. and foreigh literature is compiled.
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CHAPTER 3

LITERATURE REVIEW

The purpose of this chapter is to acquaint the reader and prospec-
tive model builder with the state of the art in model analysis and with
relevant reference material that coentains the background information
necessary for successful modeling of structures in seismic environments.
Since for many years replica models have been used in civil engineering
as a complement and alternative to design and analvsis, it is recognized
that this literature review is incomplete and limited to those publica-
tions which were found particularly helpful in the development of this
research project. Emphasis 1is placed on identifying past studies on
building structures and materials, especiallvy those which either are
concerned with dynamic modeling or contain information which can be uti-

lized for dynamic model studies.

General Information: From the manvy books written on the subject of

model analysis, that by Hossdorf (Ref. 1) provides an excellent introduc-
tion to the subject. It does not go deeply into any one aspect of model
analysis but touches many aspects and gives a healthy perspective of the
place of model analysis in structural engineering. The book by Muller
(Ref. 2) treats the topics of model materials and instrumentation in a
thorough manner, and that by Fumagalli (Ref. 3) contains a large number
of interesting model case studies, particularly those concerning buil-

dings and dams.

One of the first comprehensive series of papers on structural models
was presented at a RILEM symposium in 1959 in Madrid, Spain. References

4 and 5 contain some of the papers of this symposium relevant to this
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research project. References 6 to 11 are summary papers on general prob-

lems of modeling of structures In the elastic and inelastic range.

Many studies are reported in the literature on modeling of rein-
forced conerete structures. Much of the progress on this subject is pre-
sented in papers compiled in Refs. 12 to 14 and is summarized in Ref. 15.
Specific topics in static modeling of reinforced concrete structures and

structural elementa are discussed in Refs. 16 to 29,

Scale modeling of structures made of materials other than reinforced
or plain concrete has received surprisingly little attention in the past.
Reference 30 presents the results of a research project on modeling of
conerete masonry blocks and structural elements. Detailed information on
fabrication and testing (under static loading conditions) of small scale
models of steel structures and their components, using steel as a model

material, is presented in Ref. 31,

Dynamic Model Studles: The references mentioned so far are not spe-

cifically concerned with dynamic modeling problems but contain comprehen-
sive hackground information on the subject of model analysis in structu-
ral engineering. The literature search disclosed that quite a few model
experiments on structures under simulated dynamic loads and earthquake
motions have heen carried out in the past (Refs. 32 to 61), However,
much of this work was concerned with elastie behavior only. The case
studies reported in the 1literature on modeling of structures to failure
generally lack a thorough discussion of the consequences of inadequate
material simulation and often do not take full advantage of the potential

of dimensional analysis in deriving appropriate modeling laws.

Physical models for elastic earthquake response prediction were used

10
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as much as fifty years ago. Ruge (Ref. 32) presented a comprehensive
paper on elastic dynamic modeling theory in 1934, and in Ref. 33 he
described a detailed model study on the earthquake resistance of elevated
water-tanks which included a feasibility study of various model materials
(mercury to simulate water and brass ﬁ? simulate steel) and a discussion
of feasible model distortions. Even earlier, dynamic studies on models
of wood panels, cylindrical tanks, and multistory buildings had been
carried out on a shake table at Stanford University (Refs. 34, 35). The
masses in the building models were lumped at story levels and represented
by steel plates kept apart by vertical ball-supports, while the building

frame and wall rigidities of the prototype were represented by horizontal

coiled springs.

A thorough and comprehensive study on dynamic modeling of steel and
reinforced concrete structures was carried out in the early sixties at
MIT (Refs. 36 to 39). The purpose of this study was primarily the inves-
tigation of structural response to blast loading. As such, the source of
excitation and many of the relevant response characteristics are quite
different from earthquake loading, but much of the modeling theory,
material studies and fabrication techniques presented in these research
reports can be directly utilized for model studies in earthquake
engineering. Other useful information from model studies of structures

subjected to blast loading can be found in Refs. 40 to 43.

In the United States, the use of large and small scale models for
seismic response investigations in the inelastic material domain became
an acceptable alternative to analytical studies only in the early
seventies. In most cases these studies were directed towards

verification of analytical models for specific structural systems (e.g.,

11
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reinforced concrete shear walls) or earthguake response phenomena (e.gz.,
overturning and uplift oroblems). In such cases, distortions of seismic
input or of structural configurations {(to suit available shake table
capabilities or permit the use of estahlished material and model con-
struction techniques) can often be accepted since the physical model

results are compared to analytical results and not to prototype behavior.

The shake tables 1in the research laboratories at the University of
Tllinois and the University of California at Berkeley have been used ex-
tensively for such model studies. The University of Illinois facility
has been used primarily for small scale model studies of reinforced con-
crete building structures. Much of this research work is summarized in a
paper by Sozen (Ref. Uld); more detailed results can be found in Refs. 45

to U9,

Reference 50 provides an example of small scale model studies per-
formed at Cornell University on the behavior of reinforced concrete

structures under seismic execitation.

The U.C. Berkeley facility which i3 built around a 6x6 m (20x20 ft)
shake table is used primarily for testing of structures which may be con-
sidered to be large-scale pseudo-models. The structural elements are
usually made of prototype structural material (small hot rolled steel se-
ction or concrete reinforced with small reinforcing bars) and floor mas-
ses are simulated with a sufficieflt number of concrete blocks to simulate
gravity-induced stresses. In size, the structures may be roughly one
half that of actual structures. The seismic input motion usually is not
scaled according to model similitude laws, and intentionally so since the

test structures are not meant to be replica models of actual structures

12
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but physical representations of mathematical models. The drawback of
this kind of experimentation is that a one-to-one correspondence with a
prototype structure cannot be established; the advantage is that
structural detailing can be simulated without much difficulty and
material behavior is well known which 1increases the confidence in test
results and permits reliable analytical correlation. References 51 to 56
discuss specific studies of this type carried out at the U.C. Berkeley

shake table.

Actual replica models are also tested at the U.C. Berkeley facility.
An excellent example is the 1:30 scale model of a reinforced concrete
high curved overcrossing (Ref. 57). This model was built of micro-
concrete and closely follows dynamic similitude laws. Great care was ta-
ken in precise simulation of all details at expansion joints which were
known a priori to be subjected to severe damage caused by multiple
impacting in both torsional and translational modes. To maintain body
forces similitude, the mass of the model was increased to 30 times the

self-weight by adding lead blocks.

More recently, a shake table study on a 1:12 scale steel model of a
three story, one bay steel frame structure was completed by Mills et.
al., (Ref. 58) on the Stanford University shake table. The 1:6 scale mo-
del of a 1:2 scale pseudo-prototype tested at Berkeley (Ref. 51) was used
to compare directly the results obtained from the tests of the pseudo-
-prototype and its model. Reference 58 includes a comprehensive descrip-
tion of the evaluation of the shake table performance, of the instrumen-
tation, and of data acquisition and reduction systems. The report discu-
sses in detail the modeling techniques for steel structures and presents

guldelines for a rational comparison of experimental data from model and

13
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prototype tests.

It should be noted that much valuable information on dynamic mode-
ling can be drawn from publications in fields other than structural engi-
neering. References 59 to 61 are examples of collections of informative
papers. Although much of the theory and dimensional analysis developed
herein will prove useful, it has to be recognized that the references

tend to focus on response within the elastic range of material behavior.

The use of physical models in earthquake engineering has been much
more extensive in Europe than in the United States and Canada. For ins-
tance, the Istituto Sperimentale Modelli e Strutture in Bergamo, Italy,
the Laboratorio Nacional de Engenharia Civil in Lisbon, Portugal, and the
Institute for Research and Testing in Materials and Structures in Ljub-
ljana, Yugoslavia, have elaborate and well-equipped model laboratories
which are used for research work in earthquake engineering. References
62 to 84 deseribe some of the dynamic model studies carried out at these
and other laboratories and contain information on modeling of buildings,

bridges, dams, nuclear reactor components and containment vessels.

Several model studles on seismic behavior of building structures and
containment vessels were also carried out in industrial and wuniversity
laboratories in Japan. Scme of these models were pseudo-models (as des-
eribed previously) and some were actual seale modela. References 85 to

-

B8 are examples of this work.

Dynamic Modeling Theory: Applications of dynamie modeling theory are

discussed in many of the aforementioned references. The basis for the
development of model similitude laws can be found in many books concerned
with the theory of similitude and dimensional analysis, of which Refs. 89
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to 98 are a representative sample. Dimensional analysis as an analytical
tool for the derivation of model similitude laws is largely attributed to
the work of Buckingham (Ref. 99) and Rayleigh (Ref. 100). Specifie
aspects of modeling theory as applied to civil engineering problems are
discussed in Refs. 101 to 105. A comQrehensive discussion of the physi-
cal quantities entering a structural problem and of their dimensional

dependence is present in Ref. 38.

Model Materials and Model Fabrication: The interrelated subjects of

material selection, scaling effects in material simulation, and model
fabrication have been the subject of many studies and are widely reported
upon in the literature. Nevertheless, there remains a large number of

unanswered questions some of which are the subject of this study.

Good summaries on available model materials and problems associated
with material simulation and model fabrication can be found in Refs. 106
to 111, concerned with elastic and ultimate strength models made of

plasties, cementitious and metallic materials.

Specifiec and detailed information on the use of microconcrete and
gypsum mortar and the simulation of reinforcement in models of reinforced
conrete structures are presented in Refs. 12, 14, 25, 29, 36, 39 and 106
to 123. References 14, 39, 43 and 114 to 119 provide guidelines on the
design of microconcrete mixes for various strength and mechanical
properties. Appropriate aggregate grading, mix proportions, mixing and
curing techniques are discussed. Maisel (Ref. 118) points out the
possibility of changing the mechanical properties of microconcrete

(E-moduli, fé/fé-ratio) through the use of different aggregate types,

additives, and by coating of the aggregate with a thin layer of hard and
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smooth silicone resin. References 18, 39, 117, and 122 discuss the
effects of speed of testing on the compressive strength of microconcrete,
Reference 123 provides state-of-the-art report on size effects in model
concretes. References 18, 21, 39, 117, 118 and 124 present results of
individual case studies concerned with size effects. References 125 to
144  provide information on mix design, testing, mechanical properties,
and load rate effect on prototype concrete. References 18, 43, 117, 118,
140 and 145 present techniques used in model reinforcement fabrication.
Ref. 146 presents results of a study on strain rate effect on the tensile
behavior of model reinforcement. Ref. 147 discusses the problem of crack
and deformation similitude in reinforced concrete which was investigated
by means of bending tests of similar beams at different scales. Referen-
ces 147 to 150 provide information on reinforced concrete behavior (pro=-

totype and model)} under dynamic loading conditions.

Much less information than on reinforced concrete 1s available on
the feasibility of using steel or other metallic materials to simulate
prototype structural steel. The study summarized in Ref. 31 and the re-
cent study by Mills et. al., (Ref. S8) treat in detail the problems of
element fabrication and member joining encountered when steel is used as
a model material for steel structures. Strain rate effects in low carbon
steel are discussed in Ref=, 151 to 153. Size effects on tensile and
flexural behavior of structural steel are investigated by Richards in
Refs. 154 and 155. The properties of phosphor bronze and its feasibility
as a model material for steel structures under dynamic loads are
discussed in Ref. 38. Ref. 157 4is an excellent text on basic material

behavior.

Model Instrumentation and Dynamic Test Facilities: It 1is evident
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that the instrumentation system for measurement of pertinent response pa-
rameters must be adapted to the size of the models to be tested. BRe-
quirements on the instrumentation aystem and feasible measuring devices
are discussed in Refs. 58, 158, and 159, The use of minicomputers in
neasurement, analysis and contro}‘of experimentation 1is summarized in
Refs. 58, 160, and 161 and specific problems associated with recording

and interpretation of dynamic test results are discussed in Ref. 162,

The problem of simulating an earthqﬁake environment in the field and
in the laboratory was the subject of an NSF sponsored workshop in San
Francisco. The proceedings of this workshop (Ref., 163) contain valuable
information on the role of experimental research in earthquake enginee-
ring, on experimental needs, and on existing experimental facilities.
Several other publications that discuss earthquake simulation systems and

specific simulation problems are listed in Refs. 164 to 169,
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Chapter 4 Dynamic Modeling Theory

CHAPTER 4

DYNAMIC MODELING THEORY

4.1 DEFINITIONS

The physical quantities of importance 1n.an experiment can be divi-

ded into variables and parameters, these being either dependent or inde-

pendent.

The independent quantities are automatically assigned by the physi-

cal characteristics of the problem.

The dependent quantities are those measured during the experiment.

A variable is a quantity which spans a continuous range of values in
a single problem (e.g., time in a dynamic problem).

An independent parameter is what Bridgman (Ref. 89) calls a dimen-

sional constant.

A dependent parameter is a result, wusually global in nature, that

typically represents a single experimental measurement.

A physical quantity can be measured by comparing a sample with a
known amount of the same quantity. This known reference amount is called
a unit. For the complete specification of any physical quantity, both the
unit used and the number of units contained in the sample must be given.

The unit of any physical quantity can be expressed as a combination

of units of bhasic or fundamental quantities (e.g., the unit of stress can

be expressed in terms of units of such basic quantities as force and
length).

The units of basic quantities are called basiec or fundamental units.

Dimensions are products of powers of basic quantities (deseribed in

basic units), and as such relate the units of measurement of any physical
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quantity to the selected basiec units.,

A dimensionally homogeneous equation is an equation which does not

depend on the fundamental units of measurement. Such an equation con-
sists of the sum of products of powers of physical quantities and each
term in the sum has the same dimension.

t-Factors are dimensionless products of powers of physical quanti-

ties. A complete set of dimensionless products desceribes a physiecal

phenomenon in a dimensionless form and as such renders it independent on
selected units.

A dimensional matrix is an arrangement of numbers containing dimen-

sional exponents of physical quantities expressed in terms of basie quan-
tities. It comprises as many columns as physical quantities in the fune-
tional relationship of a problem and as many rows as basic quantities.
For inatance, if the functional desecription for the displacement of an
elastic problem is given by u = u(x,v,z;E,v,P), the dimensional matrix

has the following form:

dependent| independent independent

variable variables parameters
u X Y Z E v P

Force F 0 0 0 0 1 0 1
Length £ 1 1 1 i -2 0 0

4.2 GENERAL DISCUSSION

The purpose of model analysis in earthquake engineering is the pre-
diction of the dynamic response of prototype structures from laboratory
tests on physical models. This prediction may inelude all pertinent

response parameters or it may be limited to selected parameters such as
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natural frequencies and mode shapes. The desired range of prediction may
be limited to the linear elastic response or it may comprise the complete
response history to failure including material and geometric nonline-
arities. In the cases of single parameter and elastic response
prediction several model design requiﬁ?ments can often be relaxed which

makes model analysis a simpler but also less powerful tool.

In this chapter modeling theory is discussed in a general sense
which makes it suitable for all types of model studies and is then ap-
plied to specific cases which are most useful in seismic investigation.
Modeling theory establishes the rules according to which the geometry,
mateial properties, initial conditions, boundary conditions and environ-
mental effects (loading) of the model and the prototype have to be rela-
ted so that the behavior of one can be expressed as a function of the be-
havior of the other. The theory which leads to the development of a com-
plete set of correlation functions (sometimes referred to as scaling

laws) defining the model-prototype correspondence is that of similitude.

The Oxford English Dictionary defines similitude as: "the quality
of state of being 1like resemblance, similarity, likeness. Now somewhat
rare." Among the 1ideas associated with similitude are: analogies,

dimensional analysis, dimensionless numbers, group invariance, homoge-

neity, inspectional analysis, local similarity, local solutions, mode-

ling, scaling laws, self-similarity, separation of variables, similarity

rules, symmetry, transformations.

The theory of similitude, upon which model design and analysis is
based, may be developed by dimensional analysis. Dimensional analysis as

a powerful analytical tool is developed from a consideration of the di-
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mensions in which each of the pertinent quantities involved in a physical
phenomenon is expressed. The principles of dimensional analysis are well
established in the literature and are summarized in Section 4.3 as far as
needed for the development of a general modeling theory. For more de=-
tailed information the reader is referred to the books listed as Refs. 1
and 89 to 98 and the technical publications listed as Refs. 38 and 99 to

105.

To develop the necessary mathematical relationships between the cha-
racteristics of a prototype and its model, let us start from the premise
that every physical phenomenon can be expressed by a dimensionally

homogenecus equation of the type

q-‘ = F(qE’qg,lni.qn) (u-‘l)

where n is the total number of physieal quantities involved in the
phenomenon. In this expression c{.| is a dependent quantity and q2 to qn
are the wvariables and parameters on which q, depends. According to
Buckingham's Pi theorem (Section 4.3), every dimensionally homogeneous

equation can be written in the form

m o= f(ﬁz,WB,....ﬂn ) (4-2)

-N
where Ty to TheN 2re dimensionless products of powers of the physical
quantities q, to 9, The number N is the rank of the dimensional matrix
which 1is usually equal to the number cof basic units needed to describe

-

the physical guantities.

Since Eq. (4-2) is identical to Eq. (4«1), it describes the same
phyaical phenomenon and, because of its dimensionless form, must be
equally valid for prototype and model if similitude is to be achieved. A

sufficient condition for complete similitude 1s therefore
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CANERCAN (4-3)
and
(wz)p = (m)
: e (4-4)
(wn—N)p - (ﬁn—N)m

Equation (4-3) is often referred to as the prediction equation and
Eq's. (4-U4) constitute the design conditions for the model. Methods for

deriving the dimensionless products are summarized in Section 4.3

There are two major difficulties the model analyst has to face.
First he has to exercise extreme care in specifying the right number of
physical quantities which enter Eq. (4-1). Quantities which have insi-
gnificant effect on the response parameters of interest will impose unne-
cessary restraints on the model, while neglecting a significant quantity
can yield incorrect results. Secondly, the experimenter is often faced
with almost unsurmountable problems when he tries to reproduce at model
scales the design conditions posed by Eq's. (4-4). 1In particular, the
simulation of material properties and loading conditions may be an
extremely difficult or impossible task. The latter often leads to the
design of distorted models in which one or more of the design conditions
are violated. Nevertheless, such models may still be adequate if the
prediction can be corrected to account for the violations in the design

conditions.

The specification of all important quantities on the right hand side
of Eq. (4-1) does require some insight into the physical problem under

study. In general, the more that is known about the behavior of the
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prototype and of the laws which describe it, the easier it is to design
the model, but the less necessary the model is. Considering the level of
confidence in model results and the effort invested in design, testing
and data analysis, models are most useful when the general features of
the prototype behavior are known but speeifics such as complex geometry
or material nonlinearities render it difficult to obtain quantitative

information by analytical means.

The physical quantities which may enter 2 structural problem are
difficult to enumerate in their entirety but are for most cases contained

in one of the following four groups (Refs. 38, 90).

Geometric Properties: Geometry includes all the space relationships

which may influence the results, All distances or lengths and all angles
that are pertinent must be represented. For geometrically similar models
a location vector is sufficient to describe any point in the structure.
In dynamic problens the vector will depend not only on the space coor-
dinates but also on the time t. Alternatively, the location vector may
be specified at a time to and the geometry at time ¢ may be defined by

- -+
the location vector r_ and a time dependent displacement vector ul(t).

Material Properties: In general, these properties may vary from

point to point in space and with time and temperature. A material has
thermal, mechanical, electrical and magnetic properties, although the la-
tter two can usually be neglécted in structural problems. Thermal
properties of interest may be specific heat, coefficients of thermal
conductivity and linear expansion, and emissivity. The mechanical pro-
perties are the specific mass, and the material properties defining the
state of stress and strain in the material. These properties may be time
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and temperature dependent (e.g., creep and relaxation), vary from point
to point (inhomogeneity), and be direction dependent (anisotropy). They
also describe the interaction between different directions (Poisson's
ratio) and the interaction between neighboring points (e.g., strain
gradient effects). A complete discussion of these properties is beyond
the scope of this report, but to show the complexities involved in a
thorough material state description, the uniaxial stress-strain relation

proposed by Harris et al. (Ref. 38) is reproduced below:

3 g o€
T t sT Iy 1 ¥ + (4'5)
pel Ms aeh ( 0’0’3 j=1 d- seMstd -
) © (3 3E k
Z (=T gty N z (a_ - 3_t|0) 3K "o
m L. N, = k. k n g=g
0 ot

where t and T are the time and temperature variables, respectively, and
the subscript o denotes a reference value. It should be noted that
material damping, which is of importance in seismic studies, is ineluded
in this state equation, although for low level excitations it is often

isolated and specified separately as a coefficient of damping.

It is evident from Eq. (4-5) that compromises in material simulation
must be accepted in model studies since no two materials are alike in the
time and temperature domain. Even the use of prototype material is a
compromise because of size scaling and the dependence of material
properties on time rate effects. Material simulation is discussed in
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more detall in Chapter 5.

Initial Conditions: These conditions can be described by initial

stress and temperature functions, co and To’ at time to' In many cases,
the specification and simulation ofc% and T0 will be an extremely diffi-
cult task due to thelr dependence on fabrication and construction proce-
dures and previous lcading histories. In the design of models this will
necessitate a faithful reproduction of fabrication and construction pro-
cedures whenever those have a significant effect on the initial condi-
tions. In reinforced concrete structures initial conditions may be
strongly affected by creep and shrinkage effects, while in steel
structures residual stresses due to welding and erection stresses have to
be considered. For steel as a prototype material it may be necessary to
trace the history back to member fabrication which is usually the source

of significant residual satresses.

External Influences (Environmental Effects): Such influences may be

prescribed displacements wich may be time dependent as in the case of
seismic ground motions, prescribed temperature variations, surface forces
on the boundaries of the structure, and body forces caused by the
gravitational field of the earth or generated by artificial means such as

magnetic fields.

For most structural problems the pertlinent physical quantities can
be selected fﬁom these four groupd. Based on a physieal understanding of
the problem, it is the task of the model analyst to choose those
quantities which will significantly affect the response gquantities to be
measured during the model experiment. The experimenter may be interested

in tracing the complete reaponse history which may be described by
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stress, strain or displacement functions, or only in specific quantities
such as the failure load which may be characterized by material failure

or buckling phenomena.

To aid the model analyst in selecting model design and response
quantities, an extensive but certainly incomplete 1list of physiecal

quantities and their dimensional description is presented in Table 4.1.

Before we can utilize Eq's. (4-1) and (U-2) to derive appropriate
similitude realtionships for dynamic model studies, it is necessary to
briefly summarize the fundamentals of dimensional analysis which is done

in the next section.

Before entering this discussion, a different approach to modeling
theory than that of dimensional analysis should be mentioned, namely, mo-
del analysis based on system response equations. In several cases the
differential equation representing the response of a stucture is known,
although the solution of it cannot be obtained analytically. By trans-
forming the variables of such an equation and also of its boundary and
initial conditions into a dimensionless form one obtains a set of dimen-
sionless parameters defining the relation between the model and the pro-
totype. Although some authors call this method a forcing of the model to
be an analog computer for solution of the equation, a careful use of it
can help in elimination of certain otherwise very rigid requirements

obtained from the dimensional studies.

4.3 DIMENSIONAL ANALYSIS

Dimensional analysis is an analytical method by which a dimensio-

nally homogeneous equation, containing physieal quantities and describing
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a physical phenomenon, is converted into an equivalent equation
containing only dimensionless products (r-factors) of powers of the phy-
sical quantities. Since these dimensionless products describe the same
physical phenomenon and are independent of the units of measurement, they
must be equal in prototype and model 1f complete similitude is to be

achieved.

Dimensional analysis is based on the Buckingham Pi Theorem (Ref. 99)

which states that a dimensionally homogeneous equation can be reduced to
a functional relationship between a complete set of independent dimen-
sionless products (m-factors). The number of independent dimensionless
products is equal to the ¢total number of physical quantities involved
minus the number of fundamental quantities needed to describe the

dimensions of all physiecal quantities.

The simple rule for the determination of the number of independent
dimensionless products has been shown to fail occasionally (Ref. B9) and
has been reformulated in more formal mathematical terms (Ref's. 91, 94)
as: the number of dimensionless products in a complete set 1is equal to
the total number of physical gquantities involved minus the rank of their
dimensional matrix. (The rank of a matrix is the order of the largest

submatrix whose determinant is nonzero).

In order to determine a complete set of dimensionless products it
should be noted that the units of any physical quantity can be expressed
as a combination of units of basic or fundamental quantities. The choice
of basic quantities is largely an arbitrary one but is governed by prac-
tical considerations of physical phenomena and simplicity of measurement.
Different fields of science may choose different basic quantities. 1In
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engineering, the most common sets of basic quantities are those of mass
M, length L, time T and temperature © (called the MLT@ system) or force
F, L, T and @ (called the FLTO system). Several authors (Refs. 38, 105)
use for convenience heat as a basie quantity, disregarding its
equivalence to energy. Rocha (Ref. 103) and Beaujoint (Ref. 105) discuss
the usefullness of strain as a basiec quantity and assign it a basic unit.

This idea is discussed in Section 4.5.3.

Table 4.1 presents a set of commonly used physical quantities in en-
gineering mechanics and their dimensional deseription 1in the MLT@ and
FLTO systems. It should be noted that several quantities in this table
are dimensionally equivalent, such as pressure, stress and modulus of
elasticity. Also, it is often necessary to distinguish between certain
quantities through their physical meaning although they may be
dimensionally and quantitatively equivalent. As an example we can use
energy terms where each one of them, kinetic, potential, damping,
hysteretic or recoverable strain energy may have a distinctly different
meaning to the investigator. Thus, commonly used physical derivations of

quantities are included in the table where feasible.

The basic quantities can be used as building blocks since the
dimensions of all other physical quantities can be expressed as products
of powers of basic quantities. When the dimensions of physiecal
quantities are properly arranged in a dimensional matrix it is reasonably
simple to extract dimensionless products by comparing individual
quantities as to their dimensional dependence. Although systematic
methods for generating a complete set of dimensionless products are
presented in most text books, it can equally well be achieved by
inspection if the following rules and guidelines are considered:
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PHYSICAL QUANTITIES AND THEIR DIMENSIONS

Description Dimensions in Dimensions in
Sym- in terms of other FLT8 Systems MLTS Systems
Physical Quantity bol physical quantities
FLL][T]® MLIT]®
Angle ¢ Qlojojo0 ojojo|]ao0
Strain £ a/E olojoioao glojoy]o
Paisson's Ratio v gjyo0jo]o ojJojo} @
Coefficient of
Friction Mg FF/F 0jJojo]¢c agjajoj]o
Length L ol 17010 oD jp1]0|0
Time t o] o)1 0 gclJo]1]0
Frequency u (K/m)* ol of1]o o lof1]o0
Elastic¢ Restoring 2 2
Force FE K§, g™, eEL
Gravitational Force FG 723, 9923
Inertia Forces FI ma, p£3a 1]lai0]o 1 (111-2] 0
Viscous Damping Force FD cv
Coulomb Friction
Force FF “FF
Modulus of Elasticity | E afs, /et
Shear Modulus G E/2(1 + v}
2 11-2§0 ] 0 1|1 1-21] 0
Stress o ek, FE/2
Pressure p F/zz
Displacement § €%, Fc/EL U I o j1}]0]0
First Moment of
Area Q of3loje 0 310140
Second Moment of
Area I gl ajo0] o0 gla]0}f 0
Elastic Stiffness K cEL, FEIG
Axial Stiffness K, AE/%
11-1101] 0 1 0|-2] 0
Shear Stiffness I(s Aselz
Flexural Stiffness Ke EI/D.3
Moment M Fa 1111010 1121]-2}1 0
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TABLE 4.1 (continued)

Description Dimensions in Dimensions in
Sym- in terms of other FLTe Systems MLT8 Systems

Physical Quantity bol physical quantities
FI L) T]| e MIL]|T]| e
Specific Weight Y 09, Fo/9? 1]-3lof o] |1[-2f-2]o0
Mass density p Y/9, FG/g£3 11-4]210 11-3] 0] 0
Mass m 023, Fela 1]-1121] o 11o0]a]o

Mass Moment of 2

Inertia Ly me, 11 112]0 11210] 0
Velocity v
S-Wave Velocity v (E/2(1 + v)pl* ol 1|1 ] o alrli] o
P-Wave Velocity Y (1 -v)E/(1=v -Zuz)p]ld
Angular Velocity 'Y o of-1] 0 ojol]-1] 0
Acceleration a

0| 11-2 | 0 o] 11-2] 0
Acceleration of

Gravity g
Angular Acceleration | ¢ 0| ol-2] 0 ofof|-2| o
Coefficient of .

Viscous Damping c FD!v 11-11 1] 0 110}-1] 0
Dynamic Viscosity n t/(dv/dy) 11-211] 0 1[-1]-1] o
Kinematic Viscosity v u/p o 2|-1]1 0 ol 2]-1 0

’ /
Kinetic Energy KE mv
Potential Energy PE Fé
Damping Energy DE cvzt
3 K11 1lofo 112]-2| 0
Hysteretic Energy HE gel
Recoverable Strain 3 2

Energy RSE oel”, Ké

Heat H Cmo, kiTe \
Momentum M my 11 0of1] 0 11 1]-1] 0
Power P Fv 11 1|1-1] 0 112})-3] 0
Temperature ] 0] oo} 1 0| 0] 0] 1
Coefficient of

Thermal Expansion a §/28 0| 0 01]-=-1 0] o] of -1
Thermal Conductivity k H/T28 11 0]-1]-1 11 1]-3] -1
Specific Heat C H/me o] 21-2|-1 0| 2| -2| -1
Coefficient of 2

Heat Transfer h H/TL%8 1 -1 =1]-1 11 0] =3] -1
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1. The dimensionless products are composed of products of powers of
the physical quantities and should involve not more than N-1 quantitiea
in any one product, where N 1s the number of basic quantities.

2. The dimenslonless products must be independent, i.e., none of
the products can be obtained as a product of powers of other products.

3. Independence is easy to verify if the dimensionless products are
generated such that each product involves a quantity which does not
appear in any other product.

4. The dimensional matrix should be arranged such that the response
quantity of interest (dependent variable) is listed first, followed by
independent varlables and then parameters.

5. Dimensionless products should be generated such that quantities

are eliminated from left to right in the dimensional matrix.

Guidelines U and 5 are important for the design and control of the
experiment. Since complete sets of dimensionless parameters are not
unique, one will be more wuseful than others in model analysis.
Buckingham has pointed out that we cbtain maximum amount of experimental
control over the dimensionless products if the original physical
quantities that can be regulated in the experiment each occur in only one
dimensionless produet (Ref. 91). Thus, a warning must be issued against
a superficial use of dimensional analysis. It is a powerful tool but its
usefulness for specific model analysis problems is entirely in the hand
of the user. Here, it may not be out of place to cite two of the
"fathers® of dimensional analysis:

Dimensional analysis yields an amount of information dependent
on the sklll and experience of the analyst.

-P. W. Buckingham

Encyclopedia Britanniea
1964 ed.
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Dimensional analysis proves to be an exceedingly powerful weapon,
although I should add the warning, based on bitter experience of
my own as well as a critical study of other people's work, that
it 1is also a blind, indiscriminating weapon and that it 1is
fatally easy to prove too much and to get more out of a problem
than was put into it.

-G. K. Batchelor

Quart. J. Roy. Meteor. Socc.,

1959

The generation of a complete set of independent dimensionless
parameters by inspectional analysis is illustrated in the following
simple example. Let us consider the problem of elastie bending of a
rectangular cantilever beam which is affected by the following physical
qantities:

geometric properties: b, h, £

material properties: E, v

applied load: P
The response quantity of interest 1is the defleection § under the load,
i.e., § = (b,h,%,E,v,P). All quantities can be expressed in terms of
the basic quantities F and L which 1leads to the following dimensional

matrix:

§ b h L E v P
F 0 0 0 0 1 0 1
L 1 1 1 1 -2 0 0

The rank of the matrix is 2, hence we have 7 - 2 = 5 independent dimen-
sionless products. It 1is convenient to form one product that contains
the response quantity to the first power and relate it to what seems to
be the most relevant independent quantities. Additional products that

can be written down immediately are those which are given by dimen-
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sionless quantities, in this case Vv, and those which are formed by ratios
of gquantiities having like dimensions. The remaining products can be

formed by trial and following the aforementioned guidelines. For the

beam this procedure gives

h
= f (\): %3 E: E_Zz) (4-6)

It is easy to see that these factors are independent since each one con-

| o

tains a quantity which is not involved in any other factor.

Insight into the physical problem may reveal that the solution is
independent on certain parameters that would at first sight appear signi-
ficant (i.e., for slender beam the dependence on v could be dropped).
The knowledge that the problem 1is 1linear with respect to certain
parameters can further simplify the functional relation. For example,
using linear theory of elasticity one can state that the deflection is
directly proportional to the load applied and inversely proportional to
the breadth of the beam, hence the corresponding factors can be taken

outside the function:

8 P h
v Em Ol v) (4-T)
Thizs linear dependence upon certain dimensionlesas parameters is very

helpful when model distortions have to be considered (see Section 4,.U).

In some cases the complete set of dimensionless products obtained by
inspectional analysis may not gatisfy the experimenter's desire for
optimum experimental control. In such cases a different set of products
can be generated by means of simple transformation techniques. These
techniques are presented in most textbooks on dimensional analysis and

need not be repeated here.
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Several dimensionless products have gained traditional status in en-
gineering and are commonly used in defining physical problems. Table 4.2

presents a set of such "popular" dimensionless products.

4.4 SIMILITUDE RELATIONSHIPS AND TYPES OF MODELS

The necessary conditions for complete similitude between model and
prototype can be derived through the following procedure:

1. Write down all physical quantities on which the solution of the
phenomenon under study depends significantly.

2. Develop a suitable and complete set of independent dimensionless
products from these physical quantities (Eq. 4-2).

3. Establish equality between prototype and model for each of the

independent dimensionless products (Eq's. U4-2 and U-4),.

The third step defines the design conditions for the model and the
prediction equation (or equations) for the dependent response quantity
(or quantities) which relates the measured model response to the proto-
type behavior. As such, this step establishes the scaling laws for all
physical quantities or products of physical quantities. Usually, these
scaling laws are expressed as ratios of the numbers of units needed to
describe identical quantities in model versus prototype. In this report
these ratios are designated with a subscript r added to the description
of the physical quantity, 1i.e., gr = gm//hp= 0.1 means that one unit of
length measurement (e.g., in.) in the model corresponds to ten equal

units of length measurement in the prototype.

One important observation can be made from the fact that all physi-

cal quantities can be expressed in terms of basic or fundamental quanti-
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TABLE 4.2
DIMENSIONLESS PRODUCTS

{a) Named Dimensionless Products

Biot Number ha/k
Bond Number pgy,z/y ¥ - surface tension [FL“]]
Cauchy Number pv2/E
Einstein Number v/ic
Euler Humber Ap/pvz
Fanning Number twj(%pvz) T, - shear at the wall
Fourier Number kt/pc.v,2
Froude Number vzlzg
Grashof Number %gﬂ v - kinematic viscosity
Mach Number v/z ¢ - speed of sound
Newton Number R/plzv2 R - aerodyn. reaction
experienced by a body
Nusselt's Number he/k
Prandtl’s Number Culk
Pressure Coefficient P/pv2
Reech Number VZ/Ef f - force per unit mass
Reynolds Number Lv/v or
Lvplu
Strouhal Number wl/v
Weber Mumber DVZEIY v - surface tension

(b) Dimensionless Products Commanly
Encountered in Structural Engin-
eering Problems
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ties (e.g., FLTO or MLT® ). Since these basic quantities are independent
on each other, it 1is evident that as many scales can be selected
arbitrarily (within physical constraints) as there are basiec quantities
needed to describe the problem. For instance, in a static problem which
has F and L as basic quantities, two scales can be selected arbitrarily.
In a dynamic problem which may be descrlbed by M, Land T, ¢three scales
can be selected arbitrarily. However, in this case it is usually
necessary to select gr = 1 (g is the acceleration of gravity) which
reduces the choice of arbitrary scales to two. The scales of all other
physical quantities are then expressed in terms of the arbitrarily

selected ones and can be obtained from the dimensionless products.

It should be noted that the choice of arbitrary scales is not
limited to basic quantities; any set of independent quantities may be
selected for this purpose. The number of independent quantities is
always equal to the number of basic ones, and their independence can be
checked through the formation of the Jacobian whose determinant must be
nonzero (Ref. 38), i.e.,

3(q1sq2s----qr)

#0 (4-8)
a(kl,kz,....kr)

where r 1is the number of independent quantities, q, to q, are the
selected quantities whose independence is to be checked, and k1 to kr are

the basiec quantities.

To illustrate the determination of scaling laws, let us take the

beam example of Section 4.3 whose dimensionless products were written as

= £ ( vV, b, h, P“ ) (4-6)
A 2
EL repeated

oo

If we freely select a length scale ﬂr and a scale for the modulus of

36



Chapter 4 Dynamic Modeling Theory

elasticity Er’ complete similitude requires that br =h, = Qr (which is

r
evident from geometric similarity) and Pr = Er(gr)z. Clearly, v as a
dimensionless quantity must be equal for model and prototype. The

prediction equation states that & = .. Such a model that fulfills all

similitude requirements is called in this report a true replica model,

In many practiecal situations the fulfillment of all design conditons
will be an 1impossible task. Under those circumstances it is a matter of
Judgement and experience to isolate those features which may be altered
such that model construction becomes feasible but the response prediction

i3 not encumbered with an excessive amount of error.

In these kinds of models, Murphy (Ref. 90) distinguishes between

adequate and distorted models. Adequate models are those where the pre-

diction equation is not affected (except for the error introduced by the
disregard or violation of a design condition) and design conditions may
be violated when insight into the physical problem reveals that the

results will not depend significantly on the violated design condition.

For instance, in the above example, cross-sectional similarity may not be
eritical if shear deformationz do not contribute significantly to the
deflection J . In this case, the moment of inertia is adequate to
describe the cross section and b and h can be distorted accordingly. As
another example, in certain dynamic problems the effecta of gravitational
forces may be small compared to Ehoae of inertia forces and consequently

certain design conditions may be disregarded (see Section 4.5.2).

Actual distorted models are those where the distortion in one
dimensionless product either 1leads to a distortion of the prediction
equation or is accounted for by introducing compensating distortions in
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other dimensionless products. In the first case the prediction equation

needs to be modified by a prediction factor § defined as

§ = —= B (4-9)
(m))

1'm

where 1, is the dimensionless product defining the prediction equation.

1
The prediction factor can be determined through physical insight into the

problem or by means of a series of auxiliary experiments. For instance,
in the example problem defined by Eq. (U4-6) it is evident that § is
Inversely proporticnal to b thus if b is distorted by a factor oo, the

prediction factor is given by § = 1/cC.

For more information on the determination of & and compensating
distortions the reader is referred to the book by Murphy (Ref. 90). An
alternative method for the evaluation of compensating distortions is
presented in Section 4.5,3. There, the distorted physical quantity is

introduced as an artificial basic quantity.

4,5 PHYSICAL MODELS FOR SHAKE TABLE STUDIES

4.5.1 True Replica Models

Suppose the task is to reproduce, at model scale, the time history
of stress components Uij(;;t) in a replica model subjected to a time his-
tory of vector imposed acceleration a (t). Recognizing that the distri-
butions of stress and of material in the prototype and model must be
identical, dimensional analysis can be applied by ecalling ¢ a typieal
stress, p a typlecal density, and E some representative stiffness

property. Then the stress distribution may be written as
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g,. = a8 (+ t) .4
. . 13 (T i,j=1,2,3

1]
where Sij is dimensionless.

With the greatest degree of aimplification, the typical satress can

be expressed through a functional relationship of the form

L >
g = F(r,t,p,E,a,g,R,Go,ro) {4-10}

where Uo and ?0 refer to initial conditons. Evidently, the omission of

all material properties with the exception of E implies that similarity

of material properties is tacitly assumed.

Utllizing dimensional analysis, a complete set of dimensionless
products can be generated from the dimensional matrix of the quantities
in Eg. (4-10)}. The products presented in Table 4-2 should be useful for
this task. The resulting dimensionless relationship could be of the

following form

t a2 g %
’,Q, p:g’ E’E’

|t

2o (

If gravitational contributions to stress histories must be accounted

(4-11)

=R
340H4
—

for, the two terms containing the gravitational acceleration g very much
s0 restrict the model analyst's freedom in selecting model materials and
scale factors. Since there is almoat no practical way that g can be
changed between model and prototye, the value of gr usually must be taken
equal to one. Consequntly, from the dimensionless product a/g (Froude's

Number, usually written as vz/zg) it follows that
a =g =1 (4-12)

Ir this relationship is substituted into the design condition
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(820/E) , = 1, it follows that

(%)r =k (4-13)

This scaling law places a severe limitation on the choice of suitable

model materials.

Equation (4-13) is sometimes expressed in terms of one-dimensional

wave propagation velocities, as follows:

Ve T (%})r = W/@ (4-14)

and is then referred to as the Couchy condition (based on Couchy's Number

pvzlE).

There are alternatives to the use of dimensional analysis as a way
of arriving at the Froude and Cauchy criteria. For instance, one can
examine the internal and external forces to which a structure of a given
geometry 1is exposed. The most important of these are inertia, gravita-
tional, and restoring forces (FI, FG‘ and FR’ respectively). Their rela-
tionships to material density, stiffness, length, and applied

acceleration may be expressed as

3
"
FI pla

3
FG'\Jpﬂ,g

2 2
FR v oglT = gEL

In these expressions g and € are representative measures of stress and
strain.

and F must bear instantaneously a fixed

Independent of scale, FI G
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ratio, as also must FI and Fp. In a one-g field, the following parame-

fters result from this requirement:

a2
F g
,E.m P a n 2 Froude's Number
Fa pRBg =
Lg
pla
Fy 23a E
= 0 = W Cauchy's Number
R €ER EE—

The ratio between Froude's and Cauchy's numbers produces a parameter
E/ &pg. If it is required that a replica model reproduce the full-secale
values of those numbers, for fixed g, Fas. (4-12} and (4-13) can be de-
rived. Thus, Eq. (4-13) is a necessary condition for simultaneous repli-

cation of restoring forces, inertia forces and gravitational forces.

Additional design conditions are obtained from the other
dimensionless terms of Eq. (4-11). For inatance, it follows from the

second term on the right-hand side that

o= ——T— =,f4
x E r (4-15)

Since elastic and plastic strains are dimensionles=z, they musat be
instantaneously equal in the prototype and model structures. From this
observation it follows that typlecal structural displacements are related

by

This relation ensures that geometric nonlinearity in structural behavior

is property simulated.
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Table 4.3 shows in column (1) the scaling laws for several physical
quantities for a true replica model. In this case the independent

quantities are chosen to be %, E and g, and g. is taken equal to one.

Only one--but almost unsurmountable--difficulty exists in this true
replica modeling, namely, the selection~ of a suitable model material.
Exact material simulation goes far beyond simulation of modulus of
elasticity, Poisson's ratio and strain; theoretically it should include
all pertinent material properties discussed in Section 4.2, such as those
defined by Eq. (4-5). Since no two materials in nature are exactly
alike, material simulation will always introduce errors in the prediction
values. The importance of these errors, or in many cases their insigni-
ficance, are the subject of a material study which is discussed in

Chapter 5.

In the simplest case, similarity is necessary for the uniaxial
stress- strain curve for the range of strains of interest. Since true
replica modeling requires that €. = 1 (since € 1is dimensionless), the
stress-strain curves of model and prototype materials should be identical
except for a constant stretching by the ratio Ep/Em in the g-direction

(see Fig. 4.1).

Materials with shape-similar g-¢ diagrams are difficult to find,
particularly if no distortion in the e-direction (er = 1) is permitted.
Under certain conditions, strain distortion (sr?( 1) may provide an
interesting alternative to true replica modeling, an 4idea which is

discussed in Section 4.5.3.

True replica models are extremely difficult to realize because of

problems in material simulation. Nevertheless, for certain length scale
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factors (L. = E./P,), suitable materials for the modeling of metallic

structures can be found (see Chapter 5) and a pilot testing program on

simple models of this type is discussed in Chapter 9.

Figure 4.1 Stresa-Strain Similitude Requirements

In many cases it is possible to find acceptable alternatives to true
replica modeling which are based on compromises that minimize the errors
in response prediction. Several of these alternatives are discussed in
Sections 4.5.2 and 4.5.3; none of them will solve all the problems
encountered in dynamic modeling but all are believed to be suitable for
certain types of model studies concerned with particular parameters and

structural configurations.

Model Testing in a Centrifuge: To overcome the difficulty of simul-

taneously reproducing restoring forces, inertia forces and gravitational
forces, one could try to increase the effective value of L in the model
test. It might be possible to achieve this by mounting a shake table in
a suitable orientation on the cab of a large centrifuge. Also, it would
have to be possible to bring leads from the cab so that required data can

be recorded and processed on the outside. Let it further be hypothesized
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that a uniform, parallel acceleration field is created over the entire
model and, during centrifuge operation, that there would be no diffieculty
in applying the required earthquake acceleration a, to the model. Thus,
given "controllable gravity", it follows from (ggp/E)r = 1 that
E
grﬂr h (E)r

As an example, one could choose the same materials for model and proto-

type; thus:

For small models, this last requirement might prove impractical. It
would call for both very high rates of rotation in the centrifuge and for
very high imposed acceleration levels am 8ince a, = B, = 1/zr.

In order to put this results in perspective, let us look at the NASA
Ames Research Center twenty-g centrifuge described in the "Ames Research
Facilities Summary, 19747, This facility can provide long-time exposure
of up to 20g for a payload of up to 1200 (earth) pounds. No smaller than
a twentieth-scale model of the same material could therefore be accomoda-
ted. With a roughly 1000 lbs. limit on the weight of this model, the
weight of a prototype structure that could be modeled is limited to
1000 x (20)3 1bs., or about 8,000 kips.

Alternatively, it i3 possible that a centrifuge might be employed
with reduced E/p models. Thus, one might choose phosphor bronze, which

has roughly half the E/p of steel, On the 20-g facility, one could then

model, at 1/40 scale, structures of steel that weight up to 64,000 kips.
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4.,5.2 ‘Adequate Models

All physical models which violate any of the design conditions dis-
cussed in the previous section could be called distorted models. How-
ever, if the effect of a distortion in one dimensionless product is such
that it does not require an adjustment of other dimensionless products or
of the prediction equation, then it appears appropriate to separate such
models from ¢truly distorted models. In this report such models are

called adequate models.

The need for such models is based on the desire to use the same
materials as in prototypes. However, the types of models discussed in
this section are not 1limited to the use of prototype materials; in
certain cases the use of different materials may make such models even

more powerful tools.

There are two distinet "distortions" leading to two types of models
which should prove very useful for model studies of certain classes of

structures on shake tables.

1. Model Tests with "Artificial" Mass Simulation

Equation (4=13) for true replica modeling requires that model mate-
rials have a small modulus or large mass density or both. Since such ma-
terials are difficult to find, 1t appears attractive to augment the
density of the structurally effective material with additional material
which is structurally not effective. This can easily be achieved in
lumped mass systems but may also be feasible for distributed mass systems

as is discussed below.

(a) Lumped Mass Systems: For many types of typical building
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structures it is acceptable to represent the seismically effective mass
by a series of masses concentrated at the floor levels (lumped masses)}.
In this case the selsmically effective mass ecan be decoupled from the
density of the structurally effective material which relaxes the
dimensional requirement that (E/p)r must be equal to Lr.

Cauchy's requirement for proper simulation of inertial forces and

restoring forces can then be written as

M M
(5) - (&) (4-16)
°E L7E
m p
whiech for gr = 1 becomes
2
M = Enlp

In this equation, M represents the lumped masses at the floor levels,

A word of caution has to be added to the seemingly trivial term
"lumped mass." Such masses are those which are seismically but not struc-
turally effective. In reality, any mass which is attached to structural
components will affect the structural response. Masses at floor levels,
such as a concrete slab system, will certainly affect the stress distri-
bution in the structural elements and in many cases will be part of the
structural system. Great care must be taken in positioning such "lumped
masses" in models to simulate realistically the effects of gravitational
and inertia forces, In may cases the distributed Tass simulation
discussed in (b) is preferable.

Nevertheless, when the structurally effective mass is small and a
representation of the seismically effective mass by lumped masses is fea-
sible, the structural model may be made of prototype material (Er = 1)

and lumped masses are then scaled in the ratio Mr = er. For small scale
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model tests this often requires excessive weights which may render such
tests impractical. The weight requirements may be reduced when model ma-

terials with small stiffness properties (E) are used (see Eq. U4-16).

(Q) Distributed Mass Systems: For many types of structures a correct

simulation of the mass distribution in space is essential and a simpli-
fied lumped mass system cannot be accepted. A simple way of testing
adequate models of such structures would be to decouple the mass density
po Of the structurally effective material from an additive p,, which is
to be built into the model but has no counterpart in the prototype. Thus
the full-scale density and stiffness would be represented by (po)p and
Ep, whereas those for the model would be (p, ). + py and E_, respectively.

This modification would alter Cauchy's requirement as follows:

2 |
g (DO Dl) i g£po

E E
m p

With one-g testing this relation leads to

P E

1 r

ey # ol

o " KRy - &,

or
Er
A I R (p,) (4-17)
r r P

For instance, for a 1/20 scale model using prototype material
(Er = (po)r = 1) the density will have to be increased by a factor of 19.
In a small-scale model, it takes considerable imagination to see how the

material that increases the density by P4 might be incorporated.

Much work needs to be done on this subject, since it 1is very
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difficult to effectively separate the seismically effective mass from the
structurally effective material. There are, however, instances where it
seems quite practical. For instance, in structures consisting of slender
load-carrying members, the scheme for adding mass could be to attach to
each member suitable amounts of lead or other soft high density material,
arranged in such a way that it contributes negligibly te the strength and
stiffness but augments the weight and inertia. The spacing of these
added masses should be maximized, so as to facilitate the manufacture
while still adequately approximating a distributed inertia.

The modeling law for such distributed masses can be obtained by
replacing the mass per unit volume P, with some representative mass per
unit length Y. When lead or other material with running mass 1y, is

attached to the model members, Cauchy's requirement then is altered to
gl + 1) [%u%}
EL = IR
EL P
With one-g testing this leads to

H
(“o)r + (uo)p T

|
txd
Py

or

o= | E - oy | 0, (1-18)

Using the same material in model and prototype would make Er = 1 and

. 2 _ 2
(]-10)r = Er (from Py = MO/R ). This leads to the requirement

_ 2
My = (ar - Rr )(uo)p (4-19)

This law may or may not be practicable, because it calls for adding a lot
of masa. For instance, for linear elements of a 1/20 scale model of

identical structurally-effective material, (110)m is 1/400 of (110)p
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whereas My 18 1/21 of (Ho)p hence 19-times as massive per unit lengths as

the basic model structure.

It appears that the practical realization of this scheme for small
scale models in many cases will call for using reduced E/pO model mate-
rials. The use of such materials (which need not obey the requirement
(E/P)r = ﬁr) will require a lesser amount of added i, which might enable
the model designer to reach much more desirable compromises in the choice

of materials and added weights.

As an example, the combination of 1lumped masses and model materials
other than those of the prototype could prove to be useful in case of
truss type structures such as transmission towers, drilling towers, radar
stations, ete. For instance, in the case of a radar station it would be
improper to neglect the weight of the members and account only for the
radar screen weight; on the other hand lumping of the masses at the
Joints or at the best at a few points along each member seems to be
sufficiently precise. Use of a model material of lower E/p than that of
the prototype material will help to keep those masses down to manageable
sizes. Construction of this kind of model seems to be relatively simple

provided the joint area is not of ecritical importance.

The modeling laws summarized in column (1) of Table 4.3 apply to the
cases discussed in (a) and (b) with the exception of the requirement

(E/p)r = .. For the case of identical prototype and model material

r

(Er = 1) the modeling laws are shown in column (2) of the table.

Models with "artifical" mass simulation have been used extensively
in the past for static and dynamic model studies. References U5 to 58

are examples of the application of such models in the field of earthquake
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engineering. Particularly, multistory buildings and bridge structures
appear to be well suited for these types of studies. Such model studies
are expected to result in a good prediction of prototype behavior
provided that mass distribution is properly simulated, the ground motion
is reproduced according to the laws of similitude, model design and
construction is done according to prototype procedures, and last but
perhaps most important, a thorough material study has proven the adequacy
of material simulation. It 1is expected that model tests with
"artificial" mass simulation will remain a very 1important source of
information on structures whose stressz and dizplacement histories have to
be simulated in the elastic and inelastic range and whose materials are
difficult or impossible to simulate by other than prototype-like

materials, such as in the case of reinforced concrete structures,

2. Model Tests Without Simulation of Gravity Forces

Considering at this time only building structures, it appears that
for certain types of structural configurations the stresses induced by
gravity loads are small and maybe negligible compared to stress histories
generated by selsmiec motions. In this case (a/g)r need not be equal to
one, which allows considerably more freedom in selecting model materials
and scaling parameters.

The scaiing laws can be derived from the remaining dimensionless
products of Eq. (4-11), with g in gfp/E replaced by =&. If % and E as
well as p of a specific model maierial are selected as the independent
quantities, the =scale factors shown in column (3) of Table 4.3 can be

derived. If prototype material is used (i.e., E = 1), all scale

r = Pp
factors can be expressed in terms of ¥ , see column (4) in Table 4.3.

It is important to note that the scale factors for many physical
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quantities are different from those for true replica models which will
affect the shake table input, the model design and the response predic-
tion. For instance, when prototype material is used (column (4) in Table

-1
4.3), with tr =%.,and a, =%

» p o+ 2 reproduction of actual seismic motions

on commercially available shake tables may cause problems. This again
invites the use of other than prototype materials with (E/p)r smaller
than one. For instance, if brass is used for the simulation of steel,
(E/p),, is approximately 0.5 which results in t = .12, v, = 0.71, and
ar = 0.5&;1. With these values, seismic motions become more easily
reproducible on shake tables.

A building system which may be suitable for this type of model
testing is a K = 0.80 building, i.e., a structural system where the
lateral 1load resisting system consists primarily of shear walls which
carry little vertical loads except through boundary elements. In slender
shear walls the level of stress due to vertical 1loads in the boundary
elements will usually be small and will not affect the response of a
shear wall to a significant degree. Clearlv, evena K = 0.80 building
will not be replicated "precisely" through a model of this tvpe since the
stress level in the moment resisting space frame surrounding the shear
walls is not properly simulated. However, considering the low stiffness
of this frame compared to the shear wall, from such model tests one can
expect reliable information on shear walls far into the inelastic range.

Considering steel structures, let us look at a multistory braced
frame without moment resisting connections. In most types of bracing
systems the stresses in the bracing members due to vertical loads will be
negligible compared to those induced by 1lateral loads. Thus, the
response of bracing members will be replicated through model tests of the

type discussed herein. However, a simulation of the load-deformational
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response of the structure will require proper modeling of, at least, the

vertical elements of braced bays.

Let us investigate a braced frame of the type shown in Fig. 4.2,

Jo = ™ e

ITT7IT 07707 e r T 7777777
L

1. anl J
L L b | b 1

Figure 4.2 Braced Frame

Assuming uniform distributlion of dead load wD(psf) and live load

“L(psf) and a triangular lateral load distribution, an approximate

analysis shows that the ratio of axial eolumn loads due to seismic and

gravity forces above level i is given as

hel
£ j(-1)
(i:g) -y Wy 3hn  j=itl
¢’ WD+WL b{n - i) n
1 E J
j=1

where ¢ is a seismie coefficient defined by base shear V = gW..

For the ground floor (i = 0)_this equation reduces to

n
.2
P W Lo
(8) -esigd &
PG o WD+WLb n
Z j
j=1
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For braced frames with b = 2h and W, o= 0 (a rational assumption for model

tests) one obtains the force ratios given in Table 4.4

Table 4.4
) Peg e
\ 5 0 20 30
0 5.50 | 10.50 | 20.50 | 30.5a
5 7.18
10 13.40 | 24.4a
20 14. 4o

Assuming the seismic coefficient @ to be of the order of 0.1 to 0.3,
it can be seen that the effect of gravity loads becomes less significant
with an increasing number of stories. This 1leads one to believe that a
replication of gravity loads may sometimes not be necessary for this type
of frame.

Model tests of the kind deseribed here appear attractive since they
permit the use of prototype material. Nuclear reactor containment
vessels are another type of structure where such tests appear quite
feasible since the effects of gravity loads are small compared to the
effects of internal pressurization and severe ground motions. It usually
is up to the model designer's judgement to decide whether or not the
errors introduced by neglecting gravity effects are acceptable. If the
errors are too large, true model distortion is evident and either the
prediction equation or other dimensionlesas products have to be modified
to compensate for the error. When material or geometric nonlinearities
are involved in the problem, this will be an extremely difficult task.

However, when the model test is only concerned with linear elastic

behavior, gravitatinal effects can be decoupled from seismic effects and
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can always be neglected in the derivation of similitude law. Thus, the
scaling laws in columns (3) and (4) of Table 4.3 can always be used for
linear elastie problems, regardless of the importance of gravity effects.
This makes model design for linear elastic tests very simple since the
only material contraints are that of a linear elastic range characterized
by E and, where needed, similitude of Poisson's ratio v and material

damping properties.

4.5.3 Distorted Models

The wuse of truly distorted models for seismic studies of nonlinear
problems is rather limited since it rarely will be possible to find
adequate corrections to the prediction equation or other physical
quantities, to account properly for the violation of an important design
condition.

One could attempt, for instance, to design a model where gravity
effects are only partially simulated through the addition of "artificialn®
masses to reduce the error introduced when all gravity effects are
neglected. Such a "mixed" model would be governed by similitude laws
which are a compromise of those listed in columns (2) and (3) of Table
.3, Thus, the scale factors for the quantities governing the seismic
input to the model (tr’ Vo ar) will need to be re-evaluated through
physical insight or an auxiliary testing program.

Alternatively, one could try to properly simulate spatial geometry
of the structure but distort the geometry of the cross section such that
gravitational and inertial forces produce the correct level of stress in
each member as well as correct displacement similtitude (Ur = Rp). Using

prototype material for the model one arrives, from erEPEPZ = pr£r3, at
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the following similitude laws:

i3 s _,3
Ar = Qr’ Ar = Rr
= 25 - 15
Ir = ﬂr' Jr - ar

This shows that simultaneous replication of axial 1load, shear,
bending and torsional effects will not be possible. However, the
possibility exists to change the shape of the cross section such that
close similarity between A, As, I and J may be achievable.

Both of these alternatives will have limited applicability and are
not pursued further in this project. However, another type of

distortion, namely strain distortion, shows certain promise for small

scale model studies provided that no geometrical nonlinearities are

expected.

The requirement of identical strains in model and prototype
(Er = 1, see Fig. 4.1) is often difficult to fulfill from the standpoint
of availability of suitable model materials. It is much easier to find
shape-similar materials if a stretching by € £ 1 in the€ -direction is

permitted as is illustrated in Fig. 4.3.

To account for strain distortion in cases where small displacement
theory holds true throughout the experiment (i.e., no secondary effects
are involved), Rocha (Ref. 103) proposed the introduction of an artifi-
cial fundamental quantity D for strain measurement. When this term is
included in the dimensional matrix in the addition to M, L and T, and a
dimensional exponent of 1 is assigned to the quantities dependent on €,

the following dimensionless functional relationship can be obtained:
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For a, =8, = 1, the following similitude laws can then be derived:
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These and other similitude laws derived from Eq. (4-20) are shown in

column (5) of Table 4,3.

€p En

Figure 4.3 Stress-Strain Diagram -- Strain Distortion

As the development of these similitude laws is based on the somewhat
philogophical idea of a fundameptal strain quantity and assumes linear
dependence of selected physical quantities on this fundamental quantity,
further study is needed to prove the feasibility of this distortion for
inelastic model studies. Assuming that the similitude laws of column (5)
of Table 4.3 adequately account for strain distortions, it may prove to

be very useful for modeling of problems where geometric nonlinearities
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are known to be insignificant. The restrictive requirement (E/p)r = Er
for materials for true replica models can then be relaxed to
(E/p)r = lr/er which permits considerably more freedom in the choice of
suitable model materials. For instance, it may be possible to fabricate
small scale models of steel structures made of certain copper alloys
(Er=50.5. Dr=’1) without artificial mass simulation, presuming that it is
possible to anneal the alloys such that they have a yield strength of
(oy)m = (d&)pErsr = (Uy)pErRP/(E/p)r :-& for p = 1. However, this also
implies that e = 2¢_ (for E_= 0.5) and ¢ = 2"';-2 which will require

very sensitive instrumentation.

Other types of inadvertently caused model distortions often have to
be considered, primarily those caused by inadequate material simulation
such as distortions in Poisson's ratio, hysteretic energy dissipation,
strain rate effects, ete. Such unintentional distortions are sources of
errors and can rarely be accounted for through modifications in the
dimensionless functional relationship of the problem. These errors are

discussed in more detail in Chapter 5.

4.5.4 Summary

Dimensional analysis has been used to derive modeling laws for
various types of model tests of structures subjected to seismic motion.
At the outset it has to be realized that an exact replication of all
parameters affecting the response of structures under dynamic actions can
rarely ever be achieved. The emphasis in this study is directed towards
identification of important parameters and possible types of model tests
which allow, as exact as possible, replication of these important

parameters.
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Although most of the modeling laws presented herein are generally
applicable, emphasis was placed primarily on model studies of prototypes
of homogeneous isotropic material such as steel. The model test results
obtained in this study are encouraging and lead one to believe that many
types of steel structures can be modeled with sufficient accuracy. A
final answer can only be obtained through a series of model tests, which
can directly be compared with prototype studies. It needs to be pointed
out that, in this study, only primary structural elements have been
considered and no interaction between structural and nonstructural
elements is included.

The choice of the right type of model for the intended purpose and
the degree of approximation that must be accepted are of primary concern
to the model analyst. In the most general case of a complex three-
dimensional structure, where gravity and inertia effects are equally

important, a true replica model 1is the ideal choice provided that a

suitable model material can be found. If this i= not possible, adequate
accuracy in model tests can often be achleved by means of model tesats

with "artificial" mass~simuiation. 1In cases where prior knowledge shows

that gravitational effects are sufflciently small compared to selsmic

effects, model tests without simulation of gravity forces are feasible

alternatives. These three types of model studies are believed to be the
most suitable ones for the replication of seismic response phenomena by

means of small shake tables.
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CHAPTER 5

EVALUATION OF MODEL MATERIALS
5.1 INTRODUCTION

Providing the right model material whose properties are well
documented in the literature and which properly simulates the behavior of
the prototype material has always been a major obstacle to the acceptance
of model tests as a verification of prototype response, and has raised
continuous suspicion as to the reliability of model test results. This
holds particularly true for dynamic tests to failure which are of primary
interest in experimental work in earthquake engineering.

The demands placed on a model material can easily be defined but the
search for a suitable material and a verification of its suitability are
a formidable task. Ideally, a model material should provide similarity
of all material properties discussed in Section 4.2, i.e., the listed
thermal and mechanical properties should be identical to those of the
prototype material after the application of scaling laws. In the simple
case of a unixial stress-strain relationship (see Eq. U4-5) this requires
similarity of the derivatives of stress with respect to strain, time, and
temperature, and of strain with respect to time. Fortunately, in
practical modeling problems, similarity is only required for those

material properties which affect significantly the response quantities of

interest in the study. An a priori knowledge of these relevant material
properties, derived from physical understanding of the problem, is
important for every model study since it may simplify the search for a
suitable model material.

Even then, satisfactory model material will be difficult to find,

particularly for dynamic studies in the inelastic response domain.
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Firstly, a model material must be readily avalilable, reasonably inexpen-
sive and, above all, must be easily adaptable to structural shapes and
must allow a simulation of prototype fabrication of member connections.
Secondly, one must realize that no two materials are alike and compro-
mises in material simulation must be accepted. Even a prototype material
will not simulate mechanical properties properly in the time and length
domain due to strain rate and size effects. It is imperative, therefore,
in a model study, to isolate the material properties which must be simu-
lated and those which can be compromised. Also, the errors encountered
due to improper simulation of material properties must be evaluated as to
their importance in response predietion.

Since this study is concerned primarily with dynamic models of steel
and reinforced concrete structures, emphasis 1in material modeling is
placed on the simulation of structural steel, concrete and steel reinfor-
cement,

Successful studies on ultimate strength models of steel oprototype
structures have been reported by several researchers who used either pro-
totype material {(i.e,, Refs. 31, 58, 85, 86) or non-ferrous metals (i.e.,
Ref. 38). Results of material tests on structural steel and on copper
alloys performed in this study are reported in Chapter 6.

For modeling of conerete structures subjected to inelastie
deformations it is hardly ever possible to use anything but concrete-like
materials such as microconcrete, cement mortar or gypsum mortar. The
astatic properties of model concrete and model reinforcement are well
documented in the literature {Refs. 18, 36, 39, 115 to ™17, 120, 145,
147), while much less is known about the properties under dynamic test
conditions (Refs. 39, 122, 146, 149), A significant portion of this

study is devoted to modeling of reinforced concrete. Techniques adopted
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in the fabbrication and testing of microconcrete and reinforcing wire are
discussed in Chapter 7T together with the results of statiec and dynamic
tests of these materials. Chapter 8 provides a discussion on the fabri-
cation, testing and test results of reinforced mieroconcrete beams. Both
static and dynamic behavior are considered.

In this chapter, the properties which are expected to affect the
dynamic response in the elastic and 1nelastic range are identified and
their simulation requirements are briefly summarized. A material testing
program is discussed which should provide the information necessary for
the evaluation of the pertinent material characteristiecs. The chapter
includes also a section on laboratory equipment and instrumentation nee-

ded for the implementation of such a program.

5.2 MECHANICAL PROPERTIES OF INTEREST

When it is necessary to simulate the complete load-deformation res-
ponse of a structure from zero load to failure, ideally the following ma-
terial properties should be simulated:

1. Stress-Strain Diagram from Unixial Load Tests: If no strain dis-

tortion is allowed this will require point by point equality of the ratio
o/E, in prototype and model material, where E is the modulus of elasti-
city or some other representative stiffness property, and ¢ is any elas-
tic or post-elastic stress value on the 0-¢€ diagram. In other words, the
stress-strain curves of model and prototype materials should be identical
except for a stretching by the ratio Ep/Em in the ¢ - direction (see
Fig. 4.1). This requirement is often difficult to fulfill as will be
shown in the case of individual materials. However, exact simulation of

the monotonic stress-strain behavior may not be of the utmost importance
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in cases where the material (whether single or composite) is known to be
subjected to inelastic stress reversals, In seismic response studies the
requirement that the amount of energy dissipated by the material be
properly simulated is of primary importance. Ideal simulation would mean
that at all strain amplitudes the shape and area of hysteresis loops
should follow the modeling law. Again, this may be difficult to achileve
entirely, but prototype and model materizls should have similar strain
hardening or softening tendencies and shape similar hysteresis loops in
the strain range of interest.

It should be observed that a simple tension test or a cyelie load
test of the prototype and model material is a model study by itself, and
hence should fulfill similitude laws such as strain rate ascaling and
scaling of the geometry of the specimens. The importance of this obser-
vation will become apparent in the next few points.

2. Poisson's Ratio : In the discussion of modeling theory it was

stressed that all dimensionless quantities should be equal for model and
prototype. This applies also to Poisson's ratioc unless the error intro-
duced by a distortion of Vv is negligibie or can be accounted for through
modification of other physical quantities. Approaching the modeling
theory through the equation of state defining the response of the pro-
totype enables the investigator to approximate the error involved in the
misscaling of v. For instance, Hossdorf (Ref. 1) shows that for a bar
subjected to a considerable amount of torsion, the 7 quantity v could be

replaced by a different dimensionless product of the form:

N S
GJT (1 + V)JT

Thus, the prediction error for torsional response will not be propor-
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tional to the respective v values, but will be proportional to the 1 + v
values. For example, If vp = 0.3 and vm = 0.2, the difference between
1 + vp and 1 + Vm is only about 8 percent.

The posaibility of accounting for distortions in v through modifica-
tions of related physical quantities can be illustrated in the example of
the vibration of a simply supported plate (Ref. 96). The governing

equation for small transaverse bending vibration of a thin plate is

Buw Buw s”w p 301 - vz) 82w

+ + 2 Egp—
b Byu szayz E h2 2

ax ot

For true dynamic replica modeling it must hold that (E/O)r = lr and tr2 =
1r' thus, dimensional homogeneity will require that ({1 - vz)/he)r = 1/13

This condition permits the derivation of a separate scale for the half
thickness h of the plate as h_ = 1rﬂ(1 - vz)r .

Hence, in many practical cases 1t is possible to evaluate the influ-
ence of Poissons's ratio on the load-deformation response of the struc-
ture., When found to be of a minor importance (probably in a majority of
building structures), a compromise in the modeling of Vv is acceptable.

3. Material Damping: The importance of this parameter in material

simulation depends on the definition given to this term. Damping in
structures subjected to severe earthquakes will be caused, amongst other
factors, by anelastic material damping (the energy dissipated by a ma-
terial within a hysteresis loop without permanent strain offset}, actual
hysteretic damping (associated with a permanent strain offset), and
friction type damping at interfaces between atructural materials (e.g.,
at bolted connections) and between structural and nonstructural elements.

The anelastic material damping depends greatly upon the stress or

strain amplitude (Refs., 170, 171) and although its value can be of signi-
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ficance in the elaastic cycles, once the linear range of material behavior
is exceeded, it i3 small compared to other damping contributions and is
not investigated further in this study. Hysteretic damping at strain
amplitudes beyond the vield level is a matter of shape and size of the
hysteresis loops which can be compared directly between prototype and the
model material. As such, this covers material damping in steel but not
necessarily material damping in materials and composites which exhibit a
nonlinear range between the proportional limit and the designated yield
strength. This range may be a source of significant difference in
damping between the prototype and model materials. It will be necessary,
therefore, to evaluate this damping in model materials, at various stress
levelsa, by means of the damping tests discussed in the next section.

Simulation of friction-type damping 1s a problem which may greatly
affect the response of structures but is not included in this material
study. Actual model tests are necessary to evaluate structural damping
as a whole and to provide answers regarding the adequacy of the
simulation of this type of damping.

4, BStrain Rate Effects: It is well known that high strain rates

will affect the g-z diagram. For structural steel they will cause a
distinet increase in the yield satrength, a negligible increase in the
tensile strength, and a decrease in the ductility of the material. For
concrete, they will cause a significant increase in compressive strength
(fé), a noteworthy increase in injtial stiffness (E), and a decrease in
the strain at fé.

The understanding of such phenomena is of importance for two main
reasons: first, to estimate the dynamic properties of the prototype
material based on the values obtained 1in statle tests, and second, to

account for different strain rates in the prototype and in the model. To
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illustrate the second problem, the empirical formula derived by Nagaraja

{(Ref. 151) for mild steel is presented:

) .0.26
(Uy)d / (Uy)s =1+ 0,762 &

where ¢ represents the strain rate in sec™ .

Since the strain rate in the model test will be scaled by the factor

-

1/tr’ the increase in yield strength due to atrain rate effects for an

ideal model material should follew the rule

d
This expression shows that the use of prototype material is not ideal for

_ +.0.26
(oy) / (Uy)s =1+ 0,762 (tre)
model tests; it will exhibit too large a yield strength, although only by
a small amount except for very high strain rates.

5. Long-Time Effects: In theory, simulation of initial conditions

will require the tracing of all time-history events affecting the proto-
type from the time of construction to the time at which the dynamic event
takes place. These events will include, amongst others, time-dependent
material effects such as c¢reep, shrinkage and increase of compressive
strength of concrete, A study of these phenomena was not part of the
reported research and only a short discussion follows In subsequent
sections.

6. Size Effects: The increase in strength with decreasing size of
specimens has been studied by various researchers for both steel and
concrete materials. Neverthelesa, only fragmentary data can be found in
the literature on size effects of mild steel and even less precise infor-
mation is available on these effects for concrete. In part, the size
effects can be accounted for by carrying out the material studies on ape-
cimens comparable in size to the smallest dimension of model structural
elements. Specifie size effects, such as strain gradient effects and

effects related to fabrication (e.g., weldments), can hardly ever be a-
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volded and deserve attention in the evaluation of model test results. In
particular, a simulation of crack initiation and propagation at weldments
cannot be achieved at reduced scales and should not be attempted in model
tests.

7. Ductility: Sufficient evidence is available to prove that high
strain rates will decrease the ductility of materials. Size effects will
also change the ductility c¢haracteristies. Within structural elements
the changes in ductility characteristics of metal model materials should
be of negligible consequence; however, the fracture characteristics at
connections (in particular at welds) are size dependent (see previous pa-
ragraph) which in turn may affect the inelastic deformation capacity of
model elements. In model elements of reinforced concrete structures the
element ductility will depend not only on the ductility of the component
materials but alsc on the bond characteristics and fabrication details as
is discussed in Chapter 8.

8. Means of Fabricating Elements: Flements of models of steel

structures may be fabricated from model material by means of machining,
casting, extruding, rolling, welding, soldering, or glueing. Possible
changes in material characteristics through any of these processes must
be closely controlled. Suitable fabrication techniques are discussed in

detail in Ref. 58.

5.3 MATERIAL TESTS - EXPERIMENTAL FACILITIES

In order to perform a successful model material study, a specialized
testing system must be developed which consists of suitable tesating faci-
lities, instrumentation and a data acquisition system. The following pa-

ragraphs summarize the experience gained and the observations made during
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this study with regard to the three components of a suitable testing

system.

5.3.1 Testing Equipment

Under this heading such elements as testing machines, support frames
and gripping devices are included. Th; main objectives in the design of
testing equipment are to provide the necessary load application capacity
and control over the applied force and reliable and simple gripping of
the specimen. The desired 6haracteristics of the system will depend

greatly on the type of tests to be performed and also on the geometry and

strength of the specimens.

5.3.1.1 Uniaxial Load Test Facilities

This group includes facilities for monotonic tensile, monotonic com-
pressive and cyclic tests. The tests can be performed either at static
or at dynamic rates.

One of the major problems in this type of tests 1s the relative
stiffness of the testing system compared to the stiffness of the speci-
men, and simultaneously the ability of the system to respond fast enough
to the information provided by the control device (strain, stroke or
force control device). This 1is of particular importance when a rapid
change in specimen stiffness is expected (upper yield in mild steel, com-
pressive strength in concrete) and specimen behavior beyond that point is
of interest. High rate loading places particularly high demands on the
resolution capacities of the testing facilities. To overcome the problem
caused by relatively stiff concrete specimens with a rapid strength loas

at fé, methods of artificial stiffening of the testing system have been
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employed by various researchera (Ref. 126 to 130). Wang, et. al.,
(Ref. 126) used a case hardened steel tube which was compressed
elastically together with the concrete specimen and which prevented a
rapid change in the resistance capacity to the applied load after the
ultimate capacity of the concrete specimen had been reached. This
approach requires a testing machine of load capacity much higher than
that of the specimen tested and is limited to strains below the
proportional limit strain of the steel sleeve.

A solution to the problem of insufficlient stiffness of the testing
machine could be provided by an "ideal" closed-loop system (soft syatem)
which would respond instantaneously to the signal of the controlling
device. These conditions are becoming increasingly attainable with the
increasing sophistication of electronically controlled testing equipment.
It should be stressed that even the simplest material test cannot be
designed without a close correlation with the capacities of the testing

equipment.

In this study, the uniaxial load tests were carried out on an MTS
10,000kG {98kN, 22 kips, model B810.015) closed-loop testing system. The
load in this uniaxial system is applied through the movement of an hyd-
raulic actuator. This movement is controlled electronically either
through an LVDT monitoring displacement of the actuator (stroke control),
a load cell monitoring load applied to the apecimen, or a c¢lip extenso-
meter monitoring average strain (aisplacement between two points) in the
specimen (strain control). Each of the controlling devices is suitable
for different types of tests, Load control is used in cases in which no
sudden change in the stiffness of the specimen ocecurs, thus usually for

elastic tests. Stroke control ecan be used for displacement control tests
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on relatively sof't specimens. This control is unsuitable for relatively
stiff specimens, as the monitored displacements include the deformations
within the testing system (machine frame and actuator displacement, load
cell and gripping device deformation). In those cases and in cases in
which strain control is desired, an extensometer can be used for the
control of the test. i

All the tests on metal specimens were strain controlled, and compre-

ssion tests on microconcrete cylinders were controlled by the extenso-

meter monitoring the change in distance between the plattens.

For simple tension tests of steel specimens, standard MTS hydraulic
tension-compression grips were used for gripping the test specimens since
small preloads and misalignment inherent in the use of this grip proved
to be of no significant influence. However, the problem of testing mate-
rials of lower strength than that of steel, the use of small specimens
necessitated by scaling of length, and the need for ecyeclic testing with
excursions into the compressive range required better alignment than
could be achieved with the standard MTS grips. This problem was solved
through the fabrication of a special "self aligning" Woods metal grip
similar to that developed by Morrow (129). A sketeh of this grip is
presented in Fig. 5.1 and a test specimen embedded in the grip and
mounted on the MTS system is shown in Fig. 5.2.

The gripping procedure was as follows:

1. Thread and lock the specimen into the load cell attached to the MTS
crosshead and into the inner part of the grip.

2. Heat the fusible alloy in the grip by running saturated steam through
the heating-cooling spiral in the outer sleave of the grip. (Fusible

alloys = easily meltable alloys whose eutectic temperatures are below
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the melting temperatures of the alloying constituents; Woods metal
used is the product of alloying 50% of bismuth, 25% of lead, 12.5% of
tin and 12.5% of cadmium with the resulting melting temperature of
about 70°C, and with positive volume change in the cooling process).

3. Lower the crosshead till contact develops between the parts of the
grip.

4. Activate the MTS actuator under load control to produce a minimal
compressive load.

5. Cool the alloy by running cold water through the spiral.

6. Switch the control to the extensometer attached to the specimen.

5.3.1.2 Component Test Facilities

As will be discussed later, component tests are often necessary to
permit a reliable correlation between prototype and model response, and
to aid in an evaluation of the feasibility of specific model materials.

In this study, the pseudo-static and dynamic behavior of components
was studied by means of subassembly tests of the type shown in Fig. 5.3.
These tests were carried out on the MTS testing machine utilizing a
specially designed erector-type rigid test frame which is shown in
Figs. 5.3 and 5.4. The frame was constructed in such a way as to permit
its translation and rotation respect to the MTS machine and to allow the
testing of specimens of different configurations. For the specimen shown
in Fig. 5.3, ball bearing hinges were fabricated to provide low friction
support for the column of the subassembly. Monotonic or cyelic loads ecan
be applied to the tip of the cantilever beam by means of the MTS
actuator. Lateral support of the beam is provided by pairs of teflon

padded vertical rails attached to the test frame at specified locations.
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Figure 5.3 View of Component Test Setup
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Figure 5.4 Test Frame for Component Testing
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A different type of subassembly which was tested in this support frame is

shown later in Fig. B.2.

5.3.1.3 Load History Control

The capability for the reproduction of various load histories is of
basic importance in material test studies. Mills, et. al., (Ref. 58)
discuss wave forms which may be used to control material tests. The
subsequent paragraphs present a summary of the major points of that dis-
cussion.

Three basic functions are commonly used for the test history con-
trol, namely ramp function, triangular wave and sinusoidal wave. Each of
these waves can be used with shifted origin thus resulting in cycles with
positive or negative mean load, displacement or strain. Numerical, com-
puter-generated random histories can be converted to analog form (conti-
nuous voltage output) and used for test control.

As rate of loading is of considerable importance in material testing
for dynamically loaded models, it is necessary to evaluate this parameter
for consistent correlation between the tests. Ramp loading and triangu-
lar wave forms provide constant testing rate throughout the entire time
history. Sinusoidal waves result in a rate varying from a maximum near
the axis of symmetry to zero at the peak of the wave, and thus only a
mean rate can be estimated. Despite this disadvantage, a sinusoidal wave
form proved to be very suitable for cyclic studies. It provides a smooth
change of the direction of the loading and also resembles more closely
the loading history which the specimen undergoes within the structure

during a dynamic motion.

In this study, ramp functions were used for the control of monotonic
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testss and sinusoidal functions were used for the control of cyclie

material and component tests.

5.3.2 Instrumentation

Standard instrumentation for experimental model analysis is
discussed by Mills, et, al., (Ref. 58)., 1In this section, only a brief
review of the instrumentation used in this study is given with the empha-
sis on the instrumentation developed for special measurements in material
and component, tests.

In addition to the previously mentioned instrumentation belonging to
the standard equipment of the MTS testing machine, e.g., linear variable
differential transducers (LVDT) for displacement control, load cells of
various sensitivity depending upon the load applied, and clip extensome-
ters for the measurement of small length changes which permit an
assessment of average strain, the following instruments were used in this
study:

o LVDTs used to meaaure deflections in component tests

o strain gages used to calibrate the instrumentation and to measure

localized strains in flexural metal elements

o mercury gage extensometers used for the measurement of average

atrain in compressed concrete cylinders

0 mercury gage extensometers for the measurement of average curva-

ture in component study of reinforced microconerete cantilever
beams.

The necessity for instrumentation capable of measuring accurately

y

very amall displacements (of the order of 0.005 mm, 2x10°  in.) 1is evi-

dent in material studies. In the studies on model materials and compo-
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nents an additional demand is imposed, namely that the instrumentation be
of a minimal size. Mills, et. al., (Ref. 58), used mercury gages
(Fig. 5.5) for the measurement of panel distortion in the tests of small
scale beam-to-column subassemblages. The gages exhibit a very 1low
resistance (0.3 ohm) and therefore have to be used either with a balan-
eing mercury gage in the opposite arm of the bridge or with precision
resistors. For standard signal conditioners, the resistance of the gages
is too low and therefore the use of a four arm bridge is recommended,
with the remaining two arms supplied by higher resistance (e.g., 120 ohm)
precision resistors. The gages should be used in a pretensioned
condition in order to ensure their linear behavior. Each gage must be
calibrated individually to provide the calibration constant. For
instance, for 20 mm (0.75 in) long mercury gages and the signal conditio-
ner set at 1 mV/V, the calibration constant was 1.2 to 1.5 V/mm. The ca-
libration was done using an MTS testing machine with an extensometer used

for the control of the displacement.

The measurement of strains in compressed concrete cylinders presents
a major difficulty. Glued-on strain gages provide only localized infor-
mation whiech may become meaningless if a crack develops under the gage.
In addition, this method is inefficient in studies in which a large num-
ber of specimens is to be tested, due to the high cost and large amount
of preparatory work involved. In this study, four clip gages were used
to measure the average strain over a gage length of 50 mm (2 in.) at 90°
intervals around the specimen. The gages (Fig. 5.6) were developed 1in
the laboratory, with mercury gages used to monitor the change in the gage
length.

The mercury gages proved also to be very useful for the measurement
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Figure 5.5 Silastic Mercury Gage (Ref. 58)

Figure 5.6 View of Setup for Microconcrete Compression Test
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of relative displacements between two points in a structural element.
For instance, in the study of reinforced concrete components the measure-
ment of the rotation of a specific cross-section of the beam with respect
to the column face was necessary. This was done by measuring the change
in distance between the column face and a frame attached to the beam at
the cross-section in question (Fig. 8.5). The measurements were done

using mercury gages.

5.3.3 Data Acquisition and Reduction System

All the aforementioned instrumentation is of electronic nature and
the measurements are obtained in terms of voltage, thus allowing a conti-
nuous record of the data. Although graphical recording is of importance
primarily for an immediate test evaluation, digital registration of the
data is needed for final data reduction. A properly designed data acqui-
sittion system permits a rapid and continuous recording of data from a
large number of channels (instruments) simultaneously. Once the data is
recorded, its reduction in terms of numerical analysis can be performed.
The data acquisition system used in this study allows a recording of data
from up to 32 channels at the rate of 42000 data points/second. An
extensive data reduction package is available in the computer library of
the laboratory. Figs. 5.7 and 5.8 present schematically the experimental
facilities and data reduction package available at Stanford. A detailed
description of the data acquisition and reduction system 1is presented in

Ref. 58.
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5.4 Testing Program

The testing program carried out in this study included the following
tests for prototype and model materials:

1. Low Strain Rate Monotonic Tests: Standard ASTM tension tests

were carried out on steel prototype material and on reduced size speci-
mens (geometrically scaled in proportion to the model length scale lr) of
model materials. In most cases the tests were carried to failure to in-
vestigate similitude at all ranges of deformations. Various sources sug-
gest different strain rates as being representative for a static loading
test. Since a perfectly isothermal test (Ref. 173) is not within the
range of engineering investigations, a low yet feasible strain rate of
2x10"ulsec. has been selected as a static strain rate. Compression
tests on steel specimens were also performed to provide a comparison for
the compressive branch of the skeleton curve obtained from cyclic 1load
tests.

In the material study of model concretes, compression tests were
carried out on 50x100 mm (2xl4 in.) mieroconcrete cylinders to investigate
the strength of microconcretes obtained from various mix proportions and

cured for various lengths of time.

2. High Strain Rate Monotonic Tests: This series of tests with va-

rious strain rates was carried out to supplement the data on strain rate
effects available in the literature for steel and microconcrete and to
investigate strain rate effects in phosphor bronze and its adequacy in
satisfying Eq. (5-1). The tests were carried out with constant average
strain rates over the mid-section of the metal specimens (extensometer
attached to the specimen), and over the entire height of the

microconcrete cylinders (extensometer controlling the distance between
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the plattens). Ramp functions were used for the control aignal of the
extensometer.

3. Cyclic Load Tests: Low strain rate cyelic load tests were

carried out on metal specimens with a gage length equal to twice the
section diameter. These stocky specimens were required to prevent
buckling in the strain range of interest. The selected load histories
consisted of symmetric cycles with increasing strain amplitude 4 Aas
shown in Fig. 5.9. The three selected loading histories permit an
evaluation of strain hardening or strain softening tendencies, a
comparison of shape-similarity and area of hyateresis loops and an
assessment of the stability of hysteresis loops of equal strain
amplitudes (see loading history #3). The tests were carried out under
strain control with sinusoidal input wave. Cyclie loading tests with
random loading histories and high strain rates would be desirable but

were not within the scope of this study.
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Figure 5.9 Cyclic Load Histories Used in Metal Specimen Tests

4, Material Damping: The anelastic material damping can be evalua-

ted at various stress levels from free vibration tests in torsion or ben-

ding by means of standard laboratory equipment. This was done for the
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metal materials studied. The actual hysteresis damping in the metal ma-
terials can be deduced from cyclic load tests for 1loops with various
strain amplitudes. An equivalent viscous damping can be calculated from

the expression proposed by Jacobsen (Ref. 174), i.e.,

1 AW
Pea " o v
where ﬂeq = equivalent viscous damping coefficient
AW = dissipated work per cycle
W = work capacity per cycle

There are alternative ways to measure material damping (Refs. 170,
175) which are not pursued further in this project since the knowledge of
damping of the integrated structural system is of more importance that
that of an isolated material segment. Thus, the emphasis in this study
was on measurement of the damping in complete models through free and
forced vibration tests on the shake table, with the damping charac-
teristies extracted from the decay of free vibration or from spectral
analysis of forced vibration records (Ref. 176).

5. Component Tests: It must be emphasized that material tests alone
are not sufficient to permit a reliable correlation between prototype and
model response and an evaluation of the feasibility of specific model
materials. Such important phenomena as size effects, strain gradient
effects, and simulations of local instabilities and stress concentrations
at bolted or welded connections can only be studied through component
test with known quasi-static 1load application. Also, simple component
tests have shown that apparent dissimilarities in material behavior may
often have little effect on the response of structural elements. Conseq-
uently, certain dissimilarities such as the absence of an upper yield

point and of a yield plateau in model materials for steel structures may
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sometimes be acceptable.

The tests described in this chapter are time consuming but, once a
methodology has been developed, they c¢an be carried out in most
well-equipped structural laboratorles. They form an integral part of
every successful dynamic model study, for the purpose of providing the
information necessary to select a suitable model material and to assess

the rellability of the prototype response predicted from model tests.
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CHAPTER 6

MATERIALS FOR MODELS OF STEEL STRUCTURES

6.1 INTRODUCTION

Despite the extensive use of steel in structural design the number
of model studies performed on steel structures is remarkably small com-
pared to the number of model studies performed on reinforced concrete
structures. The reason for the scarcity of model studies on steel struc-
tures may be that larger confidence is placed in mathematical techniques
applied to this type of structures. Structural analysis methods based on
the theory of elasticity are widely accepted in steel design. Local
nonlinearities (connections, local instabilities) can be accounted for by
applying experience gained in innumerous laboratory tests performed on
full scale structural components and subassemblages. This 1is not so in
the case of reinforced concrete structures. Early nonlinearities appe-
aring in the behavior of this composite material always imposed serious
questions on the reliability of standard structural analysis methods.
The complex nature of force transfer within the material and between the
members required extensive study, not only of the components but also of
entire structural systems, and hence perpetuated model studies on

concrete structures.

Under earthquake excitations and other dynamic loading events (blast
loading, extreme wind, impact loading, etec.), energy dissipation through
inelastic deformation may become of primary importance. In these cases,
available mathematical modeling techniques may be inadequate and experi-
mental model analysis may provide much additional information. Harris,

et. al., (Ref. 38), have performed an experimental study on model mate-
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rials for dynamic models of steel prototype structures. In Refs. 31, 85,

86 and 143, case studies on models of steel prototypes are reported.

6.2 Stress-Strain Characteristics of Structural Steel

A one-to-one simulation of the scaled stress-strain diagram is de-
manded by similitude laws (Section U4.5.1) for monotonic as well as cyclie
load application. Therefore, a brief review of the uniaxial stress-
-strain characteristies of structural steel ias presented in the following
paragraphs.

Fig. 6.1 presents a schematic diagram of an engineering stress vs.
strain curve for structural steel (low carbon steel) subjected to monoto-
nic tension till failure. The yielding phenomenon is associated with the
initial yielding of metal at a stress concentration point (upper yield),
and the propagation of plastically deformed metal bands (Luder's bands)
along the lower yield plateau. The initlation and development of the
vield bands depends upon the amount of interstitial atoms preventing the
dislocations (impurity pinning) from a free propagation. Carbon atoms
present in the structural steel crystalline exemplify interstitial atoms.
Under normal testing conditions, the drop in strength from upper to lower
yvield is of the order of 10 to 20% for structural steel. An explanation
of the physical phenomena associated with strain hardening, necking and

rupture is presented, for instance, in Ref. 157.

A typlcal atress-strain diagram for structural steel under cyclic
load application is shown in Fig. 6.2.  Compared to the monotonic stress-
-strain diagram, a description of the cyclic characteristics is complica-
ted considerably by the occurence of eyclic work hardening, Bauschinger

effects, mean stress relaxation and other memory effects. Many empirical

85



Chapter 6 Materials for Models of Steel =STEEEFT

STRAIN,€
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models have been proposed in the literature for a mathematical evaluation
of these phenomena, but none have been applied with great success to
fully random load histories. Under load histories with symmetric strain
amplitudes it can be observed that the peak stresses and hysteresis loops
stabilize after a few ceycles of equal strain amplitude. The line
connecting the peaks of atabilized loops at various strain amplitudes is
often referred to as the cyclic stress-strain curve. This curve and the
shape of the symmétric hysteresis loops are used in this study to

characterize the c¢yelic stress-strain behavior.

An experimental study on the cyclic behavior of structural steel,
which has been recently completed at the Structures Laberatory at Stan-
ford (Ref. 156), provides valuable data for a comparison with the cyelic
behavior of other than steel model materials. The three basic symmetric
strain histories with zero mean strain adopted from Ref, 156 are listed
in Table 6.1. The test with load history #U was added in this study to
establish whether three cycles per amplitude provide information on the

final (stable) hysteresis loops.

Table 6.1

Cyclie Load Histories

Cyclic Load Amplitude Cycles per
History No. First Incremental Amplitude
- EY steel -

1 2 1 1
2 2 1 3
3 4 3 3
y 2 1 12
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6.3 SUITABLE MODEL MATERIALS

6.3.1 Introduction

One of the major difficulties in the modeling of steel structures is
the choice of a satisfactory model material. Ideally (true replica mo-
dels), the material should satisfy the similitude requirement stating
that the specific stiffness scale ratio should be equal to the geomet-
rical secale, i.e, (E/p)r =1, {gee Section Y4,5.1). This rule eliminates
the use of prototype material for true replica models. Due to the
specific nature of the stress-strain diagram of structural steel, 1t is
very difficult to find non-ferrous materials with behavior similar to

that of steel.

A preliminary search for a suiltable model material may be based on
the monotonic stress-strain characteristics but must then be supplemented
with Information on the cyelie stress-strain behavior, Table 6.2, which

is taken from the Material Selector Izsue of Material Engineering, pro-

vides a convenient tabulation of specific stiffnesses of a wide variety
of materials. Besides the required E/p ratio, the material must satisfy
the condition that the yield strength to modulus ratio, GV/E, be the same
as that of the prototype material (uniqueness of strain scaling, see
Section 4.5.1). For A36 structural steel, cy/E is approximately equal to
0.0012. This requirement poses severe problems for thermoplasties
because of their inherently low elastic moduli. Most thermoplastices
studied were found to have much higher yleld strengths compared to their
E values than steel {for example, for polypropylene gy/E = 0.02). Con-
sequently, to make use of these plasties ways would have to be found of

drastically reducing their yield strengths while not affecting the
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Speecific Stiffnesses E/p

E/p. 106in

Material 3 Ratio Material & Ratio
Beryllium. . ..........c0uvues e artetirennenettananatann 857 Beryllium Copper..........oovieiiiianne denereranas &
Silicon Carbid®. .........oevvmenenns T 607 Zirconium and RS AlOYS. ....ovniniiii 58
Boron Camide. .....iueiiieiiiiia et re e 43 Yollow Brasses (Cast).....cvuveiiinvaiiinannns 58
HBuylha . .. e e i Lik Nicked Silvers, . .......c..ccvvinnns 57
Aumna CHamics. . . .....ceiviivinreinsrsatsaarainnes 420 Phenolics, Shock Rasistant............... peerias 56
MIEa, NaUBEL ... ..o iiiiiiianmr e tsiasnnnansanns 337 Silicon Bronzes.,..._............. 5
Mica, Synthetic. ................. B, 281 Red Brass, 85%...... ‘oo ]
Titamium Carbide Cemmat. .. _.....ccovinunnnee weerenmens 48 Mmemlamu.m% . 54
Polyerystalling Glass. ... .....cccivvmncmviiincnsnncnss 219 Lasded Brasses. .. 83
Tmptmﬁtmumc:mdlcum.... Cerresarreanen 192 Gilding, 35%....cvnen st . reeas 53
eeerssesnerarrerietenarerarnns 188 Phosphor Bronzes........... veemrans earesnrarnnanasns 83
Tunmencm.cm reasemeete it anaraeenaesrannn 185 [ Copper........oieiiiiiiiiiiiieei wereerenanians 53
Boron Mitride. ............c.oeveriens e tibareeaanarian 163 Tin and Aluminum BIasses........ccovviiiviinrmicnian, L]
Standard Electrical Coramies. ... o.ovvvveiioanerrn.., 143 Cartridge Brass, 109, ..o vrvnncrneriravninenianenaa, 82
Glass, Alumin0-SHCate. ...ovoovrivverioriranerenaennss 140 Low Brass, B0%5. . ..ouveenienriniancninnes DU 81
Ruthenium. .......... Cerene e aae s ] 13 Leaded Tin Bronzes (cast) 5l
Glass, Fused Silica......... OO P OPURRIEY B ¥ Tellurium Coppar. .................. L
Mica, Glass-Bonded. .............eveneen. USRS 129 Muntz Metah, .. ..o.ieiiiii L
Molybdenum and bts Alloys. . ..... rereaerareaaaenen 127 Yollow Brass............on, et 4
Glass, 9693 Siliea................ rebmeiisebebaaeens 124 COlUMBIBIN. ... . eeeeerrrrennncerstrnrrnsnaraananes 4
Glass, Borgsilicate. .. ................ Certaramarenraneas 123 Leaded Red Brass (cast)................. hrentaaarraas L
L T 120 TR, ..ottt ettt tactannansaantnaneans 45
Cobalt-Base Superalloys. ......... 120 DRI, L e ee e rrsiiaassaasrasannnnaenan 43
Hickel-Base Superalloys. . 1z Hafnium..... DD Fesaenaniantiriarraearan 3
Titaniom and its Alioys.. 1 Melamines. .......oovereeenes e teteeaberaeneiana 42
Glass, S0da Lime. . ..........coevevenmmnnireneninnien.. i Carbon. .. .....iiiiinns 41
High Temperatura Stesls. .. .............. retrraranees m Palladium..........ccovonennn 3
Ulira High Strength Stess . .. .........cooviiviiinnnnn.. 197 UTBAS. . et ir e iiasattarasuaastsoinanananas kK
INQOt IrORS. ..evvnaeenecnanenen vesrrennrireenrneened] 106 Polystytenes, Glass-Filled 3
Carbon Stesis (ca80)...........0iveeeriiennn e 106 Retnforced Plastics, Polyester.. ...........cccovvrnninn.. 3
Wrought 10N, ... ..o i ia it craia e 106 GraPhitE. ... e rer i ra e 31
Pearlitic Malleabla troms. . ..........c.oicvvviienniiinnn. 106 . R 29
Carbon Steels. . ..........c.oviveniinnn Chereraaaenae 06 L T N 29
Mlloy Steels. ......... et et eeer e 168 Phenylene Oxide, 30% Glass-Filled .. ............... 29
NItdINg SIOmis...........oeevvrueeeeerennennnnsnnnn..| 106 | TiR-Lead-Antimony AllOyS............cociienennnnnnn. L]
Stainless Steels (cast). ...oo...... e ——— 106 PIatinUm. ........ovvviriininnninenrieiesennnnnnnnnees 2]
Aluminum 36 HS ANOYS. ... ....cvnerevrrnnennnnnnnnnnd 105§ Didliyl Fithalate ]
Age Hardenabie Stuiniess Siaels.. ........... eerrere 164 | GradeATin.......... 25
Heat Resistant ANOYS (6330 ....eeecvevnnerenannsnnnns. 4 | Thorum......... . 2
Ferritic Stainless SIBeIS. ...........ccevevrvvevnnsnnnes.. 100 | Phenolics, GP...........ooi 2
Martensitic Staintess Stasls. .. emverans e 104 Polyvinyl Formak..............ooovniii 13
tron-Base Superalioys (Cr-Ni-C8). .........ccevnvennnnn.. 3 Modified Polystyrenes............... . 18
Fr80-Cutting SIS ..o iieeenereianiens 102 [ B0 17
Iran-Baye Superailoys (Cr-Ni) 0 Polyestersfeasty.........oiiui i e 16
Magnesium AIloyS. ... ........... 102 Polystyrenes, GP............c.ooiireniininnnnninn, 18
Austonitic Stainless Steals. .. ..... 100 Acryhc;. 1 14
Nodulat 1008 {625t .........cueeeneatennernerennssn. oo | Phenolics cast)...........iiiiiill et 12
Lo T 98 Polyvinyl Butyral. ... ..o 12
Reintorced Piastics, Prenolic. ............. PR 9% | Nvion6h............ 12
Malfeable 1rons (CasD). .......cooveeunnnennn RUT 95 | Etbyl Cellulose, GP., 10
Rhodium. .,............ e SR B TR . L Py T O P L PP IR T RIS P DI TPV PIERPIR 1
Cobait.........vviennnnnenn, et ieteaerieaaate,s 9 P“E"Y'e“e Oxide, SE-100 . R 93
Mickel and Its Alloys................ rreueerarareneein 9 Acrylics, High tmpact.............o..o 9
oI BiOIe, ... .ter e e tre et 9 Acelal. ... e, b
11 YO 91 ABS RESIME. .. ooiinreiaeiaraeirinnrs st eonnreinns ]
Vanadiem................... [ a7 Ethyl Cellulose, High Impaet. ... ... ... ............... 9
Nickel and 1ts Alloys (casty. . .......coiiiiiiiinaiannnn.. 86 Polycathonate 9
Phenoiics, Electfical. .. ............coevveerrenuninnan... 85 NylonB0.................. 3
TUNGSEBN, ¢\ \ovvnvaeeesinenseeie e enee e eeeasiaenens 84 Palyptopylene 6
Glass, Lead Silcate. .. ... v, 82 YL P 6
MONEL . oesteeenteeie e veer et e renen e iare e eans 82 Cellulose Nitrate.. ..o, ]
Low Expansion Nicked Alloys. ... oo vviiiinia .. 81 Lead and Its Alloys........... ... i i, 5
Gray ITONS (BASHF .. ... .. evereviee e eeieinensnnns 77 | CFE Fluorocarbons. ........coooeeiviiiinniiniinn, 5
Columbium AlOYS. .............cieiiiiiiiiinrinnnen.. 74 Polyethylenes, Low DenSity..............oooeeiniin . 1
CUPIO-NICKRIS . ... . e ieeeseee e teaarenaannnenniis 68 TFE Fluorocarbons. . . ....ooomnt i iiiinriesaaaeans 1
Aluminum Bronzes (Cast) . ...o.ooeeer i, 65 Polywinyl Chloride, Nontigid. ......................... 0.07

g o stiffuces, or sulfnese-weight ratics, were cbiained by divid podulus of
habutw valua of & range of typical valuss wes divided by d:);t n‘:lat'::-fn{ln d:n:l. of elasticity in teasion. (pei) by density (Ib/es in.).
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elastic properties. Fig. 6.3 (after Ref. 38) presents the stress-strain
curve for ethyl cellulose {ethyl ether of cellulose), and Fig. 6.4 shows
the oomparison of the idealized stress - strain curve to that of
structural steel. The specific stiffness ratie 13 equal to about 1/63,
the modulus of elastiecity ratio is equal to about 1/160 and the ratio of
yield stresses is equal to about 1/10. The two last ratios indiecate, that
in order to satisfy the ¢true replica model reguirements, the yield
strength of this material would have to be lowered by the factor of 16,
which is impractical, Another possible difficulty with the thermoplas-
tics is their high Poisson's ratios compared to steel and other metals.
Metallic materlials with E/p ratios higher than that of structural steel,
such as lead alloys and copper alloys, on the other hand, can be

heat-treated to develop appropriate oi/E ratios.

In view of the above considerations in the preliminary study, the
effort was concentrated initially on both lead and copper alloys and on
one apecific copper alloy, namely phosphor bronze (CA 510) in the final

study.

For adequate models {see Section 4.5.2) the requirement that

(E/p)r =1, need not be fulfilled. Thus any material that fulfills the
material similitude requirements can be used for such model studies. The
obvious choice is clearly the prototype material, i.e., structural steel.
Suitable copper alloys are often desirable alternatives due to their

smaller stiffness which reduces the welght requirements for artificial

mass simulation.

Whatever the choice of a model material, it must be emphasized that

certain material characteristies cannot be simulated at model scales.
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This holds true particularly for fatigue and fracture properties, whether
the model material is nonferrous or structural steel as in the prototype.
Even in the latter case the size and distribution of initial flaws and
the fracture properties as well as crack propagation rates cannot be

simulated due to size effects.

6.3.2 Structural Steel as a Model Material

Within certain limitations, structural steel is the best suited ma-
terial for models of steel structures with artificial mass simulation or
without simulation of gravity forces. The identical shapes of the
stress-strain diagrams of the médel and prototype materials, and the
ability to closely simulate prototype connections (bolted or welded) are
the major advantages. Nevertheless, the question remains as to the sig-
nificance of the increase in the strength of the model material caused by
the higher strain rates (tr) as compared to prototype material. Thus,
much emphasis is placed in this study on a thorough evaluation of strain
rate effects in structural steel. The importance of size effects is dis-
cussed in a subsequent section. When strain rate and size effects are
quantitatively known for the selected length and time scale, it is reaso-
nably simple to account for specific aspects of these effects by either
modifying the gravity loads and seismic input or, perhaps more appropria-
tely, by suitable heat treatment reducing the yield strength to the
desired value. In this study, A36 structural steel was used for all the
experiments. The modulus of elasticity of the material used in the tests

6

is E = 212.3x103 MPa (30.5x10° psi) and the specific gravity is 7.6930.
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6.3.2.1 Strain Rate Effects

Considerable research has been devoted to the influence of the speed
of testing on the yield stress and the ultimate strength of mild steel.

Manjoine (Ref. 152, 1948) reports a study in which mild steel was
tested in tension at strain rates from 10‘8/333. to 103/sec. The
reported increase in yield stress for this range is 83% and for the range
from 10'5/sec. to 10'1/sec. the increase is 31%. These high values might
have an inherent error due to the inadequate strain rate control.
Manjoine also observed that the yield stress increases with the inerease
in strain rate until the limit when the ultimate stress (which is inde-
pendent of strain rate) is reached without yielding.

Garner (Ref. 153) presents a compilation of data from 9 sources for
yield strength obtained at strain rates varying from 10'u/sec. to
103/sec.

More recently {1966) Nagaraja (Ref. 151) performed a study on atrain
rate effects on the yield strength of structural steel. The empirical

formila derived in this study for rates till 1.ux10'3/sec. is

,0.26
(Oy)d/(cy)s =1 + 0,762 £

4

or, using the yield stress obtained at a strain rate of & = 2x10™ '/sec.

as the normalizing value:

26

-4 = 0.923 + 0.703 &0 (6-1)

oy/(oy)2x10
Pirotin and East (Ref. 189) presented the following relationship for
strain rate effect on the yield strength of stainless steel (after norma-

y

lization for £ = 2x10” /ses.) @

0.2
Oy /(g ) pyqo=4 = 0.920 + 0. 44 & (6-2)

In this study, tensile tests were performed on structural steel at

strain rates from 10”°/sec. to 10" /see. A set of 24 specimens was ma-
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chined out of A36 steel square bar stock and stress relieved at 600°C for
one hour after machining. The central section of the specimens was 45 mm
(1.75 in.) 1long with a diameter of 9.52 mm (0.375 in.) and with smooth
transition from the square ends. The specimens were mounted in the

testing machine with the help of hydraulic grips.

The tests were performed under constant strain rate controlled by a
25 mm (1 in.) gage length MTS extensometer attached to the central por-
tion of the specimen. Ramp function (constant strain rate) was used as
the controlling signal. The tension tests were terminated when the ave-
raged strain reached 3 percent. The measurements made during the test
(load, average strain) were recorded continuously by the computer data
acquisition system (Section 5.3.3).

Fig. 6.5 displays two typical stress-strain diagrams obtained for
low and high strain rates. The high strain rate curve exhibits two
anomalies. First, the lack of sharp transition from upper to lower
yield, and second, the strong stress fluctuation along the lower yield
plateau. Both the phenomena are believed to be independent of real ma-
terial behavior and to be caused by the inability of the testing system

to control such rapid load changes (0.09 sec. till yielding).

All the 1lower yield stress values were normalized with respect to

Y /se0. (300 MPa,

the average value obtained for the strain rate of 2x10~
43.5 ksi). The results of the testing program are summarized in Table
6.3 and the normalized data points with a fitted curve are displayed in
Fig. 6.6. The mathematical representation of this curve is of the

following form :

0y/(0y) o104 = 0.973 + 0.45 ¢ %33 (6-3)
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Figure 6.5 Tensile Stress-Strain Diagrams for Structural Steel Tested at Low and

High Strain Rate

Table 6.3
Summary of Results for Strain Rate Effect

on the Lower Yield Stress of Structural Steel

Strain Rate No. of | Average Lower Coefficient Normalized
Specs. Yield Stress of Variation Yield Stress

1/sec. - MPa ksi 4 --
1x1o‘3 3 300.6 | 43.60 0.5 0.981
1x10'u 1 302.7 43.91 - 0.987
2x10” 3 306.5 | 44.46 0.4 1

=4

2x10_3 y 297.9 43.21 1.2 1.
1x10 3 3 310.8 45,08 1.5 1.043
5x10"2 3 322.5 6.77 1.1 1.082
2x10:1 2 333.0 | 48.30 0.1 1.118
1x10 3 350.3 | 50.81 1.1 1.176
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This curve and curves cbtained by other researchers are plotted in
Fig. 6.7. These curves show that in model studies, in which steel 1is
used as model material, differences in the yield strength between the
prototype and model can reach 3% of the value for 1:15 models with simu-

lated gravity forces (tr =1 “1/2), and up to about 6% for models in

r
which gravity forces are neglected (tr = 1r)' Whether those relatively
small differences in the initial yielding wvalue are acceptable without

adjustments has to be decided separately for each individual case.

T T T 'I TTTF L | T | T I|I| T T ¥ I L \l| T T T l T ﬁ‘rl
] |
12— - —
T e Manjoine k
.................... Nagaraja ) ’
o M Garner i 7
Y this study
Qg L i
>
m -
10~ ———— — = = ——
ST
B PP | |
I
0‘9 ] { ! :J:JUI lcrtl]rnn] : ] ljl_l_l_l_l : s JILIII[

fo® 10* 1073 108 To)
STRAIN RATE ({/5sec)

Figure 6.7 Results from Various Sources on the Strain Rate Effect on the

Lower Yield Stress of Structural Steel

6.3.2.2 Size Effects

Conflicting opinions are expressed in the literature on size effects
of mild steel and other materials. However, there is considerable expe-
rimental evidence of size effects on the yielding of mild steel
(Refs. 154, 155). The effects are explained by the difference in stress
gradients of large and small specimens. Richards recorded and evaluated

statistically size effects in round steel bars subjected to axial tension
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(Ref. 154) and rectangular steel beams subjected to pure bending
(Ref. 155). He concluded that the yield stress can be related to the

volume of the test specimens and can be expressed by the equation

o

y1
g = —I
y v1/m

where V is the volume of the test specimen, U . is the yield stress for a

v
specimen of unit volume, and m is a material constant for the specific
type of test. For the steel used in his investigation (a commercial qua-
1lity killed structural mild steel with a carbon content of 0.18 percent)
Richards found m to be equal to 58 for the tension tests and equal to
11.7 for the bending tests. Thus, it is evident that the size effect in
bending is much more pronounced than in axial tension and may be signifi-
cant for small scale models.

Size effects can be partially accounted for by the use of material

specimens comparable 1in size to the smallest dimension of model struc-

tural element.

6.3.3 Copper Alloys

6.3.3.1 Introduction

Many copper alloys have mechanical properties which render them
quite useful for model studies of steel structures. In addition, these
alloys are readily available in bar and plate stock, can be easily ma-
chined into structural shapes, and permit joining of individual elements
in a manner very similar to steel. However, it must be pointed out that
heat effects from welding affect different alloys in different ways which
make weldability the single most important criterion in the search for a

suitable copper alloy for modeling of welded structures.
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The E/p for most copper alloys is of the order of one half of that
for steel, hence these alloys can be used for 1:2 scale true replica mo-
dels. Probably more important is their application for models with arti-
ficial mass simulation since their elastic stiffness 1s approximately
only half that of steel. Small acale steel models will often require ex-
cesssive amounts of additional mass which may either cause model fabrica-
tion problems or may place excessive demands on the weight and dynamic
force requirements for small shake tables. When copper alloys are used
as a model material, the weight requirements are cut in half and the dy-

nami¢ force requirements are also reduced,

Although general information on mechanical properties of copper
alloys can be found in many material handbooks (134 to 136), detailed
data on stress-strain behavior and other relevant properties discussed in
Section 5.2 were not available, which necessitated a testing program on
several promising alloys. The alloys investigated in the course of this
material study {copper alloys No. 260, 510, 614, and 655, see Table 6.4)
exhibited quite different properties. However, all tested alloys origi-
nally had strength properties which were much t06 high to satisfy the si-
militude condition (oy/E)r = 1. Thus, a trial and error annealing pro-
cess had to be carried out to reduce the nominal yield strength to the

desired value,

'zfsec.) tension tests for

The results of high strain rate (3x10
three of these alloys in the non-annealed condition and for cartridge
brass annealed at 408°C are presented in Fig. 6.8. It is evident that
AMPCO 8 and Everdue 1010 show undesirable stress-strain characteristies
for a simulation of steel while cartridge brass and CA 510 appear to be

well suited for this purpose.
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Table 6.4

Copper Alloys Investigated Preliminarly in this Study

Standard
Commercial Name Designation Chemical Composition Form at Delivery
Cartridge Brass CA 260 70% Cu, 30% Zn 6 mm (1/4 in.)
half-hard plate
Ampco Grade 8 CA 614 91% Cu, T% Al, 6 mm (14 in.)
2% Fe half-hard plate
Everdur 1010 CA 655 97% Cu, 3% Sn 12 mm (1/2 in.)
half-hard rod
Phosphor Bronze CA 510 94,8% Cu, 5% Sn, 12 mm (1/2 in.)
0.2% P half-hard rod

1 - Cartridge Brass Annealed at 408 C, 2 - AMPCO 8

-~ 3 - Copper Alloy 510, & - EVERDUR 1010
kel Strain Rate 3%10-2/sec. MPa
50
300
40
w
w
=
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2
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ol 1 L 4 0
g 202 0.01 0.02 0.03 0.04

STRAIN

Figure 6.8 Stress-Strain Diagrams for Copper Alloys Tested at High

2

Strain Rate (= 2.4x107%/sec.)
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6.3.3.2 Preliminary Study on Cartridge Brass

This allov attracted special attention because of its availability,
reliable chemical composition {(70% copper and 30% zinc with possible
impurities of less than 0.1% lead and iron), and promising mechanical
properties. The material was purchased in the form of half-hard, 1/4 in.
thick plate. The properties of the delivered material were:
E = 1,12x10° MPa (16,300 ksi), oy = 386 MPa (56 ksi), and p = 84 KN/m>
(0.31 lb/ing). Since this alloy was used to model structural steel with
a measured yield strength of (oy)p = 293 MPa (42.5 ksi), it had to be

annealed to = E.(0 ), = 159 MPa (23 ¥si). Guidelines for

y'p
appropriate annealing temperatures were obtained from graphs presented in

Oy)m

Ref'. 177 and 178 which are reproduced for this alloy and for CA 510 in
Fig. 6.9. Also shown in this figure are the yleld strengths obtained in
this study from a series of tension tests on cartridge brass specimens
annealed for one hour at different temperatures. An annealing tempe-
rature of 408°C was found suitable to reduce the vield strength to the
desired value. The test results obtained from low and high strain rate

u/sec. and 3x10_2/sec.) of cartridge brass annealed

tengsion tests (2x10~

at 408°C are shown in Fig., 6.10. The following ohservations can be made

from this figure:

(1) The material exhibits a large linear elastic range, but shows a
gradual decrease of stiffness beyond the proportional limit until it
stabilizes at a strain hardening stiffness of about 2.5 percent of
the elastic stiffness. This transition range between proportiocnal

limit and "yield strength" was observed, to a lesser or larger de-

gree, in all copper alloys investigated.
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(2) The strain hardening stiffness decreased very slowly below 2.5 per-
cent in the strain range of interest. When compared to structural
steel, this strain hardening causes a relatively higher strength
beyond vielding under monotonic loading, promising even higher har-
dening under cyelic loading due to the highly annealed condition of
the materlal.

(3) From the high atrain rate test (curve B) it is evident that the
straln rate effects are comparable to that of steel (see Fig. 6.5).

Thus, is can be concluded that annealed cartridge brass is a material

that reproduces reasonably well the strength and stiffness properties of

structural steel, at least under monotonic loadine. However,
unacceptable material properties developed in the heat-affected 2zones at
welded connections. As can be seen from Fig. 6.9, continuous decrease in
yield strength (grain growth) is associated with high temperature
treatment.. Even though the heat exposure due to welding ia of short
duration, over-annealing in a small region of the base material could not
be prevented. Hence, cartridge brass should not be used for meodels of
welded structures where vyielding in the base material at welds is
expected. Brazing may be an alternative in some cases, however, 1t would
have to be done at temperatures below the desired annealing temperature
which may not permit the attaimnment of sufficient strength, particularly

at connections where high inelastic deformations have to be tolerated.

The problems associated with welding neceasitated the investigation
of copper alloy other than cartridge brass, and phosphor bronze was

chosen for this purpose.
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6.3.4 Phosphor Bronze (CA 510)

This alloy was selected mainly because of its specified excellent
weldability (Ref. 179). CA 510 is very promising since its yield
strength in the fully annealed condition is about 140 MPa (20 ksi)
(see Fig. 6.9) which is in the range of the desired yield strength and,
therefore, over-annealing due to welding should not pose a problem
provided a too long exposure to the high welding heat can be avoided and

thus large crystal growth can be prevented.

6.3.4.1 Stress-Strain Characteristiecs

Due to the content of interstitial atoms of phosphor in the crystal-
line structure, the general stress-strain behavior of phosphor bronze re-
sembles that of structural steel where cool atoms fulfill a similar role,
Not only does phosphor bronze exhibit a straight line behavior in its
pre-yielding range but, as has been observed in several tests, also upper
and lower yield can be identified in the tensile test diagram. Fig. 6.11
displays results of a tensile test of CA 510, annealed for 1 hr. at
520°C, and Fig. 6.12 provides a comparison between the stress-strain
lines for structural steel and annealed phosphor bronze and cartridge
brass. The similarity between the stress-strain diagrams for structural
steel and CA 510 is noteworthy.

The modulus of elasticity of the annealed phosphor bronze is

E = 126.2x103 MPa (18.30x10°

psi). The measured specific gravity is
8.8744, Thus, for the phosphor bronze and structural steel used in this
study, the ratio of specific stiffnesses is (E/p)r = 1:1.92, and the
ratio of elastic stiffnesses is E, = 1:1.67.

All the material tests on phosphor bronze were performed on
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Figure 6.11 Tensile Stress-Straln Diagram for Half-Hard Phosphor Bronze (CAS10) Annealed at

. U
520°C/1 hr. and Tested at Low Strain Rate (£ = 2.4x107 /sec.)
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Figure 6.12 Tenaile Streas-Strain Diagrams for Structural Steel, Annealed Phosphor Bronze

and Annealed Cartridge Braass Normalized with Respect to their Individual Yield
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specimens scaled by lr = 1:2 which approximately matches the E/p ratio of

1:1.92.

6.3.4.2 Annealing Results

Once the moduli of elasticity of the prototype and model materials
are established the scale ratio for the yield stress can be derived from
(cy)

the ratio (dy)r is 1:1.67 resulting in required Iy of 171 MPa (25 ksi).

r = Er' For the CA 510 used in this study to model structural steel,

A series of tensile specimens was annealed covering a range of annealing
temperatures from 500°C to 675°C (930°F to 1250°F), and tested in tension
on the MTS closed-loop system. Results of this study are shown in
Fig. 6.9. An annealing temperature of 520°C (968°F) was chosen as

appropriate for this study.

6.3.4.3 Strain Rate Effects

A study of the strain rate effect on the yield strength of phosphor
bronze was performed to provide information allowing the correlation of
statiec and dynamic test results, and to compare the magnitude of the

effect in prototype and model materials.

A series of 15 annealed tension specimens was tested at strain rates
varying from 1.Hx10'5/see. to 1.Nx10'1/sec. The strain rates chosen for
this study were based on applying a time scale factor tr of 1:d§1to the
rates used in the steel study (see Table 6.3). This factor was based on
the true replica scaling law correlating steel prototype and CA 510 model
materials. The E/p ratio for these two materials is of the order of 1:2,

hence t_ = 1/+2.
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The results of this study are summarized in Table 6.5, Fig., 6.13
displays individual data points normalized with respect to the average

M

value at strain rate 2.8x107 /aseec. and a curve fitted between them. The

equation of this curve is

-4 = 0.971 + 0,20 ; 0-235 (6-4)

(Gy)d,(cy)2.8x10
The obtained stress-strain results do not exhibit a noticeable change in
the initial stiffness of the material, and exhibit only a minor decrease
in the strain hardening atiffness, thus CA 510 behaves in a manner very
similar to structural steel.

In order to provide a comparison between the curves for structural
steel and for CA 510 both the curves are shown in Fig. 6.14. The lower
atrain rate effect exhibited by phosphor bronze will be partially accoun-
ted for by the higher strain rates occurring in the model. This is in
particular true in the gravity neglected medel=s for which tr = lr and not
ﬂi: as for true replica models. Only for large-scale model studies of
high strain rate phenomena {impact) the difference in yield strength may

be significant since the time scale ratio i3 too small to provide a

sufficient "shift" of the phosphor bronze curve to the left on the strain

rate axis.
Table 6.5
Summary of Results for Strain Rate Ef'fect
on the Ylield Stress of Phosphor Bronze
Strain Rate | No. of | Average Yield Coefficient Normalized
Specs. | Stress at 0.002 | of Variation Yield Stresas
1/s8ec. - MPa ksi S -
1.4x1077 u | 158.9 [ 23.08 3.3 0.982
2.8x10_3 5 161.9 { 23.48 1.6 1
6.9x10_1 3 166.2 | 24.10 1.5 1.026
1. Ux10 3 178.2 | 25.85 2.1 1.101
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6.3.4.4 Cyclic Behavior

A series of cyclic tests was performed to provide comparison data
for the simulation of cyelic behavior of structural steel.
The three loading histories used in cyclic tests of structural steel

(see Table 6.1) were implemented using the same strain increments

(

ey,ateel)' It was found that, unlike the case for structural steel,
three 1loops per amplitude did not 1lead to a stabilization of the
hysteresis loops. Therefore, two additional load histories were carried
out, namely load histories No. (2) and No. (3), but with twelve cycles
per amplitude rather than with three. Even with this relatively large
number of cycles the material, strongly softened by the annealing
process, did not reach totally stable hysteresis loops although the peak
stress difference between the last loops was very small. The first and
last loops at various load amplitudes for three different load histories
are presented in Fig. 6.15.

Fig. 6.16 shows cyclic stress-strain diagrams for structural steel
and phosphor bronze for loading history No. 1 (Table 6.1). Both the
diagrams are normalized with respect to the yield stress of the materials

and with ¢ 1+ Which was used to control the strain increments.

y,stee

Comparing the two diagrams in Fig. 6.16 it is evident that the
annealed phosphor bronze work-hardens considerably more than the structu-
ral steel. For strain amplitudes less than or equal to TEy,steel' the
stress-strain hysteresis 1loops are similar in shape and enclosed area,
but for larger strain amplitudes the similitude becomes rather unsatis-
factory. The large and history dependent work-hardening of annealed

phosphor bronze is more evident from Fig. 6.17 which shows skeleton

curves for various deformation histories. For structural steel the
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skeleton curves are similar regardless of the number of cycles per
amplitude, while annealed phosphor bronze exhibits significantly larger

work-hardening for twelve cycles per amplitude than for one cvele.

The diagrams presented in Figs. 6.16 and 6.17 point out the
limitations of the use of annealed phosphor bronze for simulation of the
eyclic behavior of structural steel. Provided that the number of
inelastic deformation cycles is small, satisfactory simulation appears to
be possible. If the response history demands a large number of large
deformation cycles, annealed phosphor bronze as model material may give
misleading information on the energy dissipation capacity of structural
steel due to its superior work-hardening propverties. This simulation
problem is discussed further in Section 8.1 and in Chapter 9 which
present experimental data on pseudo-static component tests and shake

table tests,

6.3.5 Lead and its Alloys

When it is desired to test a small scale replica model of a steel
structure, and artificial mass simulation is not feasible, the choice of
suitable model materials is very limited because of the requirement that

. In a review of available materials (see Table 6.2) only

(E/p)r = lr

lead and 1its alloys showed some promise. These materlals can easily be
formed into structural shapes through casting or extruding but have
certain material characteristics, such as high creep and damping, which

pose difficulties in material simulation.

Chemical lead (99.9% Pb) has an E/p ratio less than one-twentieth

that of steel. However,its stress-strain curve is very nonlinear at low
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stresses, and the material is subjected to large creep deformations and
high damping losses., Consequently, it has not been considered further in

this studies.

6

Antimonial lead (94% Pb, 6% Sb) with E = 2.0x10'0 pa (2.9x10° psi)

and ¥ = 107 kN/m> (0.393 1b/in3) has an E/p of one-fourteenth that of
steel, For the measured modulus, the desired yleld strength to simulate
A36 steel would be 24.8 MPa (3.6 ksi). The tension test on this material
(see Fig. 6.18) showed too low a yield strength, but a suitable hardening
or chemical treatments could be used to 1increase its yield atrength to
the desired level. More research on this material is needed to asses its

feasibility as a model material.

Type metal (82.4% Pb, 5.9% Sn, 11.7% Sb) is a readily available
material with an E/p of approximately one-tenth of that of steel. The

010 Pa (ll.ox106 psi) which would reguire a

measured E-modulus is 2.8x1
yield strength of 34.5 MPa (5.0 ksi) to simulate A36 steel. The stress-
-strain diagram for this material (see Fig. 6.18) shows that the measured
yield strength is somewhat too high, however annealing at 200°¢ 4id
reduce the vyield strength to approximately the desired value. However,
the shape of the stress-strain diagram differs significantly from that of
steel, and it will be extremely difficult to reconcile these differences
to a satisfactory level through chemical treatment or mechanical har-
dening.

Material damping is another problem which must be considered in the
use of type metal as a model material. This aspect was investigated
through damping tests on a torsion pendﬁlum apparatus, These tests have

shown that damping in type metal is highly dependent on frequency, tempe-

rature and stress level, At 20°C it varied from 0.5% for high frequency
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and low stress (cast material) to more than 2% for low frequency and high
stress levels approaching ylelding (rolled material). It was observed
that the damping in rolled type metal was consistently higher than in

cast material by an amount of UD to 90% at different stress levels.

Due to the time dependent behavior of lead alloys and the early non-
linearity in their stress-strain behavior, it was concluded that lead
alloys cannot be recommended as model materials. Their use would
necessitate complicatad chemical or mechanical treatment which renders

them unfeasible for most practical applications.

- MP
ksi 1 - TYPE METAL 2 - ANTIMONIAL LEAD 2
- .
STRAIN RATE A - 2*10-%/sec. B - £*1072/sec, 1-8 0
10.0
1 s0.
W
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o
w —t 40,
5.0
20.
| ]
0.0 . X
0.00 0.002 0.01 0.02 0.03 °
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Figure 6,18 S8tress-Strain Diagrams for Lead Alloys —- Low and High Strain Rates
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CHAPTER 7
MATERIALS FOR MODELS OF REINFORCED

CONCRETE STRUCTURES

7.1 SIMULATION OF CONCRETE

T.1.1 Introduction

Scale models of plain and reinforced concrete structures have gained
acceptance as a tool of structural analysis, as has been shown in many

publications and symposia devoted to this topic, e.g., Refs. 12, 13, 14.

As with other types of structural models, those of concrete struc-
tures can be divided into two fundamental groups : elastic models and ul-

timate strength models.

Elastic Models are constructed to study the overall structural

behaviour and force distribution in the linear elastic regime. The mate-
rials used for elastic model tests must fulfill the basic requirements of
the theory of elasticity, namely linear stress - strain relationship, in-
variant Poisson's ratio, and homogenity. Because of their high workabi-
lity, the most commonly used materials are plasties, both thermosettting
(epoxies, polyesters) and thermoplastic (acryliecs, polivynyl chloride -
PVC). Mirza (Ref. 14) provides a review of this type of models and a

comprehensive list of specific references.

Ultimate Strength Models are constructed to provide not only infor-

mation on the structure in its virgin stage, but also on 1its behaviour
throughout the entire loading history till failure. The necessity of si-

mulation of the behaviour of the prototype material in its entire
117
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strength range significantly 1limits the number of potential model
materials which will satisfactorily reproduce concrete behaviour. Gypsum
plasters, cement wmortarsa, and concrete made with aggregate of limited
size known as microconcrete have been wused with various degrees of
success. Many reports of ISMES (e.g., Refs. 62 to 64 and 71) as well as
Fumagalli in his book (Ref. 3} discuss the use of cement and pumice
mortars in practical model analysis. Burggrabe (Ref. 117) gives a
schematic presentation of the relation between the size of the model and

the choice of the model material (Table 7.1).
Table 7.1

Size of Models and Suitable Model Materials

Governing Scale large >Seale decrease 1n slze Suall Scale
Dimension Hodels - Models
Mini bi| i '
of the Modal d = 30 mm d= 20 m d= 10 mn d=5m
ConGrete, >.r . Mic{c;con’crete
MaximumhAggregate: Maximum Aggrleg’ace: ¢
larger NN ’1 s/ smaller ypsum
& mm 37—
Model Material | | [T Y R
[Sand. [ N ] Gypsum with
Pumice Concrete Mictocloimret\é Y. - Additives -
L1 Lul ™

The minimum dimension of the model is by no means the only criterion
in the decision on the model material, and such factors as the character
of failure of the material (more brittle in mortar mixtures), creep for

tests with sustained loadings, etc., can be of decisive importance.

Although gypsum has bheen used successfully for elastic model analy-
sis because of its high workability, low Poisson's ratio and straight
stress - strain relationship, its applicability to wultimate strength
studies is limited. The reason is that the nonlinear stress - strain
region exists in wet gypsum only, and the strength of wet gypsum is lower
than that demanded for concrete modeling. Gypsum also possesses exces-
sive tenszile strength and low bond to the reinforcement in the case of

reinforced gypsum models (Refs. 16,18,107).
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Successful studies on gypsum-sand mixtures have been reported by

White and Sabnis (Refs. 120,121), and by Zelman et. al. (Ref. 111).

Pumice mortars provide the often welcome low E modulus (Ref. 17) but
the insufficient bond to the reinforcement causes considerable problems

in small scale models (Ref. 107).

Microconcrete, made mainly of the same materials and with the same
design philosophy as in the prototype concrete, has gained the widest

acceptance of all the aforementioned model materials.

In the subsequent sections attention will be focused mainly on this

material.

T.1.2 Design of Microconcrete Mixes

Several approaches to the design of microconcrete mixes have been
developed, and their applicability depends on similitude requirements for
the particular study, the model construction technique and other model
design considerations. With the increase in the understanding of the
properties of microconcrete and of their control, and with the develop-
ment of new methods of quality control and evaluation of properties, the
final goal, namely satisfactory fulfillment of similitude requirements,

can be attempted more successfully than ever.

7.1.2.1 Basic Requirements Imposed on Microconcrete as Model Material

Modeling of plain, reinforced and prestressed concrete structures is
subjected to the general laws of similitude which are presented in Chap-

ter 4. In Refs. 15, 36, and 117 these laws are presented with particular
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stress on modeling of concrete.

Similitude laws for uniaxial stress - strain relationship require
affinity of the derivatives of stress with respeet to strain, and of
strain with respect to time (Chapt. 4). These criteria are subjected to
modification according to the significance of a given material property

to the studied problem.

The first goal in the most basic mix design is to achieve a pres-
cribed compressive strength (fé) at a given age of the concrete. Full
affinity of the stress - strain relationship for compressive tests is re-~
quired next. Basic similitude laws for model materials demand that
strains in the model be the same as in the prototype. It has been
suggested (see Section 4.5.3) that ¢this requirement could be relaxed
(Cr £ 1) using appropriate modification factors.

Whenever tensile strength of concrete is of basic importance in the
ultimate behaviour of the structure, the ratio of compressive over
tensile strength should be equal in model and prototype.

The initial stiffness of a structure is strongly influenced by the
elastic modulus of the material (E), demanding a proper simulation of
this property. This would be achieved with full fc ~ € line simulation.

Studies concerned with shear transfer in the post-cracking stage de-
mand a closer look at the aggregate interlock mechanism which at this
time is not understeood fully even in the prototype domain. Since this
mechanism depends on surface roughness and crack width, significant simu-
lation problems have to be expected.

For structures for which long-time events are of significant impor-
tance, additional requirements are to be taken into account. This is

true in particular when the prototype initial conditions need to be simu-
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lated. In theory, simulation of initial conditions will require the tra-
cing of all time history events affecting the prototype, from the time of
construction to the time at which the dynamic event takes place. These
events will include, amongst others, construction sequence, curing me-
thods, time dependent material effects (creep, shrinkage, increase in
compressive strength of concrete), as well as damage accumulation due to
previous events.

Modeling of combined c¢reep and shrinkage effects is a virtually im-
possible task because of incompatibilities in time scaling. Simulation
of creep requires equal time in model and prototype (tr= 1) while simula-
tion of shrinkage requires large time scaling. Creep and shrinkage de-
pend strongly also on the size and grading of the aggregates which are
not reproduced at model scales. Considering these problems it is usually
a futile exercise to attempt modeling of creep and shrinkage phenomena,
particularly since they often have a reasonably small influence on the
ultimate strength behavior under cyclic loading. It appears to be more
appropriate to control the initial conditions in the model experiment by
minimizing shrinkage and creep through sealing of the model structure
(for instance, by applying coats of shellac) and avoiding long-time

preloading prior to the dynamic test.

It is to be expected that, with the increasing understanding of con-
stitutive relations for multi-axial strength of prototype concrete, an
increasing effort will be made to accomodate this knowledge in microcon-

crete design and testing whenever justified.

T.1.2.2 Levels in the Simulation of Concrete Properties

Simulation of the properties of a heterogenous material such as con=-
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crete presents a particular difficulty due to the complexity of the in-
fluence factors. Studies of such a material can be performed at diffe-~
rent levels:

a) atomic and molecular

b} inter-structural

¢) macroscopic or phenomenclogical

It is seldom given to the designer to influence the atomar structure
of microconcrete, except for the use of a specific cement type, aggregate
and chemical additives, all of which influence the chemical reactions
occurring in the gel formation and the gel-aggregate force development.
Considering the complexity of hydration and hardening processes, it is
not to be expected that intervention by the mix designer at the atomic
and molecular level will be feasible.

Scaling of concrete properties at the inter-structural level would
require not only the appropriate scaling of the aggregate size but also.
scaling of the pore sizes in the gel, and void sizes in the aggregate.
Although the last requirement might be partly satisfied by the nature of
small aggregates, the gel pore size can be only slightly influenced by
the use of finer cements (i.e. Type III).

Gradeline design for the model aggregate based on length scale re-
quirements is fleasible only as far as the large aggregate size is con-
cerned (Refs. 18, 39). Shifting of the entire sieve line according to
the length scale of the model requires adjustments, as the lower limit of
the aggregate size usually has to be inecreased from that dictated by
similitude. It is customary (Refs. 13, 114) to 1limit the amount of
aggregate passing U.3. No.100 sieve (0.15 mm) to less than 10%. Due to
the high aspecific area of finer aggregate, the amount of water (A/W

ratio) necessary to achieve desired workability increases rapidly with
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the decrease of the average aggregate size, thus increasing the amount of
cement (C/A) necessary to achieve the required compressive strength which

in turn results in a too high tensile strength of the concrete.

The above speculations show that a phenomenological approach to the
mix design, supported by the knowledge of the effects of inter-structural
changes, might be the most appropriate, if not the only realistic one.
In the design of prototype concrete one of the objectives is to find a
grading which would result, for available aggregates, in the best worka-
bility at the lowest water content. This can be achieved, within limits,
by minimizing the specific surface area. It has been found that, provi-
ded the specific surface area of the aggregate (coarse + fine) is kept
constant, a wide difference in grading will not affect the workability
appreciably, and this provides a means of designing a gap grading
(Ref. 143). Abram's law (Ref. 144) suggests that, provided the concrete
is fully compacted, the compressive strength is not affected considerably
by the aggregate shape, surface texture and the aggregate grading. The
above information does not imply that concrete properties are totally
insensitive to aggregate grading, but that an extensive effort in the
simulation of the grading curve of prototype mix might not be justified.
On the other hand, for simulation of the conecrete - reinforcement stress
transformation zone, inter-structural similarity at this zone is
important. This is shown by the schematic stress transfer diagram of

Fig. 7.1 (from Ref. 119).

Line I - I represents the tensile crack, line II - II represents the
shear crack, and line III - III either bond or compression failure. The
development of crack 1line II-II and in particular crack line III - III

depends strongly upon the structure of the aggregate matrix. Ferthermore
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the bond failure III-III depends strongly upon the ratio of the size of

reinforcement ribs to the size of the surrounding aggregate.

Figure 7.1 3Stress Transfer in Reinforced Concrete (Ref. 119)

7.1.2.3 Control of Properties through Mix Proportioning

and Use of Additives

Several attempts have been made to present definite guidelines for a
mix with desired final strength properties (i.e., Refs. 14, 114). It has
to be expected that, due to differences in the properties of the cement
used, in the water absorption of the aggregate, in the compaction
techniques and other mix design details, the properties of the final
product may be quite different from the one predicted from the guidelines
(Ref. U43). Nevertheless, these general guidelines can be very useful in
the initial wmix proportioning. Figure 7.2 presents sieve lines used by
various investigators, and Table 7.2 1lists mix proportions and the

compressive strength of the conerete resulting from their application.

In this study the strength of microconcrete of a wide range of
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Figure 7.2 Sieve Lines Used by Various Researchers
Table 7.2
Microconcrete Mixes Used in Various Studies
T
Age £2 Age £
C:A:NW Reference CsAT W T Reference
days | MPa ksi days | MPa kai
1:4.0 :0.83 - |17 2.5| Mirza 1:5.0 :0.80 7119 2.8| wnite
1:3.75:0.72 | -- | 21 3.0 | (Ref. 2) 1w | 24 3.5 | (Ref. u3)
1:3.25:0.60 -- | 28 4.0 28 | 29 4.2
1:2,75:0.55 | - [3¢ |s5.0] || eoemmoe I ____4
1:2.50:0.50 - |1 6.0 1:3.5 :0.60 7132 4.6
1:2.25:0.40 -- | u8 7.0 14 36 5.2
1:3.75:0.72 | 14 |38 | 5.5] Gran, 1:3.0 :0.60 | 7 136 | 5.2]
1:3.25:0.60 39 5.7 | Bruce 1 |y 5.9
1:2.75:0.55 43 6.1 (Ref. 23) 28 | u7 6.8
1:2.50:0,50 51 7.4
1:5.40:1.20 -~ |15 2.2 | Fuss 1:4.4 :0.8 6 5. Harri
1321000 | — |20 [ 239 (rer. 22 [|1i3% o7 | 2 |42 | &f o
1:3.40:0.83 | -~ |28 | 4.1 1:3.6 :0.5 63 |55 | 8.0] (Ref. 30)
1:2-58:0-70 - 36 5.2 1:2.4 :0.5 63 61 8.9
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aggregate to cement to water (A:C:W) ratios was investigated. This was
done for two reasons, First, to evaluvate the properties of microconcrete
of different mix proportions, and second, to supplement the existing data

on strain rate effects on the compressive strength of microconcrete.

All the material studies on mieroconcrete properties were performed
on 50 x 100 mm (2 x 4 in.) eylinders, using Type 3 (High Early Strength)

cement. .

The maximum aggregate size (MAS) was established to be passing ASTM
gieve #8 (2.4 mm), and the grading line for the aggregate was to match

closely the grading line recommended by White in Ref. 25 (Fig. 7.3}).

ASTM Alfernalive Sieve Designalion ASTM Alternative Sieve Designation

4 g _ 20 50 100 4 {0 20 50 00
RTH | 100 S 0 I I O O I O O
Lapls LustrefF2 o
Lapis Lustrettd |
Lopls Lustred 30

Recommended Grade|
Line

100

v Aggregote Mix Used
O4LL2 0o3LL3
a3i.LIo

«0P> 0O

®  Recommended Grade -
Line

Percentage Fassing
Percentoge Passing

50 . 50 -
L I .
ob Ll 1 1 TN olL_L_1 110l -
5 t 05 o4 5 t o5 of
Sieve Apertures (mm) Sieve Aperfures (mm)
{a) Individual Sands {b) Final Grading Line

Figure 7.3 Sieve Line of Aggregate Used in This Study

Locally available (Lone Star, Monterey, California) sea sand (Lapis
Lustre) was usgd as aggregate. The thoroughly washed sand is sold in
sacks in narrow gradation ranges. Lapis Lustre #3 (MAS below 2.4 mm), #2
(MAS below 1.7 mm}, and #30 (MAS below 0.84 mm) with individual grade
lines as shown in Fig. 7.3a were mixed in proportions 0.4:03:03 to obtain

a grade line as shown in Fig. 7.3b.
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The mixing of the microconcrete was done manually by first combining
the weighed aggregate and cement and then gradually adding of water. The
mix was placed in the oiled steel cylinder molds in two layers, each of
them compacted by 20 strokes of 12 mm (0.5 in.) rod. After smoothing of
the upper surface of the concrete the molds were covered to prevent
moisture loss and left undisturbed for 24 hours. Subsequently, the molds
were stripped and the specimens were transfered to the fog room (95% RH
at about 20°C).

At the age of approximately two weeks, the specimens were capped and
then returned to the fog room. The capping was done using a melted sul-
phur capping compound and a precision jig (Fig. 7.4).

One day before testing, the specimens were submerged in lime-satu-
rated water, and kept in this solution until about 45 minutes before the
beginning of the actual test. This time span was needed for mounting of

the specimen in the testing machine and attaching of the instrumentation.

The testing was performed on a closed-loop MTS testing machine,
utilizing control of displacement rate. Because of the importance of the
strain built-up in the testing system, displacement rates were controlled
through an extensometer monitoring the distance between the plattens,

rather then using conventional stroke control.

Average strains were obtained from displacement measurements at the
central 50 mm (2 in.) of the specimen. The measurements were done with
four clip extensometers attached at 90 degree angles to the specimen
(Fig. 7.5). The four obtained strain-time records were averaged and the
average was combined with the stress-time record resulting in one
stress - average strain plot. The results obtained in this study are

summarized in Table 7.3, Figs. 7.6 and T7.7.
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Il

Figure T.4 Capping Jig

Figure 7.5 Compression Specimen with Attached Extensometers
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Figure 7.7 Average Stress-Strain Curves for Three Specimens Tested at the Same Speed
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Figure 7.6 shows four individual stress-strain records which, when
averaged, give the stress-average strain relationship for one test speci-
men (shown in dashed line in the figure). Figure 7.7 shows three stress-
average strain curves for four individual specimens, the average stress-
-strain line derived from those curves (dashed line), and a stress-strain
line based on the theoretical equation presented by Popovies in Ref. 188,
The equation was developed for prototype concrete, and the stress-strain

line is based on the compressive strength fé of the concrete.

All the tests summarized in Table 7.3, Figs. 7.6 and 7.7 were

5

performed with an average strain rate of 6.3x107 " /sec.

Fulfillment of the requirement of simultaneous similitude of fé and
f{ presents a much higher degree of difficulty (Refs. 14,18,39,114,118).
As was discussed previously, the finer the aggregate used (smaller
maximum aggregate size), the lower is the A/W ratio necessary to provide
the desired workability. Low A/W ratios result in low A/C ratios (to
retain the W/C ratio needed for desired fé). thus producing a mix with a
sometimes much higher tensile/compressive strength ratio than in proto-
type concrete. Thus, it often may be necessary to reduce the tensile
strength of microconcrete.

The schematic presentation of stress transfer in the composite mate-
rial shown in Fig. 7.1 suggests that by decreasing the adhesion between
the aggregate and the cement gel, the strength along the tensile crack
line I - I will be influenced to a much higher degree than the compres-
sive or direct shear strength. Maisel (Ref. 118) proved this observation
by testing mixes with different aggregate types, namely relatively rough
and porous light aggregate (inflated schist), relatively smooth sands of

various origin, and aggregate coated with water-repellent, hard and
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smooth silicon resin. It is deduced from the results presented that a
change of the aggregate from porous schist to smooth sand caused a 25%
decrease in the f{/fé ratio, a replacement of the porous schist by
silicone resin impregnated schist caused a U44% decrease in that ratio and
a replacement of the porous schist by =silicone resin impregnated sand
caused a 50% decrease of the fé/fé ratio. The above numbers suggest that
smooth and non-porous materials should be uzed in microconcrete mixes,
and when a particularly low fé/fé ratio 1s reguired, the impregnation of
the aggregate with a silicone resin provides a practical solution.

Large size gaps in aggregate grading are also recommended for fé/fé
reduction.

A summary of data presented by various researchers for the relation
between split tensile strength and compressive strength 1is presented in

Fig. 7.8 (from Ref. 29).

Maisel presents in Ref. 118 a table of a wide range of microconcrete
mix design possibilities resulting in various strength properties. To
supplement the data available in American literature, Table A2 (Appendix
A) presents the translation of the summary of this work. The results
presented in the Table are based on eight years (1971 - 1979) of experi-
mental research done at the Institute for Model Mechanics at the Univer-
sity of Stuttgart, W. Germany. The characteristics of each test series
are given through a code system {Table A1) informing the reader of the
test conditions, mix proportions, aggregate type, aggregate treatment,
type of cement and additives used. The table is arranged in such a way
as to allow the entry with a specifie fé and fé/fé in order to find an

appropriate mix. Fig. A1 presents the sieve lines of various aggregates

used in that study.
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As was mentioned previously, this type of a table may be used as a
guideline, and the agreement between the results will depend upon the
similarity between the materials and the technique used in the study on

which the table is based and those used in the current study.

07 .
o A
¥ / 10

2 os -
T >.. ,8° ) / LEGEND
5 05 0 /1
= A Lo : & f MICROCONCRETE
& /a i 1 / EES ® THIS STUDY
K 04 o X e = JOHNSON
asa | ©8 & MIRZA

| A a [y/ v HARRIS, et al
a 0.3 y—vy— : g
¢ +3 A % PROTOTYPE CONCRETE
._l-l:l “ x a EFSEN ,GLARBO

0.2 £ o ARKAZANA
5 }}Zf/ x ZELGER

+ GRIEB, WERNER

@ 0 %Z : o BROOMS

| 2 3 4 5 6 7 8
COMPRESSIVE STRENGTH (ksi)

Figure 7.8 Split Tensile Strength vs. Compressive Strength from Various Studies (Ref. 29)

T.1.3 Scale Effects in Microconcrete

7.1.3.1 Size Effects

In general, size effect may be defined as a change in a characteris-

tic material property of a specimen due to the change of its size.

Although there are a number of recognized sources of size effects in
concrete, there is no general theory which includes them all. The theory
of the failure of brittle materials through a propagation of cracks

initiated at flaws explains size effects by assigning a constant flaw

133



Chapter 7 Materials for Meodels of R/C Structures

to differential curing effect. The influence of the specific area of the
aggregate on the magnitude of size effects was also studied by using mi-
xes with different aggregate size. There was no noticeable difference in

size effects observed between the finer and the coarser aggregate mixes.
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Compressive Strength (Ref., 118) Specimens Volume (Ref. 39)

In Ref. 18, Harris, Sabnis and White present a comparison between
the size effect in prototype conerete and in microeconcrete (Fig. T.11).
Although the trend of strength decrease with the increase of specimen
size is evident for both the materials, it is much stronger for microcon-
crete as can be seen from curve A (prototype concrete) and the shifted

curve M {microconcrete).

In a previcusly mentioned study (Ref. 39}, third-point loaded beams
of span to depth to width ratio of 12:2:1 were tested to study the size
ef'fects on the tensile strength in flexure. The results of these tests,
summarized in Fig. T.12 indicate that the flexural tensile strength 1is
rather sensitive to specimen size, and is most sensitive to the change in

the volume of the specimen.

In Ref. 21, Mirza presents results of a series of split cylinder

tests using specimens of different dimensions but of otherwise identiecal
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density per unit volume (volume effect). It cannot account for the
influence of the specimen curing and testing conditions on the extent of
the size effects. Other commonly quoted sources of size effects in
microconcrete are differential drying throughout the volume of a specimen
as a function of the distance from the surface, faster curing of smaller
specimens (both effects often are referred to as the differential curing
effects), increase of quality control with decreasing specimen size and

changes in strain gradient in flexural tests.

Sabnis and Mirza present in Ref. 123 a review of the state-of-the-
-art on the question of size effects in microconcrete. The paper also

includes an extensive list of literature concerned with this problem.

Selected results of important research in this area are discussed

below.

In 1963 Harris et. al. (Ref. 39) presented the results of an exten-
sive study on size effects in microconcrete. Compression cylinders of
height to diameter ratio of 1:2 were used to study the influence of spe-
cimen size and curing age on the unconfined compressive strength fé. All
the specimens were compacted manually by rodding and cured in a moist
room (95% RH) until tested. Figure 7.9 shows the results obtained for
two mixes with different aggregate sizes and for varying specimen sizes.
For both mixes the smaller samples had a higher compressive strength and
reached almost full strength in a shorter time than the larger ones (see
individual points for the 1x2 in. specimens for W:C:A mix of 0.7:1:3.6
and along the 1/4x1/2 in. curve for 0.725:1:3.6 mix). The observed flat-
tening of fé vs. volume of stressed concrete curves (Fig. 7.10), for all

the concrete ages, indicates that part of the observed size effect is due

135



Compressive Strength,

Chapter T Materials for Models of R/C Structures

M TS | A " 2

1.30 L =
*
} Hicro~concretes, Cornell
&
1,20} [
c + Micro-concretes,MIT
D *
1,10

Mean of cucves B and C

1.00 } +
0.90}
0.80 1
0.70 , ——— . R — . —
0.1 1.0 2 3 4 5 678910 20 10 40
Diameter of Cylinder (L/D = 2,0}, in,

Figure 7.11 Size Effects on Compressive Strength of Prototype Concrete

and Microconcrete {Ref. 18}

850

TOO

600 -

300y Fy
900 -

BCO | Ny

T0Q

EXTREME TENSILE STRESS, PS

aco

700

M
&00 o, VS YOLUME

200 t 1 '

Figure 7.12 Variation of Flexural Tensile Strength with the Size of Specimen (Ref. 21)

136



properties. The mean strength and the standard deviation were found to

decrease with an increase in size.

Based on current knowledge of the size effects in mierocconcrete, it
is generally agreed that, to overcome partially the factor of uncertainty
introduced into the results of small scale model test by the size effect,
the design of the c¢oncrete mix should be based on material tests
performed on specimens compatible in size with the smallest dimension of
a structural element in the model. This will compensate for many of the
aformentioned size effects but cannot account for strain gradient effects
which may be encountered for instance in model studies of flexural

response,

T.7.3.2 Strain Rate Effects

Many researchers have reported on quantitative evaluations of the
effects of the rate of loading on the strength properties of both proto-
type concrete (Refs. 135 to 138 and 140 to 142} and microconerete

{Refs. 18, 33, 117, this study).

Jones and Richart (Ref. 141) performed a2 series of tests on
prototype concrete cylinders at load rates "R" varying between
0.7 kPa/sec, < R<69 MPa/sec. (0.1 psi/sec. to 10 ksi/sec.), arriving at
a relationship between loading rate and ultimate compressive strength of
the form féR/féN = 0.89 x (1+0,08xlog R), where féN is the strength at a

loading rate of 24 kPa/sec. (3% psi/sec.), and fé is the strength at

R
loading rate "R" (in psi/sec.). Approximating the strain rates on the
basis of load rates in the nearly elastic range of the material, the

following change in ultimate strength with the change in strain rate is
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predicted: 0.82 <:fén / féN < 1.17 for 3x10'3/sec.<: é<:3x10'3/sec.

Hatano and Tsutsumi (Ref. 142) performed a series of prototype con-
crete compression tests in which the time till failure was used as a mea-
sure of loading rate. The load was applied according to a time function
of the form (1 - cos at) thus approaching a constant rate of machine head
movement (stroke). The results are summarized in Fig. 7.13. The appro-
ximated strain rates vary from about 3x10_5/sec to ux10°1/sec. Going
from the slowest to the fastest rate, the increase in ultimate strength
is about 43% and the increase in the modulus of elastiecity is about 30%.

Empirical formulas for fé and E of a logarithmie form with respect

secant

to loading velocity (linear dependance) are reported in Ref. 142.

Both of the above studies used direct or indirect control of the

load rate rather than control of the strain rate.

In Ref. 39 Harris et. al. present the results of a study of the
strain rate effect on the unconfined compressive strength of wmicrocon-
erete (Fig. 7.14). The specimens were 50x100 mm (2xY4 in.) cylinders of
microconcrete with an A:C:W ratio of 4.5:7:0.9. The tests were performed
under stroke control, thus the strain rates were not constant (built-up

of strain in the testing system) and can be estimated only approximately.

The curve for ordinary concrete presented in Fig. 7.14 seems to be
somewhat low in comparison with the results of studies reported by
others, thus perhaps overstressing the difference between micro- and

prototype concrete sensitivity to strain rate effects.
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In this study the effects of strain rates on the strength of micro-
concrete were evaluated in a series of unconfined compression tests perw
formed on 50x100 mm (2x4 in.) cylinders. Specimens cast from four micro-
concrete batches (Mixes 3, 6 and 8; see Table 7.3) were used. The
strength of the microconcretes at a "statie" strain rate (2x10'u/sec.)
varied from 28 to 41 MPa (4.1 to 5.9 ksi). Mix proportions, specimen
preparation technique and testing procedure were described in detail in

Section T7.1.2.3.

The matter of maintaining a constant strain rate throughout the test
received considerable attention in this study. For this purpose, the
differences between strain rates deduced from three displacement devices,
namely, clip gages attached to the concrete, an extensometer attached to
the 1loading plattens, and an LVDT used for stroke measurements were
studied. In the latter two cases strains were obtained by dividing the
measured displacement by the specimen height. It was found that

/ = 1.6, and that this ratio remained almost

€plattens £ clip gages

constant for stresses up to fé. The ratio of strain rate assessed from
stroke measurement to ¢ extensometer varies from 15 to 25 depending upon
whether the plattens were placed between the hydraulic grips (additional
"soft"™ element in the testing system) or whether the grips were removed,

and also depending upon the level of stress in the concrete. Thus,

stroke control proved to be unsuitable for the study in question.

In the tests, a constant displacement rate was provided through the
extensometer controlling the distance between the plattens. Since tﬁis
displacement rate was shown to be linearly related to the average strain
measured with the clip gages (by a factor of 1.6), the concrete specimen

itself was subjected to constant strain rate for stresses up to fé, or
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strains up to eé. Once fé was exceeded, the strain energy release in the
relatively soft testing machine could not be controlled through the
extensometer feedback and a sudden increase in strain rate was evident.
Thus, the decreasing branches of the recorded stress-strain curves could
not be relied upon and are omitted in Fig. 7.15 which shows stress-strain
curves obtained for various strain rates and for two mixes of different
ultimate strength. The plots were obtained in the way described in Sec-
tion 7.1.2.3. This figure clearly shows the expected increase in the
ultimate strength (fé) and in the initial stiffness (E), and the decrease
in the strain value at the maximum stress (gé) with the increase in the

strain rates.
The results of the study are summarized in Table 7.4.

The fé - ¢ data points for individual specimens are displayed in
Figs. 7.16 a and b. From the curves fitted between the points the
strength values at £ = 2x10-u/sec. were extracted. These values were
used to normalize the average strength at each testing strain rate for
all four test series (Fig. T7.17). The close correlation of these points
obtained for concretes of different strength is noteworthy. A second
order curve through the data points shown in this figure, derived from a
regression analysis based on least square method, has the following form:

£/ £, = 1.4776 + 0.1815 log &+ 0.0145 (log &)° (7-1)

2x10

Based on the more than one hundred strain rate tests carried out in
this study, this empirical equation, which is independent of fé, is best
suited to describe the change in compressive strength with a change in

strain rate.
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Table 7.4
Results Summary for Strain Rate Effect

on Compresaive Strength of Microconcrete
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Figure 7.18 provides a summary of the results of several studies on
the effect of strain rates on the compressive strength of microconcrete
(Harris, et. al., Ref. 39; this study), and prototype concrete {(Jones and
Richart, Ref. 141; Hatano and Tsutsumi, Ref. 142}, A comparison of the
results obtained by Harris and the results obtained in this study pro-
vides additional confidence that the regression line expressed with Eq.
(7-1) is representative for microconcretes of various origins and
atrength. The strain rate effect on the compressive strength of proto-
type concrete is of similar magnitude as for microconcrete. Quantitative
statements cannot be made due to the fact that data on truly strain rate

controlled tests of prototype concrete was not found.

7.2 SIMULATION OF REINFORCEMENT

T.2.1 Introduction

The modeling of concrete reinforcement has attracted a considerable
amount of attention, and techniques allowing the manipulation of reinfor-
cement strength and ductility have been presented by many researchers.
This section summarizes the most widely accepted methods of fabrication
and control of properties of model reinforcement and discusses the

reinforcement used in this study.

The wide acceptance of microconcrete as modeling material, having
strength properties close to those of the prototype conerete, limits the
choice of model reinforcement to those material with strength similar to
the strength of oprototype reinforcement, thus to steel. In the cases
where the strength of conerete 1is subjected to scaling, materials other
than steel can be considered. Copper alloys provide wire of lower
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E-modulus if so desired. However, caution should be exercised in the use
of these materials as the adhesive forces between concrete and copper

alloys are negligible (Ref. 117).

The subsequent discussion will be devoted to steel wires, due to the

predominant use of this material as model reinforcement.

7.2.2 Fabrication of Model Reinforcement

The concrete - reinforcement bond simulation imposes special re-
quirements on the surface characteristic of the wire used.

Bond stress development may be assured either through adhesive for-
ces or through wire surface deformation achieved either through chemical

treatment or, more commonly and with higher reliability, through mecha-

nical deformation of the wire.

Burggrabe (Ref. 117) presents results obtained with zine-galvanized
wire. He found that the use of zinc plating in the case of chrome rich
cement (0.1% Cr) results in a strong chemical bond between the wire and
the cement. In the case of cement with much lower content of chrome, a
thin film of zincoxide can develop, providing a viscous layer between the

steel and the concrete.

A simple and reliable method of providing and controlling bond
strength is to deform soft steel wire through cold-rolling. The
deformation may be applied by pulling the wire through a set of knurling
wheels (Fig. 7.19). A detailed description of a knurling apparatus can
be found in Refs. 18 and 40. Types of deformations and their effect on

bond simulation are discussed in Section 7.3.
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Figure 7.19 Rnurling Mechanism

After the cold-rolling process the wire tends to assume a curvature
due to built up residual stresses resulting from 1local bending which
later makes the assemblage of the reinforecing cage cumbersome. This pro-
blem can be reduced by using knurling wheels of sufficiently large ra-
dius. Maisel (Ref. 118) reports good success with the use of wheels of
diameter 75 times the diameter of the deformed wire. Heat treatment of
the deformed wire in tight sleaves also has been used successfully to

eliminate curvatures (Ref., 43).

The cold rolling causes work hardening of the steel resulting in
increased yield strength without a well defined yield-point and in signi-
ficantly decreased ductility. The yield strength and, to sSome degree,
the shape of the stress-strain diagram can be controlled through subseg-
uent annealing as shown with the curves of Figs. 7.20 a b and ec.

The annealing temperature at constant annealing time, or annealing
time at constant annealing temperature, necessary to lower the yield

strength of the cold rolled material to a desired value depends upon the
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amount of cold work applied %to the specimen and on the diameter of the
specimen. Thus, a trial annealing by varying temperature or time has to
be performed. Gran and Bruce (Ref. U43) used quenching followed by tempe-
ring of the wire at various temperatures (quenching: heat beyond A3 tem-
perature equal about 91000, cool rapidly to obtain brittle hard marten-
site structure; tempering: heat the specimen to temperature in the range
of 200°C to 360°C and cool slowly to obtain ferrite—~cementite composition
of relatively high strength and high ductility). They report that the
yvield strength manipulated in this way ranges between 410 MPa (59 ksi)

and 620 MPa (90 ksi) depending upon the tempering temperature.

In this study soft steel wire of diameter 2.0 mm (0.08 in; Gauge 14)
was used to simulate the main reinforcement consisting of No. 9 rebars
(28.6 mm). The wire was purchased in a black annealed form in coils of
about 2000 m (6000 ft) length.

The yield strength of the wire as delivered was 255 MPa (37 ksi),
whereas the desired yield strength was above U414 MPa (60 ksi, Grade 60
reinforcement). The increase in strength to 440 MPa (63.7 ksi, Fig.
7.21) was achieved through cold rolling of the wire with a set of knurls,
producing two orthogonal sets of indentations. The ultimate strain of
the deformed wire was between 0.08 and 0.12. The resulting effective
diameter of the wire "d" was 1.98 mm (0.078 in.) with an indentation
depth "w" of about 0.13 mm (0.005 in.), and indentation spacing "a" of
0.74% mm (0.029 in.). The ratios w/d = 0.06 and s/d = 0.37 satisfy the
minimum protrusion height and maximum protrusion spacing specified by
ASTM Standards, Section A615 (Ref. 187). A microscope enlargement of the
deformed wire is shown in Fig. 7.22., Heat treatment of the deformed wire

was omitted since the strength was c¢lose to the desired one. In
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Figure 7.21 Effect of Deformation on Stress-Strain Behavior of Reinforcing Wire Used

in this Study

Figure 7.22 Deformed Wire Gage 14 (d = 2mm; 0.078 in.) ( SEM 44x )
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retrospect, it must be said that quenching and tempering would have been
desirable to improve the strain hardening characteristics of the deformed

wire.

To simulate the shear reinforcement, which consisted of stirrups of
No. 4 bars (12,7 mm), hlack annealed Gauge 20 wire (0.88 mm = 0.035 in.),
available in small coils in hardware stores under the commercial name of
Handi-Wire, was used. The wire, as purchased, has a shiny smooth black
scale on 1its surface, thus promising a very low bond to the conecrete.
Due to the very small diameter of the wire, chemical surface roughening
was chosen rather than mechanical deformation. The following treatment
procedure was employed:
0 immerse the wire for 2 minutes in 10 % HCL sclution to remove the

smooth scale present on its surface,
0 subszequently immerse the wire for U5 seconds in 30% HZSOH solution to
roughen the surface of the wire, and

o wash the wire thoroughly under a stream of tap water.
The procedure resulted in lowering of the strength of the wire by 6% thus
indicating a change in the effective area by that amount. Test of four
treated wires resulted in a coefficient of variation of the ultimate
strength of 0.015, hence the process results in a uniform area decrease.

No noticeable change was observed either in the wire ductility or
its stress-strain characteristics due to the above treatment.

Fig. 7.23 presents microscope enlargements of the wire surface

before and after the treatment.

T.2.3 Size and Strain Rate Effects in Model Reinforcement

Despite extensive studies on the yield and ultimate strength of
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wires subjected to various treatments, little attention has been paid in
the literature to the effect of the wire diameter on its properties.
This is justified as the strength of the wire used in each individual

study is manipulated separately to obtain the desired values.

Very limited information is available on the elastic stiffness of
small wires. Maisel (Ref. 118) observed a modulus of elasticity of about
20% lower for 2 mm wire than could be expected from the base material
properties. A survey of data presented by Harris‘et. al, ({(Ref. 18), and
Staffier and Sozen (Ref. 186) shows also a decrease in the stiffness
value. Maisel suggests that a major portion of this decrease should be
attributed to the initial bends formed along the wire which act as arch

springs.

Strain rate effects in model reinforcement were extensively studied
by Staffier and Sozen (Ref. 146). Results for two sizes of laboratory
deformed and heat treated wires are summarized in Fig. 7.24. The
increase in yield stress at higher strain rates is very similar to that
reported in Section 6.2.1 for structural steel. Comparing Fig. T7.24 with
Fig. T7.17, it can be seen that the strain rate effects are lower for
model reinforcement than for microconcrete.

7.3 BOND SIMULATION

Proper simulation of the force transfer between concrete and the re-
inforcement poses a major problem at model scales. The force transfer
will affeet not cnly the resistance against pull-out but alsc the spacing
between direct tension cracks and the occurence of secondary failure me-
chanisms such as longitudinal splitting along bars close to the surface.
In this section, only those aspects of force transfer will be discussed
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which are concerned with resistance against pull-out as determined from
simple pull-out tests.

The surface preparation of the reinforcement, together with the
embedment length, will determine the bond characteristiecs of the wire.
This 1is 1illustrated in Fig. 7.25, in which results of pull-out tests of

smooth, galvanized, and deformed wire are displayed (from Ref. 118).

Smooth wire can provide only a small amount of bond based mainly on
adhesion between the ateel and the wire.

Zinc-galvanized wire permits the development of relatively high bond
stresses, however, once a maximum bond-stress is reached, a deterioration
of the composite action occurs.

Deformed wire presents the most realistic and reliable solution to
the bond problem. Even then, certain compromises are necessary since a
perfect affinity between the prototype and model bond layer cannct be

achieved in practice.

(a) short indentations -- gel shear action {b)

long indentations -- compressive arch actien
Figure 7.26 Influence of Shape and Spacing of Wire Deformations on Bond Mechanism (Ref. 117)

The shape and spacing of the surface deformation significantly in-

fluences the bond behavior (Fig. 7.26), Burggrabe (Ref. 117) found that,
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using 3 mm diameter wire, the bond strength was 2.8 times higher for 1 mm
wide ribs spaced 1 mm apart than for a threaded rod with the same depth
of thread, and 1.5 times higher for ribs spaced 3 mm apart rather than 1
mm. Harris et. al. (Ref. 18) stressed the major differences between the
surface character of most laboratory deformed wires and of prototype
reinforcement, the first of which usually has a surface with indented
internal valleys, whereas the second has external protrusions. The im-
portance of these differences can be diminished, however, by a proper
spacing and shape of the knurls. Nevertheless, it can be expected that a
better simulation of all characteristics of the force transfer between
reinforcement and concrete will be achieved through protrusions on the
wire rather than indentations. Actual cold-rolling of wires which pro-
duced protrusions of the type shown in Fig. 7.19 was used sucsessfully at

the University of Stuttgart (Ref. 118).

A limited study on the bond characteristics of the model reinfor-
cement used in this study was performed by Bader (Ref. 29). The results
of pull-out tests on wires with different embedment length are shown in
Fig. 7.27. The corresponding ultimate bond stresses are shown in
Fig. 7.28 together with the results obtained by other researchers for
model and prototype reinforcement. The comparison shows satisfactory

bond strength of the reinforcement used.
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CHAPTER 8

MODEL COMPONENT TESTING

8.1 INTRODUCTION

The material studies described in Chapters 6 and 7 provide informa-
tion on the material (metal or concrete) behavior under various load his-
tories. Understanding of the behavior of a complete structure or struc-
tural model requires additional information on the behavior of structural
elements and structural subassemblies. This, in particular, is true for
complicated structural details such as beam-to-column connections in
steel structures or concrete - reinforcement interaction in joints and
members of reinforced concrete structures. Tests of structural compo-
nents also provide a direct calibration of structural component response
to the applied load. Phenomena which c¢an be detected neither at the
material test level nor through a complete dynamic test of the structure
can be studied through component tests. Detection of crack initiation
and study of the subsequent change in strength of the component, post-
-yield component behavior and localized yield effects are examples of

such phenomena.

In this study, tests were performed on reinforced microconcrete,

steel and phosphor bronze cantilever beams.
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8.2 MODELS OF REINFORCED CONCRETE CANTILEVER BEAMS

8.2.1 Introduction

To evaluate the adequacy of material simulation in the case of com-~
posite materials, testing of structural elements is necessary. This, in
particular, is true for reinforced concrete models hecause of the compli-
cated nature of the concrete - reinforcement interaction. It is an un-
fortunate fact that even the tightest material control does not assure
similitude of all possible failure modes. These modes may be affected by
crack and bond similitude, cyclic loading effects, confinement and multi-
axial states of stresses in concrete, stress and strain gradient effects,
fabrication accuracy and many other considerations. Several of these
aspects are not fully understood in prototype structures and even to a

lesser degree in models.

In this study, the simulation of inelastic cycllec response characte-
ristics and cycling rate effects for beam elements were investigated.
For this purpose eighteen 1:1l4.4 scale models of a previously tested can-
tilever beam (Ref. 186) were tested. The first test series (2 beams) was
concérned with the simulation of the prototype response using its proper-
ly scaled load history. The prototype failed in a combined flexure and
shear mode. The second series (12 beams) was tested to study the effects
of different cycling frequencies on the atrength, stiffness and hystere-
sis behavior of beams subjected to high bending moments and small shears.
The third series (Y beams) was concerned with the simulation of failure
modes controlled primarily by shear rather then flexure.

The model beams for the three teat series had identical material and

geometrical properties and differed only in the shear span to depth ratio
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1/d indicated in Part 1 of Table 8.1.

8.2.2 Specimens

To permit a direct comparison of model and prototype response, the
choice of a prototype was limited to an element for which the material
properties and the cyclic response characteristics were well documented.
Beam No. U6 of a study reported in Ref. 186 was chosen for this purpose.
The prototype is shown in Fig. 8.1, and a summary of its geometry and

material properties is presented in the third column of Table 8.1.

The geometric scale ratio of 1r = 1:14.4 was established on the ba-
sis of the diameter of the available main reinforcement wire used in
previous studies performed at Stanford (see Pragraph 7.7.2). Figs. 8.2
and 8.3 show the external dimensions of a model specimen, which consisted
of two beams joining into a column stub, and details of the reinforcement
layout, respectively. The fifth column of Table 8.1 provides a summary
of these data. Figs. 8.4 and 8.5 show assembled cages and casting forms,

respectively.

The model reinforcement cage was made of three types of wire whose
properties are summarized in Table 8.1 :
1) main reinforcement - Gauge 14 black annealed wire, deformed in the la-
boratory by cold-knurling (see Paragraph 7.2)
2) beam and column stirrups - black annealed Gauge 20 and 18 wire was
used for beam and column stirrups, respectively (Handi-Wire, availlable
in hardware stores). The wire was annealed and chemically roughened

after stirrup fabrication.
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Table 8.1

Chapter 8 Model Component

Summary of Prototype and Model Properties

Testing

MODEL
PARAMETERS PROTOTYPE
Prototype Domain Model Domain
geometry
1 mm (in.)
1/ = 6.9 4419 (174.0) 306.9 (12.08)
1/d = 3.1 1981 (78.0) 1981 (78.0) 137.6 (5.42)
1/d = 2,24 1439 (56.6) 99.9 (3.93)
1/d = 2.0 1316 (51.8) 91.4 (3.60)
h mm (in.) 737 (29.0) 731 (28.8) 50.8 (2.00)
b mm (in.) 381 (15.0) 366 (14.4) 25.4 (1.00)
q mm (in.) 641 (25.25) 642 (25.28) u4.6 (1.76)
d mm (in.) 95 (3.75) 89 (3.52) 6.2 (0.24)
A = A} m? (in%) 3871 (6.00) 3835 (5.95)% 19 (0.029)*
main reinforcement #9 bars Gauge 14 knurled
wire
é ms (in.) 28.6 (1.12) 28.5 (1.12) 1.98 (0.078)
fy MPa (ksi) 461.9 (67.0) 813 (59.9)%
. MPa (ksi) 710.2 (103.2) 439 (63.7)%
Py kN (kips) 265.3 (59.6) 263.8 (59.3) 1.27 (0.29)
% kN (kips) 40T.B (102.4) 280.4 (63.0) 1.35 (0.30)
atirrup ties uge 20 chemically
#4 bars roughened wire
P mm (in.) 12.7 (0.5) 12.0 (0.5) I 0.88 (0.033)**
fy MPa (ksi) 413.7 (60.0) 385 (50.00%
£ MPa (ksi) 661.9 (96.0) n13 (59.9)%
Py kN (kips) 52.4 (11.78) 39.3 (8.8) 0.189 (0.042)
P, kN (kips) 83.8 (18.85) 46.4 (10.4) 0.224 (0.050)
s m (in.) 152 (6.00) 114 (4.5) 7.9 (0.31)
2py/8 kN/mm (kips/in.) | 0.689 (3.92T) 0.692 (3.952) 0.048 (0.275)
2Pula kN/mm (kips/in.) | 1.103 (6.283) 0.815 (4.651) 0.057 (0.323)
conorete microconcrete
£ MPa (ksi) 27.5 (3.99) 37.9 (5.50)
£ MPa (ksi) 3.1 (0.45) 4.4 (0.63)
fi/2 x 100 11.3 11.6

diameter after chemical treatment
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Figure

8.5 Casting Forms
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8.2.2.1 Specimen Fabrication

Due to the cold-knurling process, the main reinforcement was assu-
ming a curvature of a radius of about 5 m, which required a special ar-
rangement for the assembly of the reinforcement cage. The wires were
threaded through templets with precisely 1located holes, anchored at one
end, and tensloned to about 1/3 of their yield strength at the other end
by means of turn buckles as shown in Fig. 8.6. The spacing of the wires
was also controlled by intermediate spacers (see Fig. 8.7). Details of
reinforcement cages, with all longitidunal and transverse reinforcement

in place, are shown in the photographs of Fig. 8.8.

The beam stirrups were fabricated in the following steps:

1) spooling the wire tightly on a machined steel bar of a cross section
equal to the internal stirrup dimensions,

2) stress relieving of residual stresses (600°C (1112°F) for 2 hrs.)
built up during the unwinding of the coil of the wire and during the
rewinding around the steel core,

3) sliding the wire off the steel core and cutting it into individual
stirrups while accounting for the hooks still %o be formed, and

4) chemically treating the stirrups to remove the shiny and smooth scale

and to roughen the wire surface (see Paragraph 7.2).

The main beam and c¢olumn reinforcement was threaded through the closed
stirrups except in the joint area, where the column stirrups had to be
opened and recleosed after being positioned.

Since the strength of the stirrup wire was lower than that required
by the scaling of the prototype properties (Table 8.1), the spacing of

the stirrups was altered to provide an equivalent amount of shear rein-
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Figure 8.7 Control of Wire Location in Reinforcement Cage
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Figure 8.8 Details of Reinforcement Cage
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forcement per unit length:

-2
Sp = Bplr(PYm/PYp)lr

where s is the stirrup spacing, 1r the length scale ratio (1:14.4), and
PY the yield force of the stirrup.

The stirrups were spaced at the calculated spacing Sh for a beam
length equal to twice the beam depth and at 23m thereafter to reduce the
fabrication effort. Machined plexiglass combs were used to control the
spacing.

The stirrups were attached to the main reinforcement by tightening
them together with Gauge 24 wire at every third crossing along the main
reinforcement (Figs. 8.7, 8.8). The tightening required some practice in
order not to bend the relatively weak stirrups. Finally, at each such
node a very small amount of adhesive (GR-R-1P, Alpha Cyanocrylate adhe-
sive by GC Electronics) was applied, which resulted in a slip-free con-
nection between the stirrups and main reinforcement, thus providing the
rigidity of the cage necessary for further handling after removal from
assembling table.

In average, it took less than three working days to assemble one

reinforcement cage.

The forms for casting of the specimens were made out of wood covered
with PVC foil to prevent wood warping and adhesion between the forms and
the concrete, and out of aluminum angles of depth equal to the width of
the beam (Figs. 8.2 and 8.5). The beams were cast horizontally as in the
case of the prototype. The cages were positioned in the forms using
spacers and stiff horizontal stainless steel wires passing through the

aluminum angles.
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The microconcrete used for the specimens had a C:A:W ratio of
1:3.5:0.72, with aggregate grading and cement type as reported in Section
7.1.2.3 for mixes used in this study.

All the specimens were cast together using a single bateh of cone-
rete. A total of 35 accompanying 50x100 mm (2x4 in.) e¢ylinders were cast
at the same time.

The mixing was done using a two-speed 0.5 ft.3 (0.003 m3) mechanical
mixer, The procedure used {as recommended in Ref. 18) was as follows:

1. Place the entire quantity of mix water in the bowl of the mixer.

2. Add cement, mix for 30 seconds at slow speed, add aggregate, mix for
30 seconds.

3. Stop mixer for 50 seconds., Scrape any mortar stuck to the sides down
into the batch.

4, Mix for 60 seconds at slow speed.

The concrete was poured into the forms and vibrated into place by tou-

ching the forms with a pneumatic hand vibrator. Once the concrete

reached the upper edge of the beam form, a plexiglass stopper (Fig. 8.1)

was placed in position to prevent the flow of the concrete during the

casting of the higher located portion of the column.

After the casting was completed the forms were covered with PVC foil
to prevent moisture loss, and left undisturbed for 24 hours. Then the
forms were stripped (by dismantling the formwork which was connected by

screws) and the specimens were placed in a fog room (20°C, 95% RH).

To assure equal moisture content in all specimens at the time of
testing, as well as to prevent shrinkage cracking, all specimens were
sealed using clear shellac spray, as it was recommended in Ref. 18. The

coating 1s water proof, tranaparent and highly brittle, thus providing
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the possibility of crack observation during the test. The sealing was
accomplished by removing the test beams and accompanying cylinder
specimens from the fog room after 5 weaks, allowing their surface to dry
for about 40 minutes and then spraying the surface with the first coat of
shellac. Subsequently, two additional coats were applied. The coated
specimens were then stored in a constant temperature room (20°C) till the

day of testing.

8.2.2.2 Test Setup and Instrumentation

The tests were performed using the MTS closed-loop testing machine
with the adjustable testing frame shown in Fig. 5.1,

The test setup and part of the instrumentation are shown in
Figs. 8.9 and in the photos of Fig. 8.10. The cyclic loads were applied
to the column stub by means of the MTS hydraulic actuator. In order to
avoid force redistribution between the two beams of a test specimen, the
column stub was rigidly connected to the hydraulic actuator.

The supports of the beams were provided by linkages c¢consisting of
two spherical rod-end bearings with a load cell mounted between them
(Fig. 8.10). A turn-buckle in each of the two linkages allowed precise
ad justment of the length of the linkages.

The ends of both beams were braced against lateral out-of-plane mo-
vement, The bracing was provided through teflon-lined, rigidly supported
plates (not shown in Fig. 8.9). A very small gap was left between the
teflon and beam faces. Closing of this gap was not observed in any test,

thus out-of-plane bending did not occur.

The instrumentation of the test consisted of the following:

1. LVDT of the hydraulic actuator measuring the column displacement. 1In
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Figure 8.10 Views of Experimental Setup and Instrumentation
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most of the cases the actuator stroke was also used for test control.
In this manner, both beams were subjected to equal displacement
histories but were permitted to undergo different load histories when
unequal strength properties existed in the two beams.

2. Two load cells measuring the force at the end of each beanm
independently. One of the load cells was used for the test control in
the sub-yielding cycles of the high shear tests.

3. Two or three pairs of mercury gauges for the measurement of
displacements at the top and bottom sides of rectangular rigid frames
which were attached to the beam as shown in Figs. 8.9 and 8.10. From
the displacement measurements the rotations and average curvatures
over a predetermined distance were deduced. The use of mercury gauges
18 discussed in Chapter 5. Average curvatures were measured between
the column face and two sections located at 10.5 mm (O0.41 in.) and
30,5 mm (1.20 in,) from the column face.

Signals of all the instruments were recorded in digitized form by a

minicomputer. Several X-Y recorders registering the load-deflection and

load-average curvature measurements were alsoc used in the low frequency
tests to allow visual control of the test. In the high frequency tests,

load~displacement histories were registered on osecilloscope sereens,

All the beams were coated with shellac (see previous section) on
which a grid identifying the location of the main reinforcement and stir-
rups was drawn with a felt pen.

The cracks were observed with the help of a magnifying glass, marked

with a felt pen, and recorded photographically.
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8.2.3 Simulation of Prototype Response (1/d = 3.1)

In order to evaluate the adequacy of a small-scale model of a beam
element subjected to bending and high shear, two beams (one specimen)
were subjected to the properly scaled prototype 1loading  history
(Ref. 186). The loading history of the prototype beam is shown schemati-
cally in Fig. 8.11.

The loading velocity was controlled through a ramp function with the
speed of loading based on the assumption that the time of first loading

to yielding is 100 seconds.

Load-displacement response of the prototype is reproduced from
Ref. 186 and presented in Figs. 8.12 , with the load points corresponding

to the ones marked in Fig. 8.11.

In order to compare these results on a one-to-one bhasis with the re-
sults obtained for the model beams, appropriate scale factors were ap-
plied to the measured model response values. Comparisons of several
load-displacement hysteresis 1loops of the prototype and model response
are presented in Figs. 8.13 and 8.14. Table 8.2 provides a comparison of

tangent stiffnesses in different cycles in the prototype and model beams.

For the cycles below and slightly beyond yielding of the main
reinforcement, the shapes of the hysteresis loops are similar in model
and prototype and an accurate simulation of the prototype response was
achieved with the small-scale model. However, at the first large
amplitude reversal (Point 26) and thereafter, a significant strength
deterioration is evident in the model response which did not occur in the
prototype. This phenomenon must be attributed largely to the lack of

strain hardening in the main reinforcement of the model beam. It is
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Table 8.2 Tangent Stiffneas of Prototype and Model Deams
Prototype Model* Prototype
Cycle | Load -
Point kN/mm | (kipa/in.) KkN/mm { (kips/in.) Mode
2 61.3 (350) 63.9 (364) O.gg
[} 12 29.8 {170) 3.7 (198) g.
T 18 23.5 (134) 23.17 (135) .99

+ Prototype Domain
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believed that, with reinforcement which 1is heat-treated to develop the
necessary strain hardening ability, also the larger amplitude loops could

be sucecesasfully reproduced.

Figure 8.15 presents the load-average curvature (or moment-curvature
after multyplying of the vertical axis by a constant) response of the mo-
del over a length of 438 mm (17.3 in.) (prototype domain). The curvature
record shows a symmetrical behavior corresponding to the symmetrical
displacement history. This indicates that the inelastic tip deflection
is caused primarily by a symmetric pattern of cracks concentrated in the
close viecinity of the column. Figure 8.16 shows the load-curvature
relationship over a length of 152 mm (6 in.) for the prototype.
Superimposed are the peak values of the curvatures measured at the same
location in the model. It can be seen that the peak values differ consi-
derably between model and prototype. The unsymmetric peaks in the proto-
type are attributed to the stralin hardening in the prototype reinfor-
cement which led to a redistribution of stralns which had no counterpart

in the model due to lack of strain hardening.

In retrospect, the importance of simulating the strain hardening
characteristics in model reinforcement cannot be overemphasized. It 1is
well established that the post-ylelding cyclic response characteristics
of flexural elements are largely controlled by the mechanieal properties
of the reinforcement. Strain hardening will permit an increase in the
bending resistance and will also cause a spreading of flexural (and also

shear) cracks into the beam proper.

Figures 8.17 a and B.17 b present the crack pattern in the prototype

and in the model, respectively. Here again the lack of strain hardening
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(a) Prototype

(b) Model

Figure 8.17 Views of Prototype and Model Crack Patterns
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in the model reinforcement is of a visible influence. Although the
cracks in the vieinity of the column are similar, no cracking in the
model beam regions located further away from the column was observed.
Since there was no increase in the beam capacity with inereasing displa-
cement amplitude (no strain hardening), the cracks did not propagate
beyond the initially cracked zone. Pifficulties in detecting small
¢racks in the mieroconcrete specimens may have contributed to the limited

extent of cracking indicated in Fig. 8.17 b.

8.2.4 Simulation of Shear Failure Mode (1/d = 2.0)

Four of the beams were tested with very small shear span to depth
ratios to examine the feasibility of small-scale model tests of beams
failing in a mode controlled primarily by shear. Two of the cantilever
beams were loaded at a distance of 2.0d from the column face and two at a

distance of 2.24d.

Figure 8.18 shows the load-displacement hysteresis loops for one of
the beams with 1/d = 2.0. The applied load history consisted of three
cycles at a displacement amplitude slightly beyond yielding of the rein-
forcement and three subsequent cycles of twice this amplitude. Prototype -
test data are not available for a direct comparison of response behavior,
but the model test results exhibit all the characteristics expected from
a high shear test. The first load reversal led to a set of nearly ortho-
gonal diagonal cracks which in subsequent cycles caused the well-known
pinching of the hysteresis loops evident in Fig. 8.18.

At the large displacement amplitude, the second and third cycles led
to a rapid deterioration in strength and stiffness. This deterioration
was caused primarily by a decrease in the aggregate interlock along the
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Figure 8.19 View of Crack Pattern from High Shear Test

183



Chapter 8 Model Component Testing

major dlagonal cracks. Considerable crushing of the concrete oceurred
along these cracks, as can be seen in Fig. 8.19 which shows the crack
pattern at the end of the applied load history. This crack pattern ap-
pears to be representative of prototype cracking although the spacing of
the major shear cracks probably is larger than that of a prototype. The
spacing of shear cracks in a prototype of the dimensions shown in
Fig. 8.1, but with different 1/d and shear reinforcement {Ref. 186} than
that used in the model beams, is approximately equal to one-fifth of the
beam height whereas it is on the average one-guarter of the beam height

in the model beam.

8.2.5 Simulation of Flexural Failure Mode (l/d = 6.9)

In order to explore the feasibility of simulation of a predominantly
flexural mode of fallure a couple of cantilever beams was tested with

shear span to depth ratio equal to 6.9.

The loading history to which the cantilevers were subjected consis-
ted of 3 eycles at a displacement amplitude slightly beyond yielding of

the reinforcement and subsequently 3 cycles at twice this amplitude.

Figure 8.20 shows load-displacement hysteresis loopa obtained in
this test. There is no shear pinching effect, and the observed strength
deterioration can be attributed entirely to the lack of work hardening
exhibited by the main reinforcement. The crack pattern developed in the
beams (Fig. B.21) was entirely of flexural nature, although, as in the
previous tests, all the cracks of visible size were concentrated in the

region relatively close to the column stub.
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8.2.6 Effects of Cycling Frequencies

Most experimental studies performed on structural subassemblies are
executed through pseudo-static load application. This is not necessarily
due to the limitations of the loading equipment, but mainly to permit me-
asurements with conventional monitoring equipment and to permit wvisual
observations during the test. It remains to be seen whether the behavior
under slow pseudo-static load application iz fully representative of the
dynamic response characteristies of components under earthquake excita-
tiona. For this reason a series of tests was performed on the previously
described cantilever beam specimens with shear span to depth ratioc of
6.9, All the beam= were subjected to an identical displacement history
consisting of three cycles at an amplitude slightly beyond the yield le-
vel of the main reinforcement, and three cycles at twice this amplitude.
Three eycling frequencies were adopted and # beams (2 pairs) were tested
at each frequency. The selected frequencies were 2.‘5}:10—3 Hz which may
be representative of a pseudo-static test, and 2 Hz and 10 Hz, which may
be representative for the frequenciles of prototype and model components

in structures under earthquake excitations.

Figures 8.22 a and 8.22 b display hysteresis loops for beams tested
at a cyeling frequeney of 2.5x10'3 Hz and 10 Hz, respectively. Figure
8.23 provides a comparison of the first hysteresis loops at two displace-
ment amplitudes obtained from three beams cycled at different frequen-
cies. The loads are normalized with respeect to the average maximum load
from four beams tested at a frequency of 2 Hz and the displacements are
normalized with respect to the average maximum displacement at the first
cycle of all twelve beams. The intent was to keep the displacement

amplitudes the same for all tests but difficulties in the MTS stroke
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control at high frequencies did cause some differences.

All the hysteresis loops obtained from the measurements performed
during the tests of the twelve beams are presented in Appendix B. For
each beam a normalized load-displacement history, and a normalized
bending moment-average curvature history are presented. Table B.1 summa-

rizes the measured maximum load values vs. displacement amplitude.

Figure 8.24 presents the quantification of the influence of cycling
frequency on the average peak loads at the two displacement amplitudes.
The average load values are normalized with respect to the average peak
load obtained in the first cycle of the 2 Hz tests. Three of the
presented lines, P?1, PTz and P?s, represent the change in the peak load
values in the first, second and third cycle of the first amplitude. The
fourth line (Pg.l) reflects the change for the first cycle of the second
amplitude. Lines 9?1 and Pg1 indicate the significant difference in the
strength of the beams tested at the static frequency (0.0025 Hz) and at
dynamic frequencies (2 Hz and 10 Hz). The difference between the two
lines shows a 1loss of strength, from the smaller to the larger amplitude
of approximately 13% for the lowest frequency, about 1% for the second
frequency and some minimal gain for the highest frequency. There is no

significant difference between the strength deterioration rate for cycles

of the same amplitude carried out at different frequency levels.

The crack patterns of the beams described for the lowest frequency
in Section 8.2.5 were also studied for the higher frequencies. It was
observed that, although the crack pattern was basically independent of
the cycling frequency, there was a difference in crack sizes. In the low

frequency test, pieces of concrete around the major crack at the column
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face spalled off whereas in the high frequency tests the crushed concrete
pieces did not fall out. This may explain the large difference between
the peak load values for the first cycle of the 3mall and the large
amplitude in a low frequency tesi, and the relatively small difference in
the high frequency tests. Line P¥1 indicates that the effect of material
straln rate accounts for a 5% strength increase by increasing the cycling
frequency from 0.0025 Hz to 10 Hz, and thus is small relatively to the

effect of cyeling frequency on the post-cracking behavior of conerete

particles located 1n the cracked area.

8.2.7 Conclusions

Because of the lack of strain hardening in the model reinforcement,
only a limited assessment of the simulation of the various failure modes
(flexure, flexure-shear, and shear) can be made from this study. Also,
prototype test results are available only for the beam failing in a
flexure-shear mode. For this case, the stiffnesses in the various cycles
are closely simulated at model scales and the strength values are ade-
quately reproduced in the early post-yield range. The tests on specimens
with small 1/d¢ ratics show the characteristic pinching of hysteresis
loops while the tests on specimens with large 1/d exhibit the expected
fat hystereais loops contrelled by the stress-strain characteristies of
the reinforcement. Conaidering the complex mechanisms that are involved
in shear transfer (aggregate interlock, dowel action, contribution of
shear reinforcement, etc.), the results of this limited test series are
not fully conclusive but are indicative that most of these complex
mechanisms c¢an be simulated with reasonable sSuccess at small model

scales. In all cases, strength deterioration in the inelastic range
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occurred at a rate which exceeds that expected in the prototype. It is
likely, although it cannot be proven at this time, that much or all of
this discrepancy is caused by the lack of strain hardening in the model
reinforcement used in this study. Further research with more accurately
scaled stress-strain characteristics of the reinforcement is needed to
verify this conclusion.

The study of the cyecyling frequency effect indicated that the ma-
terial strain rate effects, as discussed in Sections 7.1.3 and 7.2.3, ap-
pear to have relatively little effect on the strength of the specimens.
Of larger ilmportance seems to be the effect of deformation rate on the
post-cracking behavior of the concrete which restrains dislocation of
concrete particles in high frequency tests. This phenomenon causes
doubts in the accuracy of dymamic response prediction from psuedo-static

load tests.
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8.3 MODELS OF STEEL CANTILEVER BEAMS

In this study, tests were carried out on two metal cantilevers, an
A36 structural steel cantilever and a 1:1.92 model of it made of CA 510
annealed pheosphor bronze. The testa were performed to provide informa-
tion on the load-deformation behavior of columns of two single-degree of
freedom models tested on the shake table. This information was needed
particularly for the phosphor bronze model, in which temperature effects
due to the column welding process were of particular concern. The study
was also performed to investigate the effect of cycling frequency on the

load-deformation behavior of the specimens.

For ease of fabrication, rectangular cross sections were selected
for the specimens. The dimensions of the cantilevers were based on the
dimensions of columns of single-degree of freedom models studied
subsequently on the shake table. The steel columns were fabricated from
a 13x19 mm (1/2x3/4 in.) hot rolled flat bar. The mill scale was
machined off, and the final dimensions of the cantilever were: hxbxl =
12.3%x18.3x279 mm (0.484x0.719x11.0 in.), 1 being the distance from the
face of the column to the point of load appliecation corresponding to one
half of the column height. The phoaphor bronze c¢olumns were machined
from 13 mm (1/2 in.) diameter half-hard rod. The scalipng ratio from the
steel columns to the phosphor bronze columns is based on true replieca
model rules demanding that lr = (E/p)r. In this study, the ratio was
1:1.92. Thus, the dimensions of the phosphor bronze cantilever were:
hxbxl = 6.4x3.5x145 mm (0.252x0.374#x5.7 in.}.

The cantilever beams were welded to a rigid steel column. In the
case of the phosphor bronze, a small alumnimum bronze plate was welded
first to the face of the column, and then the cantilever waas welded to
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that plate. This procedure was chosen to minimize the heat input to the
cantilever, and thus to minimize the over-annealing of the material. The

welding was done using tungsten innert gas (TIG) technique.

The cantilevers were tested in the test frame described in
Section 5.3.1.2 and shown in Figs. 5.3 and 5.4, Figure 8.25 shows
schematically the test setup. The instrumentation consisted of a load
cell measuring the tip force applied to the cantilever, a LVDT measuring
the vertical displacement at the force application point, and two pairs
of strain gages measuring strains on the top and bottom surface of a
cross section. The first pair was positioned at a minimal distance from
the welded joint, and the second at a position where no material yielding
was expected. The measurements from the latter pair were used to obtain

a reliable moment-strain calibration for the shake table study.

Tesﬁng E rame
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)

s
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Figure 8.25 Experimental Setup for Cantilever Test
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The testing was performed under stroke control with symmetric
excuraions for positive and negative displacements. The displacement
history consisted of the following steps:

Step 1: 1/2 6y - 3 cyeles at a low frequency

Step 2: 2 Gy - 5 eyeles at a low frequency, 3 cycles at a high
frequency and 2 cycles at a low frequency

Steps 3 and 4 as in Step 2 with 3 SY and 4 Gy displacement amplitude,
respectively

Step 5¢ 5 Sy - as in Step 2 followed by repeated sequences of 98 high

frequency and 2 low frequency cyeles till failure.

The results of the study are discussed 1in two following sections,
the first concentrating on the comparison of the behavior of the steel
pseudo-prototype and the phoaphor bronze model cantilever, the second
concentrating on the effect of cyclie frequency on the Jload-displacement

response.

8.3.1 Steel vs. Phosphor Bronze Cantilevers

One of the major objectives of this test was to evaluate the
feasibility of simulation of the behavior of a welded steel cantilever

with a scale model made of phosaphor bronze.

Figure 8.26 presents a comparison of hysteresis 1loops of the two
cantilevers at amplitutde levels of 2 6y and 3 éy' The value of
ay corresponds aproximately to the yield displacement of the steel canti-
lever. The response of the phosphor bronze beam is scaled to the proto-

2

type domain through division by Erlr on the vertical axis and by lr on

the horizontal axis. It is noticeable that the lower amplitude cycles
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resulted in very slim hysteresis loops for the steel, whereas the phos-
phor bronze loops exhibited a significant amount of plastic deformation.
These discrepancies must be attributed to the effect of overheating near
the welds of the phosphor bronze specimen. The welding process caused a
loss of strength in excess of the desired reduction in strength which was

controlled through subsequent annealing.

With the exception of the first few post yielding cycles, the peak
forces at the different displacement amplitudes and also the hysteresis
loops for the two specimens matched rather closely. This can be attri-
buted to the high work hardenings of the phosphor bronze which first les-
sened and later eliminated the effect of the lower yield strength. Ne-
vertheless, in dynamic response studies the lower yield strength and fat-
ter hysteresis loops of phosphor bronze will lead to dissimilarities in
the response, at least for the first few inelastic cycles. These dissi-
milarities may not be 1large, however, since the premature yielding in
phosphor bronze is partially counterbalanced by the greater energy

dissipation capacity represented by the fatter hysteresis loops.

These simple cantilever tests as well as the material tests indicate
that phosphor bronze is not an ideal material for models of welded steel
structures. The major problems are represented by the excessive work
hardening of annealed phosphor bronze (see Section 6.3.4.4) and by the
excessive loss of strength in the heat affected zones at weldments. It
is fortunate that these two effects counteract each other to a degreee
which may make phosphor bronze an acceptable model material. This is
demonstrated by the shake table study of a simple steel structure and its
phosphor bronze model discussed in Chapter 9.
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Figure 8.26 Comparison of Load-Displacement Response of Steel and Annealed Phosphor

Bronze Cantilevers (Steel Cantilever Domain)

8.3.2 Effect of Cycling Frequency

The effect of the frequency at which the component is tested or, ra-
ther, at which it is acting within the structure requires consideration

in the case of dynamically loaded structures. The questions which have
to be answered are: what 1s the shape of the hysteresis loops for various

testing frequencies, and what is the influence of the cyceling frequency

on the fatigue 1ife of the component?

The first question is answered by including alternate slow and fast

cycles in the testing program, thus providing a basis of numerical
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comparison between the reaponses. Figure 8.27 shows hysteresis loops
from static and dynamic eyecles of the phosphor bronze cantilever. The
static cycles were conducted at 0.01 Hz corresponding to the average
strain rate of 2.Hx10"u/see. The dynamic tests were conducted at 2.8 Hz

corresponding to the average straln rate of T.5x10_2/sec.
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Figure 8.27 Comparison of Hysteresis Loops for Static and Dynamic Cyclea
of Annealad Phoaphor Bronze Cantilevers
The loops are nearly identlcal except of the somewhat higher peak value
exhibited by the high frequency loop. This can be accounted for almost
entirely by the high work hardening of the material. The hysteresis
loops for the steel cantilever showed virtually identical strength values

in low and high frequency loops. It should be noted, however, that the
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tests were carried out with sinusoidal displacement control. Thus, the
strain rates close to the peak force and displacement values are approa-
ching zero, regardless of the eycling frequency. The lack of influence
of the cyeling frequency on the response of the cantilevers is in an

agreement with the findings by Almuti (Ref. 191).

The effect of cycling frequency on the fatigue-crack-growth rate has
been studied by others in conjunction with the material toughness and fa-
tigue behavior. In Fig. 8.28, Rolfe and Barsom (Ref. 2071) present a sum-
mary of cyclic studies performed on A36 steel at frequencies from 0.1 to
100 Hz. The figure indicates that the cycling frequency does not
influence the fatigue behavior of the material {in benign environment).
Figure 8.29 (Ref. 201) indicates the independance of the fatigue behavior
of the shape of load function used to control the test.

It should be noted, however, that the data presented in Figs. 8.28
and 8,29 were obtained in the range of elastic nominal stress cycles and
it is not known whether the conclusion diawn from this set of data can be

extended to the regime of plastic fracture mechanics.
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Figure 8,28 Effect of Cycling Frequency on Crack

Growth Rates (from Ref. 201)
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Figure 8.29 Effect of the Shape of Load Function on Crack Growth Rates (from Ref. 201)
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CHAPTER 9

TRUE REPLICA MODEL STUDY OF A STEEL STRUCTURE

A study on a simple structure subjected to earthquake excitation was
necessary to evaluate experimentally the laws presented in Section 4.5.1
for true replica models, and to subject the steel and phosphor bronze
studied at the material level (Chapter 6) and component level (Chapter 8)

to a true earthquake test.

9.1 MODEL DESCRIPTION, INSTRUMENTATION AND TESTING PROGRAM

For simplicity, a single degree of freedom system was selected as a
test structure. The tested structures consisted of four rectangular co-
lumns connected by welding to a rigid top plate and to base plates pigid-
ly attached to the shake table (Fig. 9.1). The columns are stronger in
the direction orthogonal to the uniaxisl motion and are braced at mid-
height to prevent motion in that direction. Two structures were tested

on a shake table, one made of steel and one made of phosphor bronze.

\ﬂgrd plate
£
l I \i!g]{fener

welding detail

shake luble
motion

Figure 9.1 Longitidunal and Transverse View of The Model

The steel model 1is used as a pseudo-prototype structure for the

phosphor bronze model, thus allowing numerical comparison of the results
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obtained from tests on both the models. The overall dimensions of the
paeudo-prototype are based on the size of the shake table available at
Stanford, and on cost considerations. The steel model can be viewed as a
1:4 scale model (with artificial mass simulation) of an actual structure
with the dimensions as specified in Table 9.1. This structure was
designed to resist the N-S component of the 1540 E1 Centro acceleration
record at a level c¢lose to the yield of the columns. The material
properties of the steel used in the pseudo-prototype and of the phosphor
bronze {CA 510) used in the true replica model are summarized in
Table 9.2. The dimensions of the phosphor bronze model are derived by
applying the scaling rules for true replica models (Section 4.5.1) to the
pseudo-prototype dimensions. The following are the inverse values of the

scaling factors:

1P = (E/ )r = (210.3/7.6930) / (126.2/8.8744) = 1.92
-1 -1
(cry)r EP = 210.3 / 126.2 = 1.67
-1 2,-1 2
Wr‘ = (Er.lr‘) = 1.67 X 1-92 = 6016

The instrumentation used in the experiment is shown in Fig. 9.2.
The shake table accelerometer and LVDT provide a record of the input
motion, the accelerometers and LVDT's attached to the top plate of the
model provide a record of the model response. The accelerometer oriented
in the direction transverse to the direction of shake table motion prov-
ides information as to whether any significant transverse movement takes
place. The two relative motion LVDT's permit an estimate of any rotatio-
nal motion. Strain gages attached to the c¢columns within their elastie
range provide a strain history record thus allowing the calculation of
shear foreces experienced by the columns., This is done using the formula

V= (M1 + MZ) / h, in which h is the distance between the instrumented
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Table

9.1

Dimensions of the Prototype,
the Steel and Phosphor Bronze Models

Study of a Steel Structure

prototype

steel model

phosphor bronze model

column height 1
bay width

cross section bxh

2235 mm (88 in.)
3251 mm (128 in.)

47x73 mm
(1.8x2.9 in.)

559 mm (22 in.)
813 mm (32 in.)

12.3%18.2 mm
(0.46x0.72 in.)

291.0 mm (11.46 in.)
423 mm ( 16.7 in.)

6,40x9.50 mm
(0.252x0.374 in.)

story weight W 28.8 kN (6.46 kips) 1797 N (404 1b.) 292.5 N ( 65.7 1b.)
Table 9.2
Properties of Model Materials
steel annealed

phosphor bronze

modulus of elasticity 210x103 MPa  (30.5x10° ksi) 126x103 MPa  (18.3x103 ksi)

yield at 0.002 offset 286 MPa (41.4 ksi) 171 MPa (24.8 ksi)

accelerometers LVDT's

SIDE VIEW 7

2 strain gage
couples / culumn<

'l shake table I l
PLAN VIEW
T
:TT’;;7EEEEF—_
o [ IIA
s

Figure 9.2 Schematic View of the Instrumentation
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ecroga section, and M1 and M2 are the moments recorded at the two cross
sections, The moments were recorded directly by using the moment-strain

calibrations obtained from the cantilever tests (Section 8.3).

The testing program was designed to provide maximum information on
the correlation of the behavior of the pseudo-prototype and its medel at
various levels of dynamic excitation. The N-3 component of the 1940 El
Centro earthquake was chosen as a basic input motion. The record was
scaled for the pseudo-prototype using a 1length scale of lr = 1:4 and a
time scale of t_ = VE;’: 1:2, and for the CA 510 model using

1rl = 1:(4x1.92)

1:7.68 and tr = 1:4/T7.68 = 1:2.77. For both the

structures, a 1. The models were subjected to two time histories,

r
consisting of 60% and 177% (shake table limitation) of the displacements

obtained from the 1940 E1 Centro record.

To establish the dynamic elastic characteristics of the structure
free vibration tests were performed prior to the shake table tests. The
natural frequencies and damping values of the models are eatablished from
the free vibration time record and from the mean spectral density func-
tion obtained from Fourier analysis of the record. The free vibration
tests were repeated after the entire testing history to evaluate the

changes in the dynamic elastic characteristies of the structure.

9.2 RESULTS AND CONCLUSIONS

9.2.1 Elastic Tests

The free vibration tests for the pseudo-prototype and its model

yieldgd the following results (in the pseudo-prototype domain) :
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pseudo-prototype model
natural frequency 4.45 Hz, 4.60 Hz.
percent of critical damping 0.134% 0.137%

The slight discrepancy (3%) between the natural frequencies of the pseu-
do-prototype and the model is mainly attributed to the difference in
column stiffnesses due to the different height of the weld. A difference
of this order of magnitude may have already some effect on the elastic
response and makes directly overlaid time histories more difficult to

review.

Figure 9.3 shows the first 20 seconds of the shake table displace-
ment response to 60% of the El Centro record scaled for the pseudo-proto-
type and the model and represented in the pseudo-prototype domain.
Although the records are very close, some dissimilarities can be observed
at the peaks of the displacements, where the very small displacement
fluctuations are not reproduced at the model level. These dissimilari-
ties, which are caused by stiction problem at the shake table bearings,

are a source of discrepancies in the response of the two test structures.

Figures 9.4 and 9.5 show a comparison of the story displacement and
acceleration response between the steel pseudo-prototype and the phosphor
bronze model. The plots represent the response to the 60% El Central
motion in the pseudo-prototype domain. For the time window shown (4
seconds in the pseudo-prototype domain, i.e., 8 seconds in the prototype
domain), the responses are rather similar except that the peak responses
are consistently larger, by a few percent, for the phosphor bronze model.
Considering that the two structures respond elastically and that the
measured damping is almost identical, this discrepancy must be attributed

primarily to problems in reproducing the input motion at the two model
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scales. This conclusion is substantiated further by larger discrepancies
in the respnoses in later stages of the motion (not shown in the figures)
which must have been caused by spurious signals in the shake table

motion.

9.2.2 Inelastic Tests

Figure 9.6 presents the first 20 seconds of the shake table displa-
cement response to 177% of the El Centro record scaled for the steel
pseudo-prototype and phosphor bronze models. The discrepancies between
the two records are smaller than these observed in the lower amplitude

test (Fig. 9.3).

Figures 9.7 and 9.8 provide the comparison of the displacement and
acceleration responses of the pseudo-prototype and its model for the
first four seconds in the pseudo-prototype domain. In the time domain,
the displacements compare well for the first three seconds while the ma-
Ximum floor acceleration are in general lower for the inelastic cyeles in
the phosphor bronze model. The differences in the response are more evi-
dent from Fig. 9.9 which shows the column shear vs. story displacement
response for the first four seconds. As was expected from the material
and component tests (Chapters 6 and 8) the yield strength of the phosphor
bronze model is smaller and 1ts hysteresis loops are fatter than in the
steel structure. Nevertheless, the comparison of the column shear--story
displacement response is quite satisfactory as for the number of major

inelastic excursions and their force and displacement amplitudes.

The low amplitude response after the first three seconds and the

subsequent inelastic response did, however, exhibit considerable discre-
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pancies. In part, these diserepancies must be attributed to the afore-
mentioned differences in the material behavior but, more likely, much of
the response difference is caused by difficulties 1in reproducing the
input motion at different model scales. This statement is supported by
the observation that similar response discrepancies did occur at similar

times in the elastic test.

In conclusion, this series of shake table tests demonstrated that
phosphor bronze is an adequate but not ideal material for models of steel
structures. Based on the results obtained within the first four seconds
of the inelastic shake table test, it appears that good simulation of
overall response ‘characteristics can be obtained from phosphor bronze
models., The major problem encountered in such models is the decrease in
yield strength in heat affected zones at weldments. A closer simulation
of the inelastic response can be expected when welding is not required or

when inelastic deformations oceur in regions removed from weldments.
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CHAPTER 10
FEASIBILITY AND LIMITATIONS OF MODEL TESTING

IN EARTHQUAKE ENGINEERING

The results of the study presented in this report and in the previ-
ous report by Mills et. al. (Ref. 58), together with research performed
by others permit an assessment of model analysis as a tool in earthquake

engineering.

Tests carried out at Stanford and other places have demonstrated
that the dynamic response of structural building systems (frames, shear
wall structures, ete.) can be simulated quite accurately at model scales.
However, the quality of response prediction depends strongly on the accu-
racy of material simulation (particularly in reinforced concrete), sui-
table fabrication techniques that properly simulate initial and boundary
conditions, accuracy in simulating important details, reproducibility of
dynamic input (performance spectrum of earthquake simulator), resolution
of instrumentation system and speed of data acquisition system. It muSt
also be recognized that model tests may not be feasible when damage or
féilure is initiated by certain localized phenomena such as weld fracture

in steel structures or bond failure in reinforced concrete structures.

Although no experience exists at this time, it appears quite feasi-
ble to incorporate realistic floor slab systems and nonstructural ele-
ments (partitions, walls, stair cases, elevator shafts, etc.) in careful-
ly designed models. Model studies may also be utilized to study specific
problems in earthquake engineering, such as overturning and uplift, dyna-

mic instability and effects of stiffness and mass irregularities.

Experiments with true replica models (column 1 of Table 4.2) have
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proven feasible for dynamic astudies on steel structures, using certain
copper alloys which permit approximately a 1:2 scale ratio. Copper alloy
510 (a phosphor bronze} was found to be a suitable material which permits
satisfactory welding and, with appropriate heat treatment, reproduces wi=-
thin certain limits the desired stress-strain properties. Experiments on
simple welded models have shown that true replica models prediet rather
accurately the maximum response. Welding in coritical region poses a pro-
blem sinece the strength of phosphor bronze in the heat affected zone may
be reduced to a value leas than that dictated by model similitude.

Lead alloys which possess specific stiffnesses (E/ ) allowing sca-
ling in the order of 1:10 to 1:20 have heen found in the initial study to
be of 1limited use because of several undesirable material properties

(early nonlinearity, excessive damping, high creep).

Although the usefulness of a true replica copper alloy scale model
is debatable due to the seale limitation to a 1:2 ratio, the utilization
of such an alloy, which has a much smaller stiffness than steel, is of
much value when combined with artificial mass simulation since it permits
a slgnificant reduction of the weights which have to be added to the mo-
del (Mr = Erli)' This idea is particularly attractive for structures in
which the mass distribution along linear members is of importance. Space
trusses, transmission towers and antennas, long span and cable stayed

bridges can serve as an example of this type of structures.

Models with artificial mass simulation are the obvious choice when
gravity effects cannot be neglected and prototype material is used in the
model. A detailed shake table study has been carried out at Stanford on
a 34 in. high 1:6 scale model (Ref. 58) of a steel frame prototype tested

previously at U.C., Berkeley. The atructural shapes were machined from
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A36 bar stock and all primary frame connections were fully welded using
the TIG heliare¢ process. Subsequent heat treatment of the finished model
frame was performed to relieve initial stresses and to satisfy scaled
prototype construction tolerances. The model structure was subjected to
scaled versions of the prototype input motions and the measured model
response quantities were then scaled back to the prototype domain for
prototype response prediction.

A detailed comparison was carried out between true prototype
response and the response predicted from the model test. This comparison
was done for strains, joint distortions, story displacements and accele-
rations and integrated energy terms (input energy vs. dissipated energy).
In all cases very good agreement was observed between model and prototype
test results. Some local differences between the results are attribu-
table primarily to discrepancies in table input motions and an unavoid-
able oversizing of welds in the model.

The study not only proved the possibility of reliable prediction of
prototype response with tests performed on small scale models, but also
gave an insight into the relative cost and effort involved in both the
studies. The major cost difference is in the size of the required tes-
ting facilities. Also, the saving in material is very significant, al-
though the benefit of it is decreased by the rather high cost of custom-
-made structural shapes. The cost of instrumentation and data acquisi-
tion is about equal in prototype and model tests since the larger effort
in developing more sensitive instrumentation for model tests is balanced

by its smaller size and the reduced cost of instrument support frames.

Shake table experimentation on a variety of small scale models of

reinforced concrete structures, utilizing artificial mass simulation with
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lumped masses of the floor levels, has been carried out for several years
at the University of Illinois (Refs. 46, 48). Although these model
structures did not simulate specifiec prototypes, they have resulted in a
wealth of detailed information on the selsmic response of reinforced
concrete structures. Much of the presented data are in good agreement
with mathematical models used for prototype structures. Other tests
(Ref. 23) have demonstrated that even localized crack patterns can be si-
mulated in small scale models. Strain rate effects in model concrete and
structural components were investigated in this study and are discussed

in Chapters 7 and 8.

Discretely distributed additive masses, rather than lumped masses,
will be required in models of structures ﬁhere mass distribution in space
is of importance. This is the case in problems of frame-floor alab in-
teraétion, walls subjected to transverse excltations and in many towers
and antennas. Caution must be used in separating the added masses from
the structural material in such a way that they will not influence the

stiffness characteristics of the material.

Scale model investigationa are of much intereat for the verification
of the seismic safety and integrity of large man-made structures whose
failure would be of severe consequences. Components of nuclear reactors
and containment vessels are appropriate examples. For the latter, the
gravity effects are often negligible compared to effects of internal
pressurization and severe ground motion. Thus, the modeling requirements
of column (3) of Table 4.3 may be utilized. In this case the major prob-
lem i=s in the reproduction of the scaled seiamic input which regquires an
earthquake simulator with high frequency reproducibility (since tr = lr)
and large dynamic force capacity (since a, = 121), Piping systems can be

215



Chapter 10 Feasibility and Limitations of Model Studies in Earthquake Engineering

modeled through artificial mass simulation, by adding lumped masses to
the structural components of the reactor and discretely distributed

masses to the piping system.

Dynamic model studies on bridge structures have been performed for
" some time, more recently also on shake tables (Ref. 57). Because of the
importance of gravity effects, artificial mass simulation is usually re-
quired. However, where possible the use of model material of reduced
stiffness (Er < 1) is recommended to reduce the weight requirements for
the model. The experiment discussed in Ref. 57 is an example of a model
test in which strength properties were intentionally only simulated in
regions where damage was anticipated while the design was simplified in
other regions. Clearly, this simplification must be done with due regard
to simulation of dynamic characteristics to transmit the proper effects
to the regions of potential damage. The simulation of boundary condi-
tions will often pose a significant problem and, when small scale models
are used, it may be difficult to reproduce the pertinent seismic

frequency range on conventional earthquake simulator.

The need for model studies is well established in the field of dam
engineering. Ideally, this requires the modeling of the dam (concrete or
embankment), the reservoir water and the geomechanical boundary condi-
tions. Practical considerations make the use of water desirable as model
fluid which in turn requires model materials of very low stiffness and
strength for the dam (since Er =0, = lr for Pp = 1). It is possible to
develop suitable materials for small scale models of concrete dams but
not for earth dams.

Niwa and Clough (Ref. 192) have performed a shake table study of

1:150 models of segments of arch and gravity dams. They used a mixture
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of casting plaster, cellte, water and =and as model material for con-
crete. For the arch model lead weights were used to simulate the density
of the concrete while for the gravity dam model lead powder was mixed
into the plaster to increase 1ts density. The properties of the model
materials used in this study depended strongly on the water to plaster
ratio and varied considerably with the amount of added sand and lead pow-
der. PFor some of the mixea the measured Er and P did approach the de-
gired ratio of 1:150 and limited reproduction of the stressa-strain cha-
racteristics of concrete was obaerved. The ratio of compresaive strength
to tensile strength was approximately equal to nine. The study addressed
two major problems associated with the performance of arch dams during
earthquakes, namely the opening of vertical Jjoints existing between the
concerete monoliths and horizontal cracking of vertical monoliths. Both
the phenomena are highly nonlinear and most difficult to simulate in a
reliable fashion with computer analysis. The report con¢ludes that shake
table testing of a complete arch dam model is feasible and can provide
insight into the nonlinear earthquake response and failure mechanism of
concrete arch dams.

Model testing of earth and rockfill dams poses considerable problems
gince it is virtually impossible to find a model material which permits
the proper scaling of all physical quantities entering a dynamic problem.
In this case, the reliabililty of prototype response prediction depends
on the ingenuity placed in the model design and the ability to evaluate
the effects of model distortions. One way to evaluate these effects is
to teat several models at different scales and extrapolate the distor-
tions to the prototype domain. Also, the results of the model tests can
be utilized to galn an understanding of the physical phenomenon and to

develop analytical models which may then be used to improve the response

217



Chapter 10 Feasibility and Limitations of Model Testing in Earthquake Engineering

prediction.

Cne major problem requires consideration in all model studies
regardless of scale, namely the simulation of boundary conditions, In
dynamic model studies a proper simlation of boundary conditions may be
even more essential than 1Iin static model studies. Taking sgeismic
response studies on shake tables aa an example, supporting the model
structure rigidily on the table will not allow for the rocking and
translational motion at the foundation-scil interface and for the energy
dissipation by hysteretic action and radiation of waves in the supporting
medium. It is quite feasible to support model structures on a medium
that simulates these phenomena to various degrees (Ref.193). The largest
difficulty will be encountered in simulating wave radiation which depends
on the wave propagation veloecity, v and requires a scaling of
Vo =Af;; =Af(E/p)r for a true model. Since the stiffness of the sup-
porting medium must be scaled in the same manner as the stiffness of
structural material (usually Ep = 1) this will necessitate a very high

density medium.

Within the limitations discussed in this chapter, it can be coneclu-
ded that testing of small scale models of steel and reinforced concrete
structures can result in a reliable prediction of the overall response of
prototypes, provided that:

1) Similitude laws are satisfied in the design of the model, in the
choice of the model material, and in the scaling of the input
motion.

2) Care is exercised in the fabrication of the model, in particular in

areas of speclal importance such as joints and weldments.
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3) The testing facility is capable of precise reproduction of the pre-
scribed motion, the instrumentation is senzitive enough to monitor
the measured values, and the data acquisition system is ecapable of
registration of the output of the measuring devices without in-

troduction of data distortions.

A simulation of localized failure modes can be achieved in some
cases but not in others (e.g., crack propagation of weldments). When
doubts exist regarding the simulation of localized failure modes, the
model study should be complemented with prototype component tests. The
response history of the component, as obtained from a shake table test of
the model structure, can serve as the Jloading history applied in the

prototype component test.
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CHAPTER 11

SUMMARY AND CONCLUSIONS

The major goal of this research project was to develop a methodology
for small scale modeling of structures in earthquake engineering studies,
and to evaluate the feasibility and limitations of model analysis in dy-

namic response studies.

Dimensional analysis can be utilized to derive similitude laws for
dynamic models. In studies involving material and/or geometric nonline-
arities, the simltaneous simulation of gravity and inertia effects poses
a major problem. If both effects have to be simulated fully, similitude
requires the use of model materials with specific stiffnesses (E/P) which
scale in the same proportion as the length. An alternative, which per-
mits the use of prototype material for many practical cases, is provided
by adding lumped masses to the struecture. These lumped masses must be
structurally ineffective and should be distributed in a fashion that per-
mits adequate simulation of all important gravitational and inertial ef-
fects. In linear elastic model studles and in other cases in which gra-
vity effects can be neglected, a different set of =similitude laws can be
derived which permits the use of prototype materials withéut the addition
of lumped masses. The use of distorted models may provide acceptable
response predictions in some cases but necessitates either several model
studies at different scales or considerable insight into the ﬁhysical

phenomena to permit an evaluation of the response distortion.

Adequate simulation of material properties was found to be the most
difficult and important aspect of small scale modeling. Similitude of

the monotonic stress-strain behavior alone is insufficient for dynamiec
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response studies. Cyclie response properties, strain rate and size
effects, damping characteristics and other time and temperature dependent
effects must be considered. Laboratory testing programs suitable for an
evaluation of these properties are proposed in this report and the test
facilities and instrumentation used in this study for a comprehensive ma-

terial testing program are discussed in detail.

Modeling of steel structures can be performed using either ferrous
or non-ferrous materials. Material tests on structural steel and copper
and lead alloys were performed as part of this study. Monotonic and cye-
lic load tests were carried out as well as a series of strain rate tests.
The monotonic stress-strain curves of steel and annealed phosphor bronze
show a remarkable similarity. In the ecyclic tests, phosphor bronze re-
veals a2 higher work hardening than structural steel. Considerably more
cycles are needed to obtain stable cycles in phosphor bronze than in
steel. Thus, the peak stress reached by phosphor bronze at a prescribed
strain amplitude depends strongly on the previous cyelie history, as
revealed by cyelie tests with variocus histories. This phenomenon occurs
alse in structural steel, but to a much smaller degree. It is concluded
that in earthquake studies, where usually only a small number of cycles
extends into the inelastic range, this phenomenon should not have a major
effect on the model response unless the deformation history leads to a
very unsymmetric cyclic response.

The strain rate tests revealed that an inerease in strain rate leads
to an increase in the yield strength but has no noticeable effect on the
elastic and post-elastic stiffness properties of the monotonic stress-
-strain curve. Empirical curves and their analytical equations are deve-

loped which give the relationship between strain rate and yield strength
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for A36 steel and annealed phosphor bronze. Annealed phosphor bronze
shows considerably less sensitivity to the change in the strain rate.
However, in small scale models made of phosphor bronze, this difference
will be at least partly accounted for by the increased strain rates due

to the scaling of time.

For small-scale models of concrete structures, microconcrete offers
the possibility of a close simulation of concrete properties using
prototype-like material. It was found that a wide range of compressive
strengths and of tensile/compressive strength ratios ean be achieved with
appropriate mix proportioning. This report discusses mix design practi-
ces and presents strength data for a large number of mix designs used in
this study and in model studies by other investigators.

An extensive study involving close to 200 cylinder specimens was
performed to evaluate the stress-strain behavior of various mixes of mi-
croconcrete and the effect of strain rate on the compressive strength and
the stress-strain diagram. The tests were performed using a close cont-r
rol over the speed of platten movement, thus allowing reduction of the
data without having to account for the effect of relative stiffnesses of
the testing machine and the specimen. Average strain measurements were
obtained from four elip extensometers developed for this purpose. The
strain rate study revealed that the relative magnitude of the strain rate
effect on the compressive strength of microconcrete is essentially inde-
pendent of the strength of the material. It was found that the strain
rate effect in microconcrete is of a similar magnitude as in prototype
conerete. A second order logarithmic equation for strain rate effect on

the compressive strength of microconcrete is derived.

Reinforcement for model studies of reinforced concrete structures
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requires particular attention as the behavior of the composite material
largely depends upon the force transfer between the two materials. Tech-
niques for gsurface deformation of steel wire through c¢old rolling or
knurling are presented. Chemical treatment can be used for small
diameter wires to roughen the surface sufficiently for bond simulation.
Pull-cut tests on the knurled wire showed a satisfactory bond strength.
Enurling ralses the yield strength of wires but severely decreases the
strain hardening. In order to simulate the strain hardening present in
prototype reinforcement, it will be necessary to cold work (through knur-
ling or rolling) the wire sufficiently fo raise the yield strength above
the desired value and subsequently subject the wlre to annealing which
lowers the yield strength but recreates the strain hardéning characteris-

ties. Guidelines for annealing are discussed in this report.

| Model tests on structural components and subassemblies are an essen-
tial aspect of model studies on complete structures. Such tests provide
information on the adequacy of model construction techniques, on the
material behavior under stress distributions similar to those prevailing
in the complete structure, and on material interaction in the case of
composite materials such as reinforced conerete. These tests may also be
used to develop calibration curves for locad-deformation quantities which
have to be monitored during the dynamic test of the complete structure.

4 series of tests on reinforced microconcrete cantilever beams was
carried out to study the accuracy of simulation of various failure modes
from flexural to shear and the sensitivity of the response to cyeling
frequency. A compariscon of available prototype resulis with the results
obtained for the model beams reveals a very good simulation of the

response in the pre-yielding cycles. Cyeles of higher displacement
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amplitude show the importance of proper simulation of post-yield charac-
teristics of the reinforcement. The lack of strain hardening in the mo-
del reinforcement used in this study resulted in a faster strength de-
terioration in the model than in the prototype beam.

The tests with varying shear span to depth ratios have shown that
response characteristics (load-dispacement hysteresis loops, erack
pattern) for various fallure modes can be reproduced satisfactorily with
small scale models. The spacing of major cracks in flexure and in shear
is =omewhat larger in models than in prototypes, but the crack patterns
in critical regions are of similar configuration in both domains.
However, the lack of strain hardening in the model reinforcement has a
considerable effect on the size and on the distribution of cracks away
from the critical reglon.

Tests at various cyeling frequencies were carried out to evaluate
the differences in the structural response of elements subjected to
pseudo-~gtatic and elements subjected to dynamic¢ cyecling histories. It
was found that the material strain rate effects have a relatively amall
influence on the component behavior. However, the spalling out of the
crushed concrete is much smaller 1in high frequency tests, thus reducing
the strength deterioration as compared to pseudo-static tests, This
phenomenon affects the reliability of dynamic response prediction based
on the results of pseudo-static tests. The relatively small difference
in ecyeling frequency between dynamically tested prototypes and their
scale models (t, = 1/? or t,=1) should have a negligible effect on
response prediction.

The feasibility of simulation of the behavior of welded steel struc-
tural element with scale models made of phosphor bronze was studied
through a series of tests of steel and annealed phosphor bronze canti-

224



Chapter 11 Summary and Conclusions

levers, The large heat sensitivity of phosphor bronze presents a major
problem in the welding heat affected zone. In these zones the yileld
strength of the base material may be reduced to a value less than that
required by material similitude. However, this effect is counteracted by
the large work hardening of annealed phosphor bronze. Thus, in the early
inelastic cycles phosphor bronze cantilevers exhibited smaller strength
values but in the latter cycles rather similar loops were obtained, Res-
ponse to cyeling under different frequencies revealed a negligible diffe-
rence between atatic and dynamicvcycles for both structural steel and
annealed phosphor bronze. Thus, the effects of material strain rates on
the structural response response of metal structures is shown to bhe of

negligible importance in seismic response studies.

A shake table study of a simple steel pseudo-prototype structure and
its annealed phosphor bronze model was carried out to assess the
applicability of annealed phosphor to modelling of welded structures.
Within the limitations discussed in the previous paragraph, the simu-
lation of the inelastic response (story shear and displacement) was quite
satisfactory. It can be expected that results of similar gquality will be
obtained with more complex model structures. Thus, phosphor bronze mo-
dels can provide satisfactory simulation of overall response characteris-
tics but will result in distertions in the prediction of local stress-

-strain histories.

The experience gained from this study can be summarized as follows.
The most important aspects of model research are a thorough knowledge of
modeling theory, a comprehensive material study, much diligence and
patience in faithfully reproducing all pertinent details and characteris-

ties of the prototype and, last but not least, the recognition of the
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shortcomings and limitations of model research. It is an unfortunate
fact that very few inelastic dynamic response phenomena can be reproduced
"precisely" at model scales. True replica models require materials with
specific stiffnesses (E/P) which are  much 1less than those of the proto-
type materials, but no two materials in nature are exactly alike. Arti-
ficial mass simulation permits the use of prototype material but introdu-
ces distortions in the force simulations. Thus, there is no ideal model
test but there are many adequate model tests, provided that their "dis-
tortions" are recognized, evaluated and found to be acceptable. In order
to make this judgement, much experience in model research and a thorough
understanding of the physical phenomenon under study is needed. If a mo-
del test is performed without due regard to its 1limitations, it may
easily lead to erroneous information and may discredit an otherwise quite

reliable experimental analysis technique.
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APPENDIX A

CONTROL OF MICROCONCRETE STRENGTH PROPERTIES

This appendix presents a summary of results of an experimental study
on microconcretes whose strength properties were controlled through
different mix ingredients, chemical additives, and through aggregate
treatment resulting in smooth and moisture sealed aggregate. The study
from which the results are reproduced was performed at the Institute for

Model Mechanics at the University of Stuttgart, W. Germany (Ref. 118).

The summary is presented in Table A.2. The results are ordered with
declining compressive stength fé for each specimen age. The compressive
strength is obtained from tests on prismatic specimens and the tensile
strength 1is obtained from flexural tests. The modulus of elasticity is
based on initial specimen stiffness.

Each specimen series is characterized by code designations providing
information on the specimen age, mix proportions, ingredients, and
aggregate treatment. The key to the code is given in Table A.1, and the

various aggregate sieve lines are shown in Fig. A.1.
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Table A.1 Key to Specimen Designation Code Used in Table A,.2

Note: 1) Aggregate/Cement Ratio is constant for all the specimens

and equals A/C = 2

2) The largest aggregate size is 2 mm unless specified differently

3) Compression tests were performed on prismatic specimens of
width to height ratio of 1:4

4) Tensile strength was obtained from bending tests

5) Aggregate sieve lines are glven in Fig. A.1 and are identified
in code designation C

6) The code key consiszsts of code designations ABCDE

Code
Designation Age of Tested Specimens (days)
A
1 7
2 14
3 21
y 28
5 42
6a yT
6b 68
Code
Designation W/C Ratio
B
1 0.55
2 0.60
3 0.65
4 0.70
5 0.75
ba 0.50
&b 0.61
Ge 0.67
Code
Designation Aggregate Type
C
1 Sand
2 Light aggregate (inflated shist) not sieved
3 Light aggregate; sieve lines 2 and 3a
Y Light aggregate (fraction 1), sand (frs. 2,3,4)
5 Light aggregate (fr. 1), sand (fra. 2,3),
river sand (fr. 1)
6a No frs., 1 and 2, sand or mixture of light aggregate
and sand {(fr. 3), sand or light aggregate (fr. 4)
6b Light aggregate (fr. 1), light aggregate or
sand (fr. 2), sand {frs. 3,4)
6o Light aggregate (frs. 1-4), sand (fr. 5; 2-3 mm)

246



Table A.1 Continuation

Appendix A

Code
Designation Aggregate Type
C
6d Sand (frs. 1,2), light aggregate (frs. 3,4)
be Light aggregate (fr.1), blast furnace clincker
(frs. 2,3,4)
6f Light aggregate (fra. 1,2), light aggregate or blast
furnace clincker (fr. 3}, blast furnace clincker (fr. 4)
Code
Designation Aggregate Treatement
D
0 Non-treated
1 Coated with silicon resin solution® 108,4 g/kg cement
ba As 1 but with 216.8 g/kg cement
6b As 1 but with 54.2 g/kg cement
Code
Designation Cement type, additives
E
0 Portland cement, no additives
1 Hydro-cement, no additives
2 Hydro-cement with air entrainment : 3
2a 92 mm;/kg cement
2b 110 mmg/kg cement
2¢c 1156 mm3/kg cement
2d 130 mmgfkg cement
2e 55 mm./kg cement
2f 30 mm3/kg cement
with a minimal amount of oil coating
on aggregate fractions 2,3,4 :
2g 55 mm3/kg cement
2h 80 mm3/kg cement
3 Hydro-cement with retarder
y Hydro-cement with workability i?proving additives
Ya 50 mm3 liguefier /kg cement
hp 70 mm. liquefier /kg cement
f¢ 90 mmg liquefier /kg cement
4d 110 mm~ liquefier /kg cement
5 With o1l coated aggregate

+ resin used for impregnation of concrete formework;
in W. Germany known under the commercial name of Pluvoil
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Table A.2

Age at 3 No. of Code

Test fé fé/fé Ex 10 Spees. Key

days MPa ksi - MPa ksi - -
1 14 53.8 7.80 0.128 41.0 5.9% 9 21100
2 g 4 7.17 0.130 - - 6 21303
3 k9.l T.17 0.174 - - 2 266200
y 46.9 6.80 0.120 23.7 3.44 6 324600
5 45.9 6.66 0.128 23.0 (12) 3.34 21 22200
6 B5.0 6.53 0,137 19.5 2,83 12 22300
T 4.3 6.43 0.150 - - 12 23303
8 41,7 6.05 0.142 20.3 (8) 2.94 24 23200
9 R 5.36 0.154 18.5 (12) 2.68 18 23300
10 39.7 5.76 0.125 24.8 3.60 3 236b00
11 38.3 5.64 0.160 17.6 (12) 2.55 45 24300
12 38.8 5.63 0.136 23.9 3.47 3 23100
13 38.5 5.58 0.148 23.5 3.1 3 236b00
14 37.7 5.47 0.163 20.3 2.94 3 236400
15 35.0 5.08 0.201 27.3 3.G6 6 26al10
16 344 4,33 0.153 18.1 (24) 2.62 59 24200
17 33.0 4,73 0.171 16.7 2.92 3 23304a
18 32.5 4,71 0.181 22.1 3.20 b 3246a0
19 31.7 4,60 0.177 22.1 3.20 6 23412b
20 30.5 h,u2 c.127 26.3 3.81 12 23110
21 30.5 L. u2 0.174 16.8 2.4y 3 236b02e
22 30.5 b, 42 0.206 15.8 2.29 3 23306¢
23 30.4 4, h4b 0. 146 21.4 3.10 ) 25400
24 30.4 4,4 0.163 13.4 1.34 3 233044
25 30.7 i,38 1.039 22.1 3.20 3 25100
26 23.5 4,28 0.166 14.0 2.03 3 23304h
27 271 3.33 0. 146 17.0 2. 47 3 236c05g
28 27.0 3.32 0.133 19.6 2.84 24 23410
29 26.7 3.87 0.129 18.5 2.68 3 236b10
30 26.6 3.86 0.163 13.7 1.99 12 23305b
31 24,4 3.54 0.157 21.2 3.07 48 25410
32 24,1 3.54 0.240 13.0 1.89 3 23304
33 24.1 3.50 0.163 12.9 1.87 6 23310
34 23.9 3.47 - 0.168 22.8 3.31 6 25510
35 23.2 3.37 0.140 18.0 2.61 12 24410
37 22.7 3.29 0.167 17.8 2.58 3 236b05g
38 22.3 3.23 0.211 4.4 2.09 3 236b02f
39 22.1 3.20 0.209 16.3 2.36 3 236b02g
40 21.9 3.18 0.211 1.7 1.70 6 23302e
41 21.4 3.10 0.167 19.4 2.81 24 25517a
y2 21.1 3.06 0.179 19.2 2.78 3 236b0b
43 20.8 3.02 0,177 19.6 2,84 6 25417a
4y 20.6 2.99 0.223 11.9 1.73 3 23302a
45 20.5 2.97 0,157 12.9 1.87 3 23305a
46 19.9 2.89 0.209 13.7 1.99 3 236b02h
48 19.6 2.84 0.189 14.3 2.07 3 236b06b
50 19.4 2.89 0.185 14.6 2.12 3 2364051
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Age at No. of Code
Test 1 £1/8 E x 105 Specs. | Key
days MPa ksi - MPa ksi - -

51 19.3 2.80 0.186 16.1 2.34 3 236b05i
52 19.2 2.79 0.183 17.6 2.55 3 236a06e
53 19.2 2.79 0.207 10.0 1.45 3 233024
54 19.1 2.77 0.169 17.9 2.60 6 25517b
55 18.9 2.74 0.131 11.5 1.67 3 23302b
56 18.8 2.73 0.183 13.2 2.73 6 25417b
57 18.7 2.71 0.196 14.5 2.10 3 236F05i
59 18.0 2.61 0.191 16.2 2.35 3 236a05f
60 17.6 2.55 0.186 11.6 1.68 3 236051
61 17.4 2.52 0.200 18.3 2.65 6 25417¢
62 17.1 2.48 0.230 13.9 1.04 3 23302¢
63 16.4 2.38 0.195 11.9 1.73 3 236e05¢g
64 16.1 2.3 0.271 10.4 1.51 6 23306a
65 16.0 2.32 0.214 13.6 1.37 3 236a05d
66 15.3 2.22 0.204 132.5 1.96 3 236a02g
67 1541 2.19 0.184 13.0 1.88 3 236b0ba
68 14.5 2.10 0.227 13.3 1.93 3 236a06b
69 13.5 1.36 0,250 11.0 1.60 3 236b06a
70 12.5 1.81 0.230 12,2 1.77 3 236a060
71 12.4 1.80 0.215 12.3 1.78 6 23411
72 10.0 1.45 0.164 27.7 (1) 4. o2 6 25110
73 5.8 0.84 0.307 7.5 1.09 6 324164
1 | 21 42,6 6.18 0.157 16.5 2.39 6 33200

2 k0.7 5.90 0.180 27.7 4.02 3 33100

3 Lo.5 5.87 0.191 19.5 2.83 6 36b200
Y 38.7 5.61 0.177 29.8 3.60 6 33110

5 32.8 4.76 0.205 23.4 3.39 6 35400

6 32.1 4,66 0.216 23.7 (1) 3.4 3 35100

7 31.0 4.50 0.188 21.7 3.15 6 34410

8 28.5 4,13 0.208 20.8 3.02 6 35410

1 28 50.7 7.35 0.140 18.6 2.70 12 42300

2 43,0 6.24 0.170 17.3 2.51 3 43300

3 42,8 6.21 0.162 16.4 2.38 6 43200

4 41.6 6.03 0.180 25.8 3.74 6 43100

5 38.5 5.58 0.196 16.4 2.38 6 431101
6 34,7 5.03 0.176 22.4 3.25 3 45100

7 34,7 5.03 0.224 22.0 3.19 6 45400

8 33.5 4,86 0.225 21.1 3.06 3 4410

9 32.0 4,64 0.209 19.2 2.79 6 45410
10 27.5 3.99 0.239 18.6 2.70 6 436b051
1 19.1 2.77 0.264 15.0 2.18 6 436a05e
12 18.5 2.68 0.257 - - 6 436b06a
13 13.5 1.96 0.274 12.0 1.79 6 436a06a
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APPENDIX B

HYSTERESIS LOOPS OF REINFORCED MICROCONCRETE BEAMS

This appendix presents load-displacement and moment-average curva-
ture response curves of beams tested in the study of the ecyeling frequen-

ey effects (Section 8.2.6).

Table B.1 summarizes the results of this study in terms of relative
peak load at each cycle for each of the specimens tested. The load value
used for normalizing of the results was taken as the average peak load of
the first excurssion of the beams tested at a frequency of 2 Hz. The
normalizing values for the displacements and curvatures are the average
of the peak values for all the beams at the first amplitude. The speci-
mens are identified in the table and in the figures by a set of three
digits, the first of which denotes the testing frequency (0.0025 Hz, 2 Hz
and 10 Hz), the second denotes the specimen number at a frequency, and

the third the beam number in the specimen.
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Figure B.1 Normalized Load-Displacement and Moment Curvature Response of Beam Tested

under Frequency 0.0025 Hz (Specimen 1.1.1)
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under Freqdency 2 Hz (Specimen 2.2.2)
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Figure B.9 Normalized Load-Displacement and Moment Curvature Response of Beam Tested

under Frequency 10 Hz (Specimen 3.1.1)
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under Frequency 10 Hz (Specimen 3.1.2)
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Figure B.11 Normalized Load-Displacement and Moment Curvature Response of Beam Tested

under Frequency 10 Hz (Specimen 3.2.1)
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