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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination of knowledge about earthquakes, the improvement of earthquake-resistant
design, and the implementation of seismic hazard mitigation procedures to minimize loss of lives

and property. The emphasis is on structures and lifelines that are found in zones of moderate to
high seismicity throughout the United States.

NCEER’s research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

» Existing and New Structures

¢ Secondary and Protective Systems
» Lifeline Systems

+ Disaster Research and Planning

This technical report pertains to Program 1, Existing and New Structures, and more specifically
to system response investigations.

The long term goal of research in Existing and New Structures is to develop seismic hazard
mitigation procedures through rational probabilistic risk assessment for damage or collapse of
structures, mainly existing buildings, in regions of moderate to high seismicity. The work relies
on improved definitions of seismicity and site response, experimental and analytical evaluations
of systems response, and more accurate assessment of risk factors. This technology will be
incorporated in expert systems tools and improved code formats for existing and new structures.
Methods of retrofit will also be developed. When this work is completed, it should be possible to
characterize and quantify societal impact of seismic risk in various geographical regions and

large municipalities. Toward this goal, the program has been divided into five compgenents, as
shown in the figure below:

Program Elements: Tasks:

Eanhquake Hazards Estimates,

Ground Motion Estimates,

New Ground Motion Instrumentation,
Earthquake & Ground Motion Data Base.

Seismicity, Ground Motions
and Seismic Hazards Estimates

|

G ical Studies, Soils Site Response Estimaes,
:60&3(-2]'111 ’ ) Targe Ground Deformation Estimates,
and Soil-Structure Interaction e Soil-Structure Interaction.
Typical Structs d Critical Structural C 15
Sys[cm Response: )’p!\Ca CLLICS A xilca. C a, CINPONey

Ttz Testing and Analysis;
Testing and Analysis Modetm Analytcal Tools.

y ? g Valnerability Analysis,
Reliability Analysis Retiability Analysis,

and Risk Assessment ? Risk Assessment,

Code Upprading.

Exvert Sysiems Axchitectural and Structural Design,
pert 5y Evaluation of Existing Buildings.
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System response investigations constitute one of the important areas of research in Existing and
New Structures. Current research activities include the following:

1. Testing and analysis of lightly reinforced concrete structures, and other structural compo-
nents common in the eastern United States such as semi-rigid connections and flexible
diaphragms.

2. Development of modern, dynamic analysis tools.

3. Investigation of innovative computing techniques that include the use of interactive
computer graphics, advanced engineering workstations and supercomputing.

The ultimate goal of projects in this area is to provide an estimate of the seismic hazard of
existing buildings which were not designed for earthquakes and to provide information on typical
weak structural systems, such as lightly reinforced concrete elements and steel frames with
semi-rigid connections. An additional goal of these projects is the development of modem
analytical tools for the nonlinear dynamic analysis of complex structures.

As part of NCEER’s program in existing structures, researchers are investigating the response
characteristics of various building materials under earthquoke conditions. In this study, re-
searchers have focused attention on improving the materials used to construct small-scale
reinforced concrete structures. As a result, a model was developed and its behavior compared io
a prototype structure to determine which provides the best modeling of cracking and hysteretic
behavior. The results from the study provide new information on model materials, which will be
of immediate use io engineers contemplating small-scale modeling of reinforced concrete
structures.
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ABSTRACT

This report focuses on improved physical medeling techniques for small-scale
reinforced concrete structures subjected to seismic loadings. Particular empha -
sis is placed on the development of az model concrete mix to accurately model the
important strength and stiffness properties of full-scale prototype concrete.
The gradation of aggregate used in the mix, along with the aggregate to cement
ratio, are shown to be critical in achieving sufficiently low temsile strength
while still maintaining acceptable critical strain levels at compressive failure
of the model concrete. Four types of model reinforcement with different bond
characteristics are also studied, including determination of appropriate heat
treatment processes to achieve accurate values of yield point and acceptable
post-yield characteristics. This new information on model materials will be of
immediate use to engineers contemplating small scale modeling of reinforced

concrete structures.

Using these model materials, the adequacy of bond between model concrete and
medel reinforcement is then examined with experiments on a series of 1/6 =scale
model assemblages of a prototype beam subjected to reversing loads. The canti-
lever beam section (prototype and model) are loaded in fully reversing bending at
gradually increasing ductility levels up to a maximum value of 6. The resulting
load-deflection hysteresis loops are compared (model to prototype) and it is con-
cluded that small scale elements fabricated with annealed, threaded rod re-
inforcement best meet the similitude requirements for strength, stiffrness, and
(in particular), cyclic degradation of stiffness, energy absorption during fully

reversing loads, and failure mode after severe cycling.
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SECTION 1
ITRTRODUCTICN

1.1 Statement of the Problem

The study of dynamic structural response of full scale reinforced concrete
structures subjected to earthquake loadings requires testing facilities with
extremely high load capacities, and is possible at only a few highly-specialized
laboratories. The cost of using these facilities, and of building and disposing
of the test specimens, is very high. For this reason, small-scale structural
models (at geometric scale factors in the range of 1/6 to 1/10) offer an
attractive means to perform dynamic loading experiments without incurring the
high costs of full-scale testing. The major problem met in small-scale modeling
of reinforced concrete structures is meeting similitude requirements sufficiently
well te capture the many subtle behavioral modes as the structure is loaded to

failure.

When a prototype reinforced concrete system is modeled for strength, it is
necessary to reproduce all significanc physical characteristics on a one-one
basis. Any distortion of similitude must be understood and its effects must be
predictable. These distortions, which result in the so-called "scale effects,"”
must be minimized through application of the very best modeling techniques and
practices. The model concrete mix should be proportioned to mateh the com-
pressive stress-strain characteristics of the prototype concrete while minimizing
the overly high temsile strengths so often found in model concretes. Model
reinforcement should have a stress-strain curve identical to that of the pro-
totype reinforcement, including the strain-hardening region. Furthermore, bond
behavior, which is the single most important measure of the composite action
between the concrete and reinforcement, should be similar (if not identical) in

prototype and model.

Although considerable improvement in model materials has been realized in
the past three decades [3], there are limitations (mainly materials-driven) om
the use of small-scale models. This study was conducted to develop improved
model materials and modeling techniques for reinforced conmcrete structures,

particularly for seismic-type loading histories.
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1.2 Organization of the Study

The first part of this study (Section 2) was aimed at obtaining the model
conerete that best achievad the desired similitude conditions on strength,
ultimate strain capacities, and stiffness. This was done by developing a series
of new mixes and comparing their properties with those of a typlcal 4500 psi

design strength prototype concrete.

Section 3 of the rveport deals with model reinforcement, including selection
of the most appropriate type of small deformed bars, and details on the heat

treatment processes used to achieve the desired properties.

In Section 4 the model materials are used in a testing program designed to
gimulate the severe demands placed on reinforced conerete elements in a structure
subjected to seismic loading., A prototype structure was built and tested to
failure under a series of fully reversing cyclic loads of gradually increasing
intensity. One-sixth scale models of the same design were then tested using
several different types of medel reinforcement, and the results of the models

were compared with that of the prototype,

The report concludes with a summary of results and conclusions in Section 5.
Specific recommendations are made on the best choices for model concrete and
model reinforcement for bullding reinforced concrete models with beam and column

crogs-sectional dimensions on the order of 1 te 2 inches.

1-2



SECTION 2
HODEL GO

2.1 Intreduction

One of the most difficult steps in small scale modeling is the selection of
model concrete. Accurate duplication of the prototype concrete properties is
reguired if the model is to simulate ths whole range of behavior of the struc-
tural system as it is loaded te failure. It is genevally required that a model

concrete have specific values of four properties under short-term load:
1. Ultimate compressive strength, fé
Z. Tangent oy secant modulus of elasticity, &
3. Ultimate compressive strain ey
4. Ultimate tensile sturength, fé

Various studies using microconcrete (defined here as concrete made from
Portland cement, water, and sand without coarse aggregate) have shown that
reasonably adequate results can be obtained if the material is controlled
properly (references {2,3,4]). Thus, microconcrete is the logical choice as a
concrete substitute In small scale models., Other cementitiocus materials such as

gypsum have alsec been used in model concretes with reasonable success,

However, it is acknowledged in the literature that microconcrete usually
has lower stiffness, larger compressive strain capacity, and higher tensile
strength than regular preototype concrete with the same compressive strength [5].
The lower stiffness and larger compressive strain capacity result in distortion
of strains in the model, which may or may not be important, depending upon the
particular failure mode in the model structure. The higher tensile strength has
many implications for model response -- delayed tensile cracking, improved bond
performance, higher diagnonal tension (shear) capacity, and less damage and
degradation under cyclic loadings. Hence the study reported here was undertaken
to obtain a better microconcrete which could be considered fully adequate for the

purpose of modeling dynamic repsonsez of reinforeced concrete structures.

Propexties of a typical prototype concrete with a design strength of 4500
psi were established first. This was followed by development and testing of a

variety of microconcrete mixes.
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2.2 Test Program
2.2.1 HMaterials

The properties of a heterogenous material, such as concrete, camnot be
easily simulated because of the inherent complexity of the many factors that
influence the properties of the hardened {(cured) concrete. Theoretically, the
scaling of concrete properties requires not only appropriate scaling of apggregate
size, but also scaling of pore size in the gel and of void size in the hardened
mixture. Although some of these reguirements might be partially satisfied
because of the use of small aggregate in the microconcrete, the cement particle
size cannot be scaled., In other words, a precise simulation of a small-scale
model concrete 1s impossible. For this reason, selection of model materials in

this study was done on a "practical®™ basis rather than on a "theoretical" basis.

The cement used for the prototype concrete cylinders was commercially
available Portland cement, ASTM Type 1, supplied by the Alpha Portland Cement Co.
of Syracuse, N.Y. The cement had 55.2% tricalcium silicate {(C38), 8.2% tri-
calcium aluminate (C3A}, and a Blain fineness of 3750 cm/kg. The cement used

for the micoconcrete cylinders was commercially available ASTM Type III.

Type I1I cement was selected for the microcoencrete for several reasons:

(a) 1it's more rapid curing greatly facilitated the testing ¢f many model mixes,
(k) the finer grinding of this cement provides particles that are smaller than in
Type I, as desired from simitude considerations, and (¢} previcus studies showed
that it was easier to obtain comnsistent results with this type of cement. Sand
and gravel used were from a local guarry near Ithaca, N.¥Y. The sand consisted
primarily of quartz; the larger particles contained some shale, sandstone, and
limestone. The sand had a fineness modulus of 2.60 and an absorption of 1.85% by
weight. The gravel was natural river stone with a maximum size of 3/4 inches.

The gravel had an absorption of 0.39% by weight.

2.2.2 Concrete Mizes

The mixes used teo cast the cylinders were developed from existing data com-
piled earlier at Cormell University and through extensive trial batching. The
mixes used for both the prototype and the microconcretes were designed to develop
a cylinder compressive strength of 4500 psi, which was considered teo be a common

concrete strength.
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The five diffevent mizes were used in making the test cylinders are defined

in Table 2.1,

Sand, which is defined as having apgregate particles smalley than #4 U. 5,
standard sieve was purchased from a local aggregate stone company. In selecting
the sand, primary attention was given to petting uniformly graded sand az shown

by Curve 1 in Figure 2.1. The gradation curve of the gravel is given by Curve 2,

For the prototype concrete, the originally obtained sand and gravel were
mixed by the weight ratio of 3 to 3, with the resulting gradation curve as given

by Curve 3 in Figure 2.1.

The microconcretes used only sand and cement without any gravel. In order
to get variously graded sands for the microconcretes, the sand was divided inte
two parts; ope had particles larger than #8 sieve size and smaller than #4 sieve
size(called model gravel) and denoted by Gy in this study. The other fraction
had particles smaller than #8 sieve size (called model sand) and denoted by S as
gshown in Figure 2.1. Sands having different gradation curves were made by re-

combining the model sand and the model gravel with different mix ratio.

For Microconcretes I and II, the original sand was used with a sand to
cement rvatio of 3 and a sand to gravel ratic of 4. In Microconcrete I1 the
ccarse particles corresponding to the model gravel size were coated with poly-
stylene. This waz done to reduce model concrete tensile strength by reducing the
bond strength between the cement paste and the coarse aggregate [9]. OUne-eighth
diameter, high polymer polystylene pellets were added to commercial grade toluene
to give a 10% solution by weight. The solution was kept in a sealed container to
prevent evaporation of the toluene. The model gravel to be ccated was thoroughly
washed, then oven dried at 110°C for ome day to remove the hydroscopic moisture,
and then allowed to cool. The model gravel was completely submerged in the
polystylene sclution two times, being allowed to drain and dry completely between
each application. Then the coated model gravel was mixed with the model sand to
make Micreconcrete II. The aggregate used for Microconcrete III consisted of the
model sand and gravel in a mix vatic of 3 to 3 Iin order to increase the portion
of large particles. To further increase the portion of large particles, the
medel sand and gravel were miwed in a ratio of 2 to 4, in Microconcrete IV. The
gradation curves of the aggregate used for Microconcretes III and IV are

represented by Curves 4 and 5, respectively, in Figure 2.1.
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TARLE 2.1 WIX RATTIOS OF TEST SPECIMENS

Mix Watey Gement Sand(SmtCm)* Coarse Aggregate
Frototype Concrete 0,65 1 3D 4406 3
Microconcrete 1 .70 1 3{7.440.6) o
Microconcrete 1L 0.70 i 3(2 L+0 . 6)H 0
Microconcrete TI1 070 1 6(3.04+3.0) Y
Microconcrete IV 0,70 1 G(2.0+4.0) 0

Note: #* Sm; Model sand defined by particle size smaller than #8 seive
Gm; Model gravel defined by particle size larger than #8
seive and small than #4 seive

%% Gm  in this miz was coated by & chemical material.
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2.2.3 Sypecimen Preparation

For each concrete, 14 test cylinders were wade frem one batch (7 foxr

compressive tests and the other 7 for split tensile tezts).

Twe by four inch cylinders were cast for the measurement of the micro-
concrete propertvies. Existing steel laborateory forms were used, and a small
hobart mixer was emploved. Each wodel test eyvlinder was compacted for several
minutes on an electric wibrating table. Six by twelve inch standard test
cylinders were prepared for the prototype concrete. Disposal comerercial forms
were used. A 3.5 cu. ft. capacity tilt retatinpg mixer and an electric vibrating

rod were employed in mixing and compacting the prototype concrete,

e forms were vemoved one day after casti and specimens were immers in
The € re I rerel d frer ring, i i wvere immersed i

water for two weeks until testing.

2.2.4 Instrumentation and Loading

A hydraulic, servo-controlled MTS structural Test System was used for
loading. Load was applied through a MTS bhydraulic actuator having a capacity of
600 kips, with Integral load cell and displacement monitor. The entire test was
contrelled by a Hewlett Packard (HP) 9825E calculator, and monitored by an auto-

matic data acquisition system.

Compressive strain in the test cylinder was measured with an extenscmeter
with a gage length equal te half the test cylinder height. The stroke of the
actuator was programmed fo increase linearly until the cylinder failed. The
stress and strain were continually monitered, printed, and plotted on the screen

of HP 9825B.

2.3 Test Results

The cbserved test data are summarized in Table 2.2. Although the results
showed that the microconcretes had less stiffness, and lavger compressive strain
capacity than the prototype concrete, differences were minimized by appropriate

adjustments to the model microconcrete mixes.

2-6



{17 BTQRL Zow) S81BIDUCDCIADTW B8yl UY pesn aIsM purs Jo suotiepexd snofaep ¢
‘pease] BI9M sISPuTTLO Yepowm YoUT $XE ‘S8IBICUCDCIDTW TIE Ao4 7
"PEISPL BIDM SISPUTTLD pIaEDURaS Youl 2ixs ‘eaxsasuos sdiioloig Iog T IBBION
L1°g 100 L€ 1304 3EIE £6Z00° ¥SEG {ge9:1:.°0) AT P318IDUODOIDTH
969 9600 evy 66¢C7T LEBE 10800 £89% {(g:g:i1:L0) III 818IDUCDOIDTH
98°¢G 080°0 Z8cg BEST TLLT YTY00” 052y {orgstis 0} 11 ®31830UCDCIADTH
£9°4 ZIT 0 81% LBLT ¥ZET SYL00° L09% {orgetieo) I 919IDUCHOIOTH
1879 560°0 19¥ I80C G89¢ EZEOL 0L8y jlergct:gs o) a3axoun] adiiojoad
- o {rsd) {vsy) {1y} {ut/ut) | {1sd)
o o] “I%°0 u T o
o3/ /33 333 +3 : g | iz ® 73 (¥ :5:D: M)
XTH
83885 @TTsuUai 311ds s3s88l Jepurtds ucysssiduod :
2288, AspUTTAD s3=Inuo) Jo Azvwwng F°2 2Tqel

2-7



2.3.1 Prototype Concrete

The average compressive cylinder strength from 5 test cylinders was 4870
psi. As shown in Figure 2.2, compressive stress-strain relationship, strain at
maximum stress (ey), and secant wodulus of elasticity at both initial and 0.4 fé
were obtained. The average value of the strain at maximum stress was 0.00229.
Furthermore, five split cyvlinder tests were conducted to determine an avevage
split tensile strength of 461 psi with a deviation of 29 psi. Expressed in terms
of fé, the prototype concrete rensile ztrength is 0.085 fé oy 6.61 fé, These
values are considered as typical common prototype concretes used in practice,

and are used here ag a basis for comparison with the microconcrete properties.

2.3.2 HMicroceoncrete I

Figure 2.3 shows the results obtained from testing 2x4 inch nodel concrete
cylinders of Microconcrete 1. The data scatter may be partially due to the use
of a testing machine with a very large capacity on the small cylinders. Compared
to the prototype cencrete, the strain of Microconcrete I at maximum stress was
50% larger. Microconcrete I was much softer, as indicated by Ejne and Ep 4 in
the table of Figure 2.3. The average split tensile strength was 518 psi with a
standard deviation of 38 psi. In terms of the ratic of fé to fé , Microconcrete

I had a tensile strength 18% higher than the prototype concrete.

2.3.3 Microconcretve II

Since the model pravel used in Microconcrete I1 was coated with plastic to
reduce the bond strength between the cement paste and the coarse aggregate, the
tensile strengt.. was significantly reduced. The average split tensile strength
of Microconcrete LI was 5% smaller than that of the prototype concrete, and 20%
smaller than that of Microconcrete I. However, the strain at maximum stress was
almost two times larger than that of the prototype concrete as shown in Figure
2.4. The aggregate coating in Microconcrete 11 provided a soft layer with

reduced bond strength and a greatly decreased overall stiffness.

It may be concluded that by coating coarse aggregate, the excessive tensile
strength of normal microconcrete is eliminated, but the modulus stiffness becomes
too low, leading to a strain distoertion that would be particularly objectionable

in dynamic modeling.
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2.3 .4 Microconcrets ITL

The compressive stress-strain curves and basic properties of Micreconcrete
111 are presented in Figure 2.5. The average split tensile strength was 449 psi.
The ratie of fé/fé was 0.096 which was very close to the 0.095 vatie of the
prototype concrete. The average strain at f; was 0.00301, 31% larger than e, of
the prototype concrete. This implied that Microconcrete I11 was still less
stiff. Compared to Microcomcrete 1, however, Microconcrete 111 was much improved

with respect to stiffnecs and tensiie strength.

Since agpregate itself is stiffer than cement paste, the stiffness of
concrete increases as the portion of agpgregarte in the mixture increases.
However, decreases in the ratio of aggregate to cement (A/C) and the ratio of
water to cement (W/C) were limited due to workability requirements. In the
present work, it was observed that the A/C of 6 with W/C of 0.7 was the mixture
which provided minimum acceptable workability with the additive of a noxmal

amount of superplasticizers.

2.3.5 Hicrovoncrete IV

The ratio of A/C in Microconcrete IV was the same as in Microconcrete
II1(6), but the gradation of the aggregate was different (1:2 rather than 1l:1).
Thus Microcencrete IV resulted in higher stiffness than Microconcrete I11. The
average strain at fé was (,00293, 27% higher than e, of the prototypes concrete

as presented in Figure 2.6,

The average split tensile strength as a function of f;/fé wag 0.071, 25%
lower than that of the prototype concrete. This was mainly attributed to exces-
sive honeycombing which resulteo from using the rather poorly graded aggregate.
During casting, it was difficult to compact specimens because of bad work-

&

ability, even though a normal amount of superplasticizers was used.

2.4 Summary and Comclusion

Various microconcrete mixtures were studied to obtain a better practical
model concrete for small-scale model experiments on reinforced concrete
structures. The main aspects considered here were (1) reducing the excessive

tensile strength, and (2) increasing the stiffness of the microconcrete.
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One prototype concrete and four micreconcretes weve tested, The results
obtained are summavized in Table 2.2, and the normalized average compressive

stress-strain curves are compared fn Figure 2.7.

Based on the supposition that concrete tensile strength is mainly dependent
on the bond registance between cement paste and sggregates, the coarse aggregates
in Microconcrete IT1 were coated with plastic te reduce the normally high tensile
strength of a wmicroconcrete. Although the tensile strempth was reduced suc-

cessfully, the compressive stiffness became too low as shown in Figure 2.7.

The ratio of A/C was then chosen as the primary variable to control the
microconcrete properties. The results showed that as the ratioc of &/C in-
creases, the compressive stiffness increases, and tensils strength decreases,
Since the aggregate 1s, in nature, much stiffer than cement paste, (Figure 2.8),
it is natural that the stiffuness of a concrete increases as A/C increases. In
addition to this, the tensile strength decreases with increase of A/C ratio.

The variation of the stiffness and f% of microconeretes with respect to A/C ratio

is shown in Figure 2.9.

it is concluded that Microconmcrete III is the best mixture for dynamic

experimental modeling of R/C structures,
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Stiffness and Tensile Strength
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Chapter 11T
MODEL EEINFORCEMENT

3.1 Introduction

One of the main objectives of the present work was to reproduce the proto-
type structure response at various stages of loading up to failure at model
scale. The considered range of loading covers the elastic, inelastic, and the
ultimate stages of behavier. Since most reinforced concrete elements are usually
under- reinforced to provide sufficient ductility and to achieve an economical
use of steel reinforcement, the post-yield stress-strain characteristics of both
the prototype and model reinforcement are critical in determining the structural

behavior in the inelastic cracked range.

Another important aspect of the selection of model reinforcement is the

proper representation of bond. Various techniques have been proposed by medel

investigators to improve the beond charactatistics of model reinforcement fer best

cracking similitude. Plain wires with rusted surfaces, cold-rolled threadsd
rods, deformed wires, etc. have been eXaﬁiﬁ@d by many researchers [6,8]..
However, a definitive solution of the modal reinforcement problem, including

bond, is not yet available.

3.2 Selection of Model RBReinforcement
3.2.1 Bar Size

The choice of bar diameter was based om a 1/6 scale replica of the pestotype
reinforcement. The exact required diameters were almost impossible to find in .
the market, but every attempt was made to obtain model bars with diameters as
close as possible to the required sizes. In some cases, such as when threaded
bars were used, it was necessary to use a combination of small and large diameter
wires. This was done on the expense of slightly distorting the exact reproduc-
tion of the total surface area of the prototype bars. The cross sectional area

of the knurled wires was obtained as follows:

Area = Weight of wire / (Density x Length)
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3.2.2 Surface Deformation

Several forms of surface deformations are examined in the present invest-
igation to obtain the best correlation between model and protetype cracking
patterns. Four types of wires were used: (1) plain wires with no surface
deformations, (2) threaded rods, (3) commercialiy deformed wires, and (4)
standard deformed wires. Main mechanical and surface properties of these

reinforcing wires are shown in Table (3.1), and figure (3.1) respectively.

The normally accepted state-of-the-art in model reinforcement representa-
tion is the use of deformed wires with surface deformations resembling those of
the prototype but at model scale. These so-called standard deformed wires were
obtained by knurling plain round wires using a device developed by H. G. Harris
at Drexel University. The knurling process resulted in raising the plain bars

yield strength by about 5%, and narrowing its yield plateau (Figure 3.2).

3.2.3 Hechanical Properties

Figure 3.2 shows the stress-strain curves of the as-delivered model rein-
forcement. It can be seen that all bars did not show a clearly defined yield
peint. Also, commercially deformed wires (and to some extent the standard
deformed wires) had limited ductility. All model bars were heat-treated as
described in Section 3.3, to produce a sharp yield point and to develop the yield

strengths given in Table 3.2.

3.3 Heat Treatment

3.3.1 General

Heat treatment seems to be an essential process for proper simulation of
reinforcing steel. Model bars will rarely have either the desired yield strength
or sufficient ductility (yield plateau). Also, when smooth bars are cold-formed
to produce the required surface deformation, their yield strength increases while
their ductility decreases. This can be attributed to the state of high internal
strain produced by cold-forming {11]. Heat treatment or anmealing of model bars
is used to contrel the yield strength, and to improve the yield and post-yield
characteristics, such as developing a clear sharp yielding point and increasing

the ductility.
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TABLE 3.1 MODEL REINFORCING MATERTIALS FOR TEST

Physical Nominal Cross ' Yield
Type of Bar/Wire Diameter Diameter Sectional Strength
Area as Del vered
{(in.) {(in.) (in2) {(ksi)
Smooth L1260 0.120 0.0113 105
Standard Deformed 0.116 0.0105 110
Commercially
Deformed Wires 0.114 0.01062 83
Small | 0.125(0.D.) 0.107 0.0079 100
Threaded 0.098(1.D.)
Large 0.164(0.D) 0 133 0. 0139 99
G.130(1.D.)
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Figure 3.1. Surface Deformation of Model
Reinforcement.

34



Stress (ksi)

130

% % Commercially

deformed wires
Q== Threaded rods

O -1 Smooth wires

N §
w.(>m§§ ....... e
X (failure)
L.egend:

Lyeeeee & Standord deformed

{tailure)”]

ol

wires
S e I k] l 3 i ] I i ] E) 2 £
1O 15
) 3
Strain x 10

Figure 3.2. Stress-Strain Curves of Model

Reinforcement as Delivered,

3~5



"pesn SeM (¥ $0ORUINI) 20Ny} ENNORA ss

‘pegn 2PA {g sovuinl) sanly uado g

. . spod
zeo-t S*'0L #32/1 1 o1 £Z9 69 001 popesIyl,
. . PeWICI S
zeo°t 5°08 +22/T 1 0t 008 8L €8 A{Teyoxemuc)
. . pomioied
TED'T £ LL #52/T 1 0t ovs Si 01T piepueag
10°1 L°L9 s 0t GZ9 LY 1t sxeg Yyjoous
{1ex) {24} {uyw) () (v} (s}
y3busaly
paiinbay yzbuaias PeABATIR(
53 TENIDY aeg = e BHET] sInleisdusy yabusisg 21! adlil Jed
3O o738y pefeauuy | Buytood Hutesuuy But Tesuuy paatnbay | ysbuaiis

giinsay DUTTReUUY Z°C

BIqeL

3-6



The annealing process can be divided into three distinctive regions: recov-
ery or strain relieving, recrystallization, and grain growth (Figure 3.3) {11].
At the recovery stage, the metal restores itg physical properties without any
significant change in its microstructure. Sharp yielding point can be obtained
at this stage by anneali.g the steel to 340 C for about 2-3 hours. Recrystal-
lization, (which is usually defined as conventional amnealing) is the replacement
of the cold worked structure by a new set of strain-free grains. From the dif-
ferent possible combinations of temperature and time used for comnventional
annealing, a temperature of 540 C for various time periods is recommended in

reference [1l] for typical steels.

3.3.2. Furnaces Used for Amnealing

Two Lindberg electric furnaces located in the Cornell Materiasls Science and
Engineering laboratory were used in the annealing process. The first (Furnace A,
Figure 3.4) was a vacuum tube furnace with a digital thermocouple temperature
control. The furnace body was divided inte three zones which can be controlled
separately. The thermocouple control system was designed to give the average
temperature inside the furnace. Maximum temperature that could be attained using
this furnace was 1200 €. The second furnace (Furnace B, Figure 3.4) was similar
to the first furnace but with an open tube. Comparison between the performance

of the two furnaces is discussed in Sections 3.3.4 and 3.3.5.

3.3.3 Amnealing Processes

The main facters affecting the heat-treatment process are: annealing time,
annealing temperature, rat- of cooling, and temperature distribution inside the
furnace. While the first two factors are the control pavameters in this process,
the last two are furnace dependent. Prior experience at Cornell indicated that a
slight non-uniformity of temperature distribution inside the furnace may signi-
ficantly affect the ammealing results. To study this effect, each test specimen
was cut into at least two pileces, and each piece was tested to verify a uniform

yield strength all over the specimen length.
The annealing process using Furnace A was carried out as follows:

1. The steel specimen was placed inside the vacuum tube, and the

tube was mounted on the furnace body.
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Vacuum ?uben\ i@ mjm WT“

Steel specimen Air
Healing element- pump.

a) Furnace A: Vacuum Tube Furnace

Heating Zone(3) Zone(2) Zone(l)

element

Steel
specimen -

b) Furnace B: Open Tube Furnace

Figure 3.4. Furnaces Used For Heat Treatment.
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2. The air was evacuated using an alr pump, and the furnace was
turned on.

3. After the required temperature was maintained for the desived
annealing time (usually 10 minutes), the furnace was turned off
and the specimen was left to cool inside the furnace for about
1-1/2 hrs.

4. The air valve was opened, and the specimen was taken cut and tested.

The procedure used with furnace B was simpler than the above scheme. After
the furnace was preheated to the required temperature, the steel specimens were
placed inside it through the tube opening. The steel was then left inside the
furnace for exactly the required annealing time and was then taken out to cool at

room temperature,

Several advantages were cbserved when using furnace B (with an open tube),
In addition to the easy placement of specimens inside the furnace, the tempera-
ture distribution inside the furnace was found to be more uniform than that of
furnace A. Alsoc, furnace B allows a precise time exposure to temperature since
it was not necessary to leave the specimen inside the furnace during the heating
and the cooling times. The coler of specimens annealed in furnace B was changed
(became darker) due to the oxidization of the surface layer of the streel bars.
Since this had negligible contribution to the bond characteristics, the model

bars were cleaned using only acetone after amnmealing.

3.3.4 Results of Selected Amnealing Results

The annealing process using either furnace A or B was repeated several times
to obtain the proper temperature and annealing time for each type of model bars.
Figure 3.5 shows typlcal trial and error results of the heat-treatment of plain
bars. Table 3.2 gives the annealing temperature and time used for each kind of
model bars. Also, Figure 3.6 shows the stress-strain curves of the annealed
bars. As given in Table 3.2, all the desired yield strengths were achieved with
a maximum error of + 3.2% A sharp, clearly defined yield peint was obtained for
all bars, The ductility of commercially deformed bars was improved due to heat-

treatment.
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Twe primary difficulties faced during the heat-treatment process: (1) obtaining
a uniform temperature distribution inside the furnace (especially Furnace A), and
(2) findinpg the proper combination of annealing tewperature and time for dif-

ferent types of reinforcement using a certain furnace.

3.4 Summary and Conclusion

Several types of model reinforcement were heat-treated to develop the re-
quired yield strength, improve ductility, and obtain a sharp yield point. A
trial and error approach was used to determine the proper annealing temperature
and time Ffor each model reinforcement te obtain the desired properties. It was
found that the usze of an open tube electric furnace offers many advantages,
including accurate control of specimen exposure to the heating (temperature)
process, uniform temperature distribution inside the furnace, and ease in moving

specimens in and out of the furnace.

The annealing gave highly satisfactory results from the standpoint of
achieving the desired yield strength. An amnealing time of 1 hour is proposed
for these wires. Heat-treatment did little to improve the ductility of the

commercially deformed wires.
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HYSTERESIS RESPONSE OF MODEL BEINFORCED CONCEETE BEAMS

4.1 Intreoduction

in addition to the physical characteristics of model concrete and reinforce-
ment, cother parameters should be considered for a thorough evaluation of whether

similitude between model and prototype E/C response can be achieved.

State-of-the-art reviews of the response parameters of reduced scale re-
inforced concrete members indicates that particularly critical facters include
bond characteristics and strain gradient effects. The bond characteristics
between concrete and steel significantly affect cracking and, in particular, the
pust-yield response of a structure. Since bond-slip reduces the flexural stiff-
ness and the dissipation of energy in hysteretic behavior, a lack of bond simil-
itude between model and prototype has a correspondingly negative effect on
similitude in structural damageability and cellapse limit state responses.
Furthermore, the strain gradient across a flexural member increases linearly with
a decrease in size. since ressearch indicates some dependence of concrete flex-
ural strength with increasing strain gradient, some distortion of cracking might

be expected.

In order to study the combined effect of bond and strain gradient on the
hysteresis response of cyclically loaded reinforced concrete model structures, a
prototype and several 1/6 scale model beams were tested under gradually in-

creasing cyclic loads.

4.2 Test Program
£.2.1 Test Objectives and Variables

One prototype beam and three 1/6 scale model beams were tested. The proto-
type was used to provide a basis of critical comparison for the subsequent small
scale model test results. The primary objective of the study was to ascertain
the influence of model reinforcement with different surface deformation patterns
on: {1) patrterns and extent of concrete cracking, (Z) overall hysteresis re-
sponse, and (3) localized rotation characteristics at the section of highest
flexure. This critical cowmparison could then be used to formulate recom-
mendations as te the best type of model reinforcement for use in small scale

modeling of reinforced comcrete structures subjected to severe reversing loads.
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The only variable studied with these model specimens was the type of surface
deformation on the model reinforcement: nons (smooth wire), standard deformed

(scaled model of prototype reinforcement), and threaded.

4.2.2 Specimen Description and Materials

The test specimens were idealized flexural specimens that can be interpreted
as half a beam length in a rigid frame structure. The reversing transverse load
applied at the end of the beam simulates the force at the inflection point of a
beam in a frame carrying reversing lateral lecads. The test specimen was anchored
to a very substantial reinforced concrete base, orienmted in a vertical position,

and loaded at its upper end as shown in Figures 4.1 and 4.5a.

The large scale (prototype) specimen was constructed to approximately half
full-size. The three small scale (model) specimens were 1/6 scale versions of

the prototype. Details and dimensions of the specimens are shown in Figure 4.1,

Fach specimen was reinforced longitudinally with three bars in each face.
No. & bars (0.75 in. diameter) were used in the prototype, and 0.125 in. diameter
bars in the models. The resulting reinforcing percentage is 1.22% in each face,
based on the gross dimensions of the section. Shear reinforcement (designed to
prevent any significant distress in shear) consists of #3 bar and DO.05 inch wire
closed hoops for the prototype and the models, respectively. HNominal dimensions,

reinforcing details and cross sections are shown in Figures 4.1(a), (b), and (c¢).

The base foundation was designed so that cracking would be minimal. This
was accomplished by providing #10 bar for the prototype and DO.2Z5 inch mechan-
ically deformed wire for the models. In addition, the base foundation was

externally post-tensioned te the supporting base with steel rods.

Materials used for the test specimens are summarized in Table 4.1. For the
prototype specimen, the prototype concrete mix described in Chapter 2 was used,
and #6 bars with mechanical properties as presented in Chapter 3 were used as
longitudinal reinforcement. For all of the model specimens, Microconcrete 111
(presented in Chapter ?) was used. Since the main variable in this study was
the type of deformation on the model reinforcement, three different types of
model bar (with respect to degree of deformation on the surface of the bar) were
provided as a model longitudinal reinforcement. The first specimen was re-
inforced with smooth round wires {called herein "specimen MR"). The second one
used standard deformed meodel bars (specimen M3), and thé third specimen was

4-2
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reinforced with threaded rods (specimen MT). The mechanical properties of the

reinforcement azre glven in Chaprer 3.

4.2.3 Epecipen Prepavation

The specimens were cast in forms constructed of 3/4 inch structural grade
plywood. The reinforcing bars were assembled with stirrups to form a rigld cage
using wire ties. The reinforcing cage was secured in the form using steel chairs

and the holes on the form to malintain exact positioning.

A1l specimens weve cast in a hovizontal position. The mix was placed In two
equal depth layevs. Each layer was uniformally compacted with an electric inter-
nal vibrator. After casting, the specimens were covered with plastic sheet.

The forms were removed one day after casting; the protetype specimeun was kept
moist with plastic cover, while the model specimens were soaked into water until

testing. The specimens were tested about two weeks after casting.

4.2.4 Test Apparatus

The function of the test apparatus was to transfer the reversing lateral
force from the actuator to the top of the column specimen, measure the load, and
measure the deflection at the top of the column and the rotation at the bottem of

the beam.

Prototype Test ----- Figure 4.3 cshows the outline of the prototype beam
test frame. The specimen base was fixed against trenslation and rotation by
anchoring it te the structural steel test frame with high strength steel rods. A
load reaction bracket in the form of a triangle was bullt on the strong base
girder. A 55 kip capacity hydraulic actuator was mounted on the shelf which was
welded to the vertical member of the reaction bracket. Figure 4.5(a) is a photo

of the test apparatus with the specimen on 1t.

Model Test ~v---- Figures 4.4 and &.3(b)} shows the model column test appar-
atus. An existing model testing table made of grid type steel bridge decking was
used. Two small angle brackets wers brackets were bolted to the table; one was
for a 2.2 kips MTS actuator, and the other was for supporting the model specimen.
The base foundation of the model specimen was fixed against translation and rota-
tion by bolting it to the bracket. A photo of the model test apparatus is shown

in Figure 4.3(b).

4-6
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{a) Prototype.

Figure 4.5, Test Setup.
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One of the most important devices in both the model and protoetype test set-
upa was s leoad transferring device from the actuster to the center of the tes=t
specimen ssction. The cyelic load transfer device 1 ghown in Figure 4.6, It
was made of heavy steel plates welded in the form of a box with pin-comnected
rotating arms. The specimen was tightened and aligned to center by turning two
bolts. The retating arms were comnected to the actuator with a single bolt. The

mechanism of the device was identical in both the model and the prototype tests.

4£.2.5% Ingstrumentation

Three parameters vere measuved for zach specimen: applied load, displacement
at the top of the column, and rotation at the base of the columr, For loading,
a hydraulic, servo-controlled MTS structural test system with integral load cell
was used. A 55 kips capacity actuater was used for the protorype test, while a
2.2 kips capacity actuator was used for the medel tests. The top deflection was
measured with a DCDT. With the use of the HP-data acquisition system, it was

possible to measure the deflection to an accuracy of + 0.00002 inches.

Since considerable damage was expected at the bottom of the column, the base
rotation was measured at a distance equal to a half of the effective depth above
the base foundation. At this point, a steel bar wag attached to all four sides
of the szection by turning the screws as shown in Figure 4.7. DCDTs were mounted
to both ends of the steel bar with magnetic supports. Mechanical dial gages were

used alongside the DCDTs to check the electronic measurements.

The entire test was controlled by a HP-9823B calculator, and monitored with
a HP 30524 Data Acquisition System. The lcad, displacement, and rotation were
continually monitored and printed, and were also plotted on the calculator

screen.

4.2.8 Test Procedure

Reversing cyelic loads were applied in a displscement contrelled mode. The
displacement at the tep ¢f the colummn was programmed to linearly increase and
decrease in accordance with the pre-determined displacement history shown in
Figure 4.8. 1t consisted of five levels; O.SDy, 2Dy, QDy, and ﬁDy in which Dy
was the theoretically calculated deflection at the top of the member when the
reinforcement at the maximum moment section reached yield. Each load level had

five cycles. The time required for each cycle was about 8 minutes; thus, the

4=10
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loading rate was increased as the amplitude became larger. After finishing each
set of % cycles, the bolet of the load transferring device from the actuator to
the specimen was loosened in order to release any residual forces or stresses in
the member. Than the bolt was tightened again for next load level. Throughout
each test, the ioad-displacement relation was monitored continucusly on the com-
puter screen, Data points for all test parameters were taken intermittently to
produce a smooth curve. Dial gauge readings were taken at every data point for

the first few eveles to insure proper operation of the electronic Instruments.

Crack patterns were monitored carefully throughout the test and marked on

the specimen. In this way a complete cracking history was documented.

4,3, Test Results
4.3.1. Cracking Behaviox

Figure 4.9 shows the cracking patterns for the prototype specimen along with

the wodel specimens st all considered loading levels.

At a ductility factor of 0.5 (Figure &.9a), six approximately equally spaced
cracks were developed in each face of the prototype specimen. These cracks ex-
tended over approximately half the beam length. A similar cracking pattern, but
with fewer cracks and slightly larger scaled spacing, was observed in the
threaded rods model at this loading level. The number of cracks observed in the
standard deformed bars specimen was less than that of the threaded rods specimen
at this stage, and only a single main crack was observed at the bottom of the

plain bars specimen.

At a ductility factor of 2.0, a large number of deep, closely spaced cracks
was developed in both the prototype and the threaded bars specimen. Cracking in
the standard deformed bars specimen wag quite similar to that in the threaded
bars specimen. The plain bars specimen failed at with one major crack at the

bottom of the beam.

Significant damage at the bottom of the standard deformed bars specimen was
observed at a ductility factor of 31.0. The threaded bars specimen cracking pat-

tern was similar to that of the prototype but with fewer cracks.
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The standard deformed bars specimen failed at a ductility factor of 4.0 due to
excessive damags at the bottom. Alsc, at this load level, cracks esntended
almost to the top of the prototype specimen. The oversall behavior and cracking
response of the threaded bars specimen was still closer te that of the prototype

than the standavd deformed bars specimern.

At the final zvape (ductilitvy factor = 6.0), the threaded bars specimen
cracking pattern was close vo that of the prototype although substantially fewer

cracks were observed,

In summary, the threaded bars model specimen cracking behavior showed the
best correlation with the prototype behavior through the different stages of
loading. This can be directly attributed to the better repressntation of bond

characteristics with this type of highly deformed model reinforcement.

4.3.2. Hysteresis Response
4.3.2.1 locad-Displacement Response

The hysteretic load-displacement response was of primary Importance in this
study since it gives an overall basis for evaluating the model response, includ-
ing degradation rates and energy absorption, and with less emphasis on local

response characteristics such as cracking and bond-slip.

Figures 4.10 through 4.13 represent the load-displacement hysteresis loops
for the different models at ductility facters of 2.0, 3.0, 4.0, and 6.0 respec-
tively. The model responses were scaled up to prototype size by using the

appropriate scaling factors as follows:

(Displacement)p = {(Displacement)y x Sy

e - (T 2
(Borce)p (Force)m % SQ

This facilitated the plotting of both the prototype and model vesponses on

the same set of axes for direct comparison.

At a ductility factor of 2.0, the plain bars specimen failed by excessive
bond slip as shown in Figure 4.10.a. The standard deformed bars specimen showed
fair agreement with the prototype response at this load level (Figure 4.10.b).
Essentlally perfect agreement between the threaded bars model and the prototype

was vecorded. (Figure 4.10.c).
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At a ductility factor of 3.0, the prototype specimen hysteretic response loops
showed some pinching due to the opening and clesing of cracks. The hysteresis
loops were fairly stable. and showed very little reduction of strength with
cyeling, The standard deformed bars specimen showed fair agresment with the
provotype rasponse. Some pinching was reproduced ar the model level at this
stage, but not as much as that observed in the prototype. [t was also observed
that the model specimen strength was gradually decreasing with cyveling. (Figure

4.11.2a).

The threaded bars specimen response at a ductility factor of 3.0 is shown in
Figure 4.11.b. The hysteresis loops were stable with eyeling, showing ne reduc-
tion in strength. No pinching in the hysteresis loops was observed. This can be
explained as a result of the lack of sufficient bend-slip in the threaded bars
specimen, which consequently reduced the c¢racks widths and the pinching

phenomena.

At a ductlliry factor of 4.0, the hysteresis loops of the prototype specimen
showed more pinching but were fairly stable with cyeling. This behavior was not
reproduced in the standard deformed bars specimen which showed a significant re-
duction in strength with cycling. At the end of the 5th cyele at a ductility
factor of 4.0, the strength of the standard deformed bars specimen was only about

half its original strength (Figure 4.12.a).

The threaded bars specimen response (Figure 4.12.5.) was still stable with
cyeling at ductility factor 4.0, but very little pinching was recorded. The
strength values on both sides of the hysteresis loops were in good agreement with

those of the prototype.

At a ductility factor of 6.0, both the prototype and the threaded bars model
showed strength reduction with cycling. Furthermore, more pinching was repro-

duced at model scale (Figure 4.13).

It can be seen from the previous discussion that the use of threaded bars as
model reinforcement gives the best correlation with the prototype response at a
ductility factor of 6. The lack of sufficient pinching will lead to more

(scaled) energy absorption in the model than in the prototype.
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4.3.2.2. Homent-Rotation Response

The moment-rotation responses of the standard deformed hars, threaded bars,
and the prototype specimens are introduced and discussed in this secrion. Re-
sults are shown in Figures 4.14 through 4.16. The essence of this comparison is
to investigate the local behavior of the model and the contribution of cracking

and bond slip on the model response.

The response of the models was again scaled to the prototype size using the

appropriate scaling factorsz as follows:

(Rotatiun)p e (Rotation)y

(Mament)p = (Moment iy, X S%

At a ductility factor of 3.0, the standard deformed bars specimen moment-
rotation response was in falr agreement with that of the prototype (Figure
4.14ay. The model rotation was generally higher than the prototype rotatiom.
This can be explained as a result of the fewer pumber of cracks developed in the
model, which suggests that a significant part of the inelastic beam rotation will
take place at the lower cracks. The rest of the beam can be almost rotating as

a rigid body about the lower sectioms (up teo t/2 in thisz case).

On the other hand, becsusa of the better crack distribution in the threaded
bars model, the inelastic beam rotation will take place over a larger number of
cracks. The spread of the inelastic beam rotation over a longer distance of the
beam length resulted in the better agreement between the model and prototype

moment-rotation responses shown in Figure 4.14.b.

At a ductility factor of 4.0, the standard deformed bars specimen showed
excessive local rotations and almost failed at the end of the 5th cyecle (Figure

4.15.a).

Both the prototrype and the thresded bars specimen hysteresis moment-rotation
responses were stable with cycling. The prototype showed more pinching behavior

than the model due to cracking and bond-slip, as shown in Figure 4.15.b.

At a ductility factor of 6.0, agreement between the threaded bars model and
the prototype was quite good (Figure 4.16). The model hysteresis loops showed

more pinching at this stage.

k=29



¢ 10 010D Dm nong o 1p asuodsay
dA101014 SNSUBA Sl DSOS PJUDDUDIS Dyl 4 94nbiyg
(001 X PDJ) UONDIOY [DO0T
0'¢ 0% 07 g0 02— O 09—
o N N S S S SO N TSRS WA VS NS SO VN SN N N N
eziz adfojoid o3 dn - H
D008 asuodssl [BPOW R
adfioioigd — — — "
240 DPOWIOIBD DIDPUDIS —omm —

0 0G~

00

00s

0001

0'0CL—

(3} x sdiy) JUSUION

4-30



‘¢ 30 J03oD4 Ajiong o oo
S

ssuodssy edAj030.44

(001 x poJ) uonpIoY (DOCT

RO S S R G S

09 oy 0z

M

i

i

0C
;

OWNE O
; :

NSIA POY PepoaIYL Gy Ly inbid

ezis adlwioud oy dn
pelbos ssucdsal [apop

0 CC1—

— 005~

sdAjoloud — — —
PO pPepLeIY] ——

00

0001

(14 % sdpf) jJUSUION

4~31



=

4 J0 101904 AjIonQg o iD ssuodsay

504101044 SNSJOA SJIAL DBUICR( PJDPUDIS ‘DGl y 84nbij
(001 * PD4) UORDIOY [D20T
09 o'y o< 00 Q¢ Oy 09—
IS S I T U R B Lo W T N S U B oo0L—
szis adfiojoud o3 dn T \wa a
pRDoE BSUCdsal [BPOK ]
- 0°0G-
o
! — 0°0%
il A "
il b2 80410300y - - —
T BU PBWLOED DUODUDIS -

Ry

(4 x sdpf) Juswon

432



v 40 J010D4 Ajjjong o o
dsay 9df10104d SNSIBA POy PopLBIYl 'q'GL 'y e4nbid
(OOl X PDJ) UOIDIOY |DOOT
098 O+ oA 070 0'C— Op— G99
N_mwwwwwku,mmw_m.,m_mmO,OQWi
ozis adiioeud o] dn izl “
Doinne seundsel BROY P '
y - 005~
00
— 006
2dA10100g — = — i
POY POPDBIY] mom -

000l

(31 x sdpf) jueuwopy

4-33



osuodsay edA101044 SNSUBA POY PepDatyl gL' 24nbi 4

L

‘g o Jo3op4 Ajjong o

10

(001 x PD4) UCI3DIOY [0

'y OW,N

00
YRR TONNE DN TV T WS NS VU TR A VL W S S

A A AN SN T

O,wmi O+~

szis sadfjoyoud o3 dn
pDBIDos 8sucdsss [SPOW

adfioi0id - ~ —
PCy pepdadul

Q001

(34 X sdipf) JUBSUION

4=34



Due to the spalling of the prototype cover, the instruments providing the
rotation readings were reattached after the first cycle, and a near zero reading
was taken. After the second cycle, it was impossible to continue the test. This
is shown in the jump in the prototype hysteresis loop shown in Figure 4.16). The
threaded bars model also showed significant reduction of strength after the 5th

cyele at ductility factor of 6.0 (Figure 4.16).
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CHAPTER 5
SUMMARY AND CORNCLUSIONS

The primary purpose of this research wae to improve the materials used for
the construction of small zcale models of reinforced concrete structures sub-
jected to severe cyclic leads such as those experienced in earthquakes. Atten-
tion was focused on the influence of model concrete mix design on compressive and
tengile strengths and modulus of elasticity, on the optimal types of deformations
to be used on model reinforcement, and on comparison of prototype behavior with
small scale model behavior to determine which combination of materials provide

the best modeling of eracking and hysteretic behavior.

A detailed study of influence of particle size and gradation on model con-
crete properties was conducted to best model prototype concrete strength

{compression and tension) and stiffness.

Model reinforcement considered included plain wires, threaded rods, and
model reinforcement with deformations scaled to match prototype reinforcement.
All the reinforcing steels were heat treated to provide an accurate wvalue of

yield strength for each type of model reinforcement.

A prototype cantilever beam-type specimen was constructed and loaded with
fully reversing flexural load to provide a basis of comparison of three 1/6 scale
medels of the same design and load history. The loading included a number of
reversing loads with ductility factors of 0.5, 2, 3, 4, and 6. Test results
from the prototype and model specimens were compared to evaluate the new modeling

techniques.

On the basis of the results of this study, the following conclusions may be

dravwn:

1. Prototype concrete stress-strain curve can be accurately
modeled by careful selection of aggregate, aggregate grading,
and water/cement ratio,
2. The use of threaded bars as model reinforcement is the best available
option since this type of reinforcing provides;
Nearly perfect modeling at low deformation load cyclies (up to
ductilicy factor of 2.0).

. Correct ultimate strength even after severe cycling.
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Good duplicatien of cracking pattern and lecal behavior at different
stages of loading.

Models made with threaded bar reinforcement give

results that are slightly unconservative because of the

lack of sufficient pinching in the hystercsis curves.

The energy absorbed by the threaded bars model is about

10% more than that of the prototype. "Flatter,K "

customized threads should give better results.
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