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ABSTRACT

Results of an experimental study carried out at Berkeley as part of an
ongoing research program in order to evaluate the different aspects of the
behavior of lightweight concrete are herein reported. The study focuses on
the behavior of confined 1ightweight concrete when subjected to axial, mono-
tonic loading. The effect on confined concrete of the following parameters
was considered:

(a) concrete cover
{b) Tongitudinal reinforcement
(c) Tlateral reinforcement arrangement

A total of 30 confined and unconfined specimens were tested. The effect of
the mentioned parameters are evaluated; subsequently, the experimental results
are compared with the results of a similar investigation carried out on normal
weight concrete. Current codes-implied values of confinement effectiveness
coefficient, and the values experimentally obtained are compared and the con-
sequences (or effects) of the differences obtained are discussed.

An analytical stress-strain relationship for longitudinally reinforced
confined lightweight concrete is presented this considers the effect of in-
crease in strength and strain at maximum stress due to confinement as well as
the effect of the different types of lateral reinforcement and the effect of
the longitudinal vreinforcement on the descending branch of the stress-strain
relationship.

Practical design implications of the present study are presented. The
effects of avoiding buckling of the Tongitudinal reinforcement - by close
spacing of the lateral reinforcement - on the ductility of the concrete and on
the axial load-moment interaction diagrams of concrete sections is discussed
and compared with similar diagrams obtained from current ACI assumptions of
the material properties of both concrete and steel.

i (&)



ACKNOWLEDGEMENTS

This report is based on the research carried out by M. A. Manrigue
to satisfy the requirements for the degree of Master of Engineering.
This research was conducted under the direct supervision of Professors

V. V. Berterc and E. P. Popov.

Financial support for this study was provided by the National Science
Foundation under Grant No. 9NV 76-04263, Subproject No. 0-22002. The
authors would 1ike to acknowledge the assistance provided by B. Lotz,

D. Clyde, and R. Parsons during the experimental testing of the specimens.
The cooperation of R. Stephen and the machine shop personnel is appreciated.

In addition, the editorial assistance of M. C. Randall is appreciated.

F. Jackson and R. Rhodes types the manuscript. D. Parodi and D. Ullman did
the technical illustrations.

11



TABLE CONTENTS

ABSTRACT . v o o o e e e e e e e e e e e e e e e i
ACKNOWLEDGEMENTS .« . . o v o o e e s e e e e e e e e e e e ii
TABLE OF CONTENTS . . . . . . o o v e o e e s e v e e e e e e s s, iii
LIST OF TABLES . . . .+ v & o v o e e e e e e e e e e e e e e e e e v
LIST OF FIGURES . . .« . . . « . . « v . v v .. e e e e e e e e vii
LIST OF NOTATIONS . . .« . . & o i o e e e e e e e e e e e e e e e e xiii
T. INTRODUCTION . . v v v v v i e e e e et e v e e e e e e e s e 1
1.1 General . . . . . .. . ... e e e e e e e e e e e e e 1
1.2 Objectives and Scope . . . . . . . « . o i i 0 e e e e e .. 2
Z. TEST SPECIMENS . .+ . & & & o i e e o e e e e e e e e e e e e e e 3
2.1 Description of Test Specimens . . . . . . . . . . . . . . .. 3
2.2 Materials .+ - « « v v i e e e e e e e e e e e e e e e e e 4
2.2.17 Concrete . . « « ¢ ¢ . o i L e e e e e e e e e e e 4
2.2.2 Reinforcement . . . « . + + v . o 0 e e e e e e e e 4
2.3 Fabvrication and Casting of Specimens . . . . . e e e e e e e e 5
2.4 Specimen Designation. . . « - o v & L o o oL o0 e e e e 6
3. EXPERIMENTAL SET-UP AND TESTING PROCEDURE . . . . . . . . « . . . .+ . . 7
3.1 General . . . v v o o L e e e e e e e e e e e e e e e e e e e 7
3.2 External Instrumentation. . . . . . . . . .. o ., SR 7
3.3 Internal Instrumentation. . . . . . . . . . . . . . ... ... . 8
3.4 Data Acquisition System . . . . . . . . . . . ... ..o .. 8
3.5 Testing Procedure . . . « « « ¢ v ¢ b vt h i h e e e e e e e 8
4. EVALUATION OF EXPERIMENTAL RESULTS . . . . . ¢« « v ¢ v v v v v v v . 11
4.1 Introductory Remarks . . . . . .« . « . . . . . . . . ... 11
4.2 Unconfined Concrete Specimens . . . . . . . . . . ... R B
4.3 Confined Concrete Specimens . . . . . . . . . . . < . . . ... 12
4.3.7 General - - - & ¢ o vt e e e e e e e e e e e e e e e 12
4.3.2 Effect of the Concrete Cover . . . . . . . . . . . ... 13
4.3.3 Effect of Longitudinal Reinforcement . . . . . . . . .. 14
4.3.4 Effect of Type of Lateral Reinforcement. . . . . . . . . 16

4.3.5 Effect of Buckling Delay and Strain Hardening of
Longitudinal Steel on the Load-Strain Relationship .
of Confined Lightweight Concrete . . . . . . . . . . .. 21



5. COMPARISON BETWEEN BEHAVIOR OF CONFINED LIGHTWEIGHT AND NORMAL NEIGHT
CONCRETE « + » » + » + o o o o o o o o o o o v u e e e w e 0

5.1 Introductory Remarks =« - « « -« = = = - + + « o ¢ o . ... L 23
5.2 Comparison of Strength of Normal and Lightweight Confined Concrete 23

5.3 Comparison of Deformation of Normal and Lightweight Confined
Concrete =+ « =+ « « o o « o & 2+ o 5 s+ 4 a4 e o e 4 s a2 o = w e . = 24
6. CONFINEMENT EFFECTIVENESS OF LIGHTWEIGHT CONCRETE - - « « « « + « o . . 25
6.1 Analysis and Assumptions of Code Values - - « « « « » « « « « « . 25
6.2 Confinement Effectiveness Coefficients Obtained Experimentally . . 31
6.2.1 General =+« + « + + ¢ '« & o s s s e« 4 s s e = e e 4 n 4 s . s 3

6.2.2 Experimental K_ for Concrete Confined by Square Spirals . . 33

6.2.3 Experimental KO for Concrete Confined by Circular Spirals 34

6.2.4 Experimental KO for Concrete Confined by Square Hoops . . . 24

7. ANALYTICAL RELATIONSHIPS . . . . . . . . . o o o o v o v v v v v o v o 37
7.1 General . . . . . . L e e e e e e e e e e e e e e e e e 37

7.2 Analytical EXpressions . . . . . v v v v v e v m e e e e e e e e 37

8. CONCLUSTIONS . . . v v v s s e e e e e e e v e e e e e e e e e s 43
8.1 General . . . . . . . . i i e e e e e e e e e e e e e e e e e e . 43

8.2 Experimental Study. . . . . . .. .. e e e e e s e e e e e e 43

8.3 Analytical Curve . . . . . .« ¢« . e e e e e e e e e e e e 44

9. IMPLICATIONS IN PRACTICAL DESIGN . . . . . . . . . . . . e e e e 47
9.1 Introductory Remarks . . . . . . . ¢ ¢ v & v v v v v e e e e e .. 47

9.2 Buckling of the Longitudinal Reinforcement . . . . . . . . . . .. 48

9.3 Axial Load-Moment (P-M } Interaction Diagrams . . . . . e e e e 50
REFERENCES . . . . . .« o o o o e e e e e e s s e e e e e e e e e 55
TABLES . . & v o o e e e e e e e e e e e e e e e e e e e . . . 57
FIGURES . . . & v o o e e e e e e e e e e e e e e e e e e e e e e e 65

iv



LIST OF TABLES

-----------

Main Characteristics of Specimens

Specified Mix Design . . . . . . . . . . . ... .. ...

Mechanical Characteristics of Reinforcement

6" x 12" Standard Cylinder Compression Test Results
Mechanical Characteristics of Unconfined Concrete Specimens

Mechanical Characteristics of Confined Concrete Specimens
(Square Spirals) . . . . . .

Mechanical Characteristics of Confined Concrete Specimens
{Circular Spirals) . . . . . e e e e e

Mechanical Characteristics of Confined Concrete Specimens
(Square Hoops) . . . . . .

Comparison Between Confined Normal and Lightweight Concrete

Experimental Ky and Kf e e e e e e e e e e e e e

Page

- 59

ccccc

. 60

60

60

. 61

-----

61

. . 62

62

- 63

. * . .

- 63






2.10

w
= W N

3.6a
3.6b
4.1
4.2

LIST OF FIGURES

Dimensions of Longitudinally Reinforced Specimens
(Square Spirals) . . . « . « . v o i vt e e e e e e e e

Dimensions of Longitudinally Reinforced Specimens
{Circular Spivals) . . . . . . .« « o o v i e e e e

Dimensions of Longitudinaily Reinforced Specimens
(Square HOOpS) . « & v v v o e e e e e e e e e e e e e

Stress-Strain Relationship of the Longitudinal Reinforcement
and Dimensions of Coupon Tested . . . . . . . . . . . . . . ..

Stress-Strain Relationship of the Lateral Reinforcement . .
Steel Cage for Specimen with Square Hoops . . . . . . . . . ..
Steel Cage for Specimen with Circular Spirvals . . . . . . . . .
Steel Cage for Specimen Without Longitudinal Reinforcement

Detail Showing How Specified Spacing of the Lateral Reinforce-

“ment Was Maintained in Circular Specimens Without Cover . .

Cross Section View of Steel Cage (Square Spirals) . . . . . ..

Cross Section View of Steel Cage (Circular Spirals) . . . . . .
Cross Section View of Steel Cage (Square Hoops) . . . . . . . .
Stress-Strain Relationship of Standard 6 in. x 12 in. Cylinder.

Quatitative Stress-Strain Relationships at and Outside Zone
of Failure . . . . . . . . . . o .o, e e e e e e e

Instrumentation and Data Acquisition System . . . . . . . . . .
External Instrumentation. . . . . . . . . . . .. - ; ce .
Internal Instrumentation (Square Cross Section) . . . . . . . .
Internal Instrumentation (Circular Cross Section) . . . . . . .
Close-Up of Specimen (Square Cross Section) . . . . . . . . ..
Close—Upwof Specimen (Circular Cross Section) . . . . . . . . .
Stress-Strain Relationship of Plain Concrete Control Specimen .

Unconfined Specimen After Testing . . . . . . . . . . . . . ..

Preceding page blank

vii

Page

69
69
69

6%
70
70
70
71

71
72
72
73
73
73
73
74



Figure | Page

4.3 Typical Failure of Unconfined Specimen . . . . . . . Y £
4.4 Stress-Strain Relationship of Specimen Without Cover and

Without Longitudinal Reinforcement, Square Spiral; (1AA-1) . . 75
4.5 Stress-Strain Relationship of Specimen Without Cover and

Without Longitudinal Reinforcement, Square Spirals; (1AA-2) . . 76
4.6 Stress-Strain Relationship of Specimen With Cover and Without

Longitudinal Reinforcement, Square Spirals; (1BA-1) . . . . . 76
4.7 Stress-Strain Relationship of Specimen With Cover and Without

Longitudinal Reinforcement, Square Spirals; (1BA-2) . . . . . . 77
4.8 Stress-Strain Relationship of Sepcimen With Cover and With

Longitudinal Reinforcement, Square Spirals; {1BB-1) . . . . . . 77
4.9 Stress-Strain Relationship of Specimen With Cover and With

Longitudinal Reinforcement, Square Spirals; (1BB-2)} . . . . . . 78
4.10 Stress-Strain Relationship of Specimen Without Cover and

Without Longitudinal Reinforcement, Circular Spirals; (2AA-1) . 78
4.11 Stress-Strain Relationship of Specimen Without Cover and

Without Longitudinal Reinforcement, Circular Spirals; (2AA-2) . 79
4.12 Stress-Strain Relationship of Specimen With Cover and Without

Longitudinal Reinforcement, Circular Spirals; (2BA-1) . . . . . 79
4.13 Stress-Strain Relationship of Specimen With Cover and Without

Longitudinal Reinforcement, Circular Spirals; (2BA-2) . . . . . 80
4.14 Stress-Strain Relationship of Specimen Without Cover and With

Longitudinal Reinforcement, Circular Spirals; (2AB-1) . . . . . 80

4.15 Stress-Strain Relationship of Specimen Without Cover and With

Longitudinal Reinforcement, Circular Spirals; (2AB-2) . . . . . 81
4.16 Stress-Strain Relationship of Specimen With Cover and With

Longitudinal Reinforcement, Circular Spirals; (2BB-1) . . . . 8]
4.17 Stress-Strain Relationship df Specimen Without Cover and With-

out Longitudinal Reinforcement, Square Hoops; (3AA-1) . . . . . 82
4.18 Stress-Strain Relationship of Specimen Without Cover and With-

out Longitudinal Reinforcement, Square Hoops; (3AA-2) . . . . . 82
4.19 Stress-Strain Relationship of Specimen With Cover and Without

Longitudinal Reinforcement, Square Hoops; (3BA-1) . . . . . . . 83

viii



Figure

Page
Stress-Strain Relationship of Specimen With Cover and Without
Longitudinal Reinforcement, Square Hoops; (3BA-2) . . . .. .. 83
Stress-Strain Relationship of Specimen Without Cover and With
Longitudinal Reinforcement, Square Hoops; (3AB-1). . . . . . .. 84
Stress-Strain Relationship of Specimen Without Cover and With
Longitudinal Reinforcement, Square Hoops; (3AB-2) . . . . . . . . 84
Stress-Strain Relationship of Specimen With Cover and With
Longitudinal Reinforcement, Square Hoops; (3BB-1) . . . . .. . 85
Stress-Strain Relationship of Specimen With Cover and With
Longitudinal Reinforcement, Square Hoops; (3BB-2) . . . . . .. 85
Specimen Confined With Square Spirals Aftér Testing (With
Cover and Without Longitudinal Reinforcement) . . . . . . . .. 86
Specimen Confined With Square Spirals After Testing (With
Cover and Without Longitudinal Reinforcement) . . . . . . . . . 86
Specimen Confined With Square Spirals After Testing (With
Cover and With Longitudinal Reinforcement) . . . . . . . . . .. 87
Specimen Confined With Circular Spirals After Testing (With
Cover and Without Longitudinal Reinforcement) . . . . . . . .. 87
Specimen Confined With Circular Spirals After Testing (With
Cover and With Longitudinal Reinforcement) ... . . . . . . . . . 88
Specimen Confined With Circular Spirals After Testing (Close-Up
of Region of Failure). . . . . . « . v v v v v e e e e e e 88
Specimen Confined With Square Hoops After Testing (With
Cover and Without Longitudinal Reinforcement) . . . . . . . . . 89
Specimen Confined With Square Hoops After Testing (With Cover
and Without Longitudinal Reinforcement) . . . . . . . . . . .. 89
Specimen Confined With Square Hoops After Testing (With Cover
and With Longitudinal Reinforcement) . . . . . . . . . . . . .. 89

Effect of Concrete Cover on the Stress-Strain Relationship of
Confined Concrete (Specimens Without Longitudinal Reinforcement) 90

Effect of Concrete Cover on the Stress-Strain Relationship of
Confined Concrete (Specimens With Longitudinal Reinforcement). . 90

Effect of the Longitudinal Reinforcement on the Stress-Strain
Relationship of Confined Concrete (Specimens With Cover) . . . . 91

1x



Ff'ure Page

4.37 Effect of the Longitudinal Reinforcement on the Stress-Strain
Relationship of Confined Confined Concrete (Specimens with Cover) 91

4.38a Effect of Configuration of the Longitudinal Reinforcement on

the Basketing of the Concrete Core . . . . . . . . . . . . ... 92
4.38b Longitudinal Variation of fr on a Specimen . . . . . . . . ... 92
4.39%a Transversal Variation of fr in Circular Cross Sectijon . . . . . az
4.39b Transyersal Variation of fr in Square Cross Section. . . . . . . 92
4.40 Effect of Type of Lateral Reinforcement on the Stress-Strain

Relationship of Confined Lightweight Concrete . . . . . . . . . 93
4.41 Free Body Diagrams Used in Determining fr ........ v e s 93
4.42 Effect of Strain Hardening of the Longitudinal Reinforcement on

Confined Concrete . . . . . . . . . . « . v i i i i oo 94
5.1 Comparison of Normal and Lightweight Confined Concrete (Speci-

mens Without Cover and Without Longitudinal Reinforcement) . . . 94
5.2 Comparison of Normal and Lightweight Confined Concrete (Speci-

mens With Cover and Without Longitudinal Reinforcement) . . . . 95
5.3 Comparison of Normal and Lightweight Confined Concrete (Speci-

mens With Cover and With Longitudinal Reinforcement). . . . . . 95
6.1 Variation of o (required) Vs. K, for Different Values of Ag/AC 96
7.1 Experimental and Analytical Stress-Strain Relationship of Con-

fined Lightweight Concrete (Square Spirals) . . . . .. .. .. 96
7.2 Experimental and Analytical Stress-Strain Relationship of Con-

fined Lightweight Concrete (Circular Spirals). . . . . . . . . . 97
7.3 Experimental and Analytical Stress-Strain Relationship of Con-

fined Lightweight Concrete (Square Hoops). . . .« . . « . « « .« . 97
9.1a Dimensions of Square Cross Section Used in Computing P-M

Interaction Diagrams . . . . . . ¢ .« v v o i v e e e e e e e 98
9.1b Dimensions of Circular Cross Section Used in Computing P-M

Interaction Diagram . . - . . < . . . . . .. ... oL 98
9.2a Stress-Strain Relationship of Confined Concrete Used in the

Analysis of Square Cross Section . . . . . . . . . . . . . ... 98



Figure

9.3b
9.4a

9.4b

Stress-Strain Relationship of Confined Concrete Used in the
Analysis of Circular Cross Section . . . . . . . . . . .. ...

Stress-Strain Relationship for Concrete Cover. . . . . . . . . .
Stress-Strain Relationship for Longitudinal Reinforcement

Equivalent Stress Block Assumptions and Implied Stress-Strain
Relationship for Concrete . . . . . . . . . . . . . .. .. ..

Hognestad Stress-Strain Relationship for Concrete
Elastic-Perfectly Plastic Relationship for Steel . . . . . . .

Comparison of Axial Load-Moment {P-M) Interaction Diagrams for
Square Cross Section Computed Using Hognestad's and the Equiva-
lent Stress Block Relationship . . . . . . . . . . . . ...

Comparison of Axial Load-Moment (P-M) Interaction Diagrams for
Circular Cross Section Computed Using Hognestad's and the Equi-
valent Stress Block Relationship . . . . . . . . . . . . .. ..

Comparison of Axial Load-Moment (P-M) Interaction Diagrams for
Square Cross Section . . . . . . . . . . . L0 e w0 e e e

Comparison of Axial Load-Moment (P-M) Interaction Diagrams for
Circular Cross Section . . . . . . . . . . . « . o v o o ...

Effect of Amount of Lateral Confining Pressure on the Axial Load-
Moment (P-M) Interaction Diagrams for Normal and Lightweight
Concrete . « « .t i e e e e e e e e e e e e e e e e e

Nondimensional Stress-Strain Relationships for Confined Normal
and Lightweight Concrete (Ref. 3) . . . . . . . ..

Comparison of Axial Load-Moment (P-M) Interaction Curves Com-

puted Using the Equivalent Stress Block Relationship and the
Experimental Curves Reported in Reference 3 . . . . . . .

Xi

98
99
99

99
99
99

160

100

101

101

102

102

103






LIST OF NOTATIONS
Constant which depends on the type of lateral reinforcement
Area of core section out-to-out of the lateral reinforcement
Area of gross section
Total steel area of longitudinal reinforcement
Total cross sectional area of Tateral reinforcement
Area of one leg of lateral reinforcement
Diameter of bar of longitudinal reinforcement
Diameter of core section in circular specimens
Diameter of gage wire used as transverse reinforcement

Modulus of elasticity

Moduius of eTasticity of concrete
EC within the range of 0 < fc < 0.45 fé

U

Ec within the range of 0 < fc < 0.45 fc

EC based on ACI formulae

Modulus of elasticity of steel

Tangent modulus at the onset of strain hardening
of longitudinal steel

Tangent modulus of elasticity in the strain hardening
range

Standard 6 in. x 12 in. cylinder compressive strength

Stress in concrete

Maximum strength of unconfined concrete specimen of
similar size as the confined specimens

Preceding page blank

xiii



Maximum strength of confined concrete
Stress in concrete at failure
Stress in the longitudinal reinforcement

Critical buckling stress of the longitudinal
reinforcement

Lateral confinement pressure

Stress in the lateral reinforcement

Specified yield stress of transverse reinforcement
Specified yield stress of transverse reinforcement
Specified ultimate stress of longitudinal reinforcement

Lateral core dimension of square cross section specimens
measured out-to-out of the lateral reinforcement

Effective length coefficient value which depends on the
support conditions offered by the lateral reinforcement

Maximum stress ratio

Confinement effectiveness coefficient at maximum stress
Confinement effectiveness coefficient at failure

Maximum unsupported length of rectangular hoop measured
between perpendicular legs of the hoop or supplementary
crossties '

Balanced failure axial load capacity
Maximum design axial load

€su ” ®sh

S/hc or S/Dc

Spacing of the lateral reinforcement

€5~ Egp

Xiv



Parameter that defines the slope of the descending branch
of the f_ - €. relationship

Strain

Concrete strain

Concrete strain at maximum stress of 6 in. x 12 in.
standard cylinder

Concrete strain at maximum stress of unconfined specimen of
similar size as the confined specimen

Concrete strain at maximum stress of confined specimen
Concrete strain fafiliure

Concrete strain at ultimate stress

Steel strain

Yielding strain of the longitudinal reinforcement
Steel strain at onset of strain hardening

Steel strain at ultimate stress

= Concrete strain when fC/fé = 0.2K

Volumetric ratio of longitudinal reinforcement

Volumetric ratio of lateral reinforcement

Capacity Reduction Factor

XV






1. INTRODUCTION

1.1 Generai

In earthquake-resistant design, economic considerations usually require
that structural members be able to absorb and dissipate large amounts of
energy through significant inelastic deformations.

In earthquake-resistant concrete construction, the positive character-
istics of concrete - good durability; architectural and structural versa-
tility - are not sufficient to render efficient, economic, and safe struc-
tures. There are three main drawbacks to the use of concrete as a structural
material in areas of high seismic risk:

(a) It has a relatively low strength/unit weight ratio
(b) It has a very Tow resistance to tension
(c) It has a Tow deformation capacity

It is highly desirable to find ways to improve these properties of plain,
normal weight concrete. The use of lightweight aggregate as a constituent
material permits lessening of the unit weight of the concrete ideally with-
out diminishing its strength, and deformability. This is attractive to the
designer because of the possibilities of reducing the mass of the structure,
leading to lower inertia forces in the event of a severe ground motion.

Results of investigations at the University of California, Berkeley,
[1,2,3] and elsewhere [4] regarding the behavior of confined and unconfined
concrete with different types of aggregate indicate that confinement of
concrete is effective in increasing its strength and deformation capacity.
Investigators agree that the deformation and strength characteristics of
confined concrete are sensitive to the kind of aggregate and relative amount
of confinement pressure used and that the increase in compressive strength
due to lateral confinement is greater for normal weight than for lightweight
concrete.

Significant differences in the behavior of lightweight and normal
weight concrete do exist; the use of Tightweight concrete in seismic-resis-
tant construction is not warranted without properly accounting for these
differences. Recommendations have recently been made that research should
be done to improve the deformability of concrete and to improve its ratio
of strength per unit weight and modulus of elasticity per unit weight [5].

However, the available literature reports no experimental program
which considers the separate effects of design parameters such as: the
concrete cover; different types of lateral reinforcement; and effects of
the longitudinal reinforcement for lightweight concrete. Al1l these



parameters have considerable practical significance. As part of an ongoing
experimental program being carried out at Berkeley to evaluate all aspects
of the behavior of structural members made with 1ightweight aggregate, an
experimental study on the mechanical behavior of confined lightweight con-
crete when subjected to monotonic axial compressive Toads has been planned.

The determination of the stress-strain relationship for confined light- -
weight aggregate concrete, and the design implications when it is used in
reinforced concrete members, are the main concerns of this study. The
effects of the three design parameters mentioned above on the strength and
deformation of short lightweight concrete columns are also of primary con-
sideration. Because of its practical significance emphasis is placed on
the specimens containing all three parameters.

1.2 Objectives and Scope

The main objective of the experimental study reported herein was to
gather reliable information regarding the mechanical behavior of 1ight-
weight aggregate concrete under monotonic axial compressive loading. This
information would permit the formulation of a reliable stress-strain rela-
tionship for confined lightweight aggregate concrete.

In attempting to fulfill this objective, a parametric study was con-
-sidered which would account for the effects of the following variables:

{a) concrete cover
(b} longitudinal reinforcement
{c) 1lateral reinforcement arrangement

A second objective of this investigation was to compare the experimental
results of tests carried out by VYallenas, Bertero, and Popov [6] on similar
size normal weight concrete specimens considering the same parameters. The
final objective was to discuss the implications of cover spalling, and strain
hardening of steel on the practical design of confined reinforced concrete
structural members.

Three groups of specimens were tested (10 specimens in each group},
each with a different type of lateral reinforcement:

(a) specimens with square spirals

(b) specimens with circular spirals

(¢} specimens with square hoops
Two plain concrete specimens of a size similar to the confined specimens
were cast with each group. The average results of the plain specimens
were compared with the results of the confined specimens. Table 1.1 gives

a summary of the main characteristics of the specimens tested in this
study. The dimensions of the specimens are shown in Figs. 1.1 to 1.3.



2. TEST SPECIMENS

2.1 Description of Test Specimens

In this study, the different parameters affecting the behavior of the
specimen were isolated in order to find their individual effect on confined
concrete. A total of 30 specimens were tested. The specimens were cast
vertically in sets of ten specimens each. Of these ten specimens, eight
contained the parameters previously mentioned (concrete cover, lateral rein-
forcement, longitudinal reinforcement), and two were plain concrete control
specimens. The specimens in all three groups had a length of 30 in. (762 mm)
and when cover was used, its thickness was 0.5 in. (12.7 mm). Specimens with
rectangular hoops, rectangular spirals, and cover had cross sectional dimen-
sions of 10 in. x 10 in. {254 mm x 254 mm). Similar specimens without cover
had cross sectional dimensions of 9 in. x 9 in. (229 mm x 229 mm). For the
specimens with cover, this represented 19% of the total cross section.

The specimens with circular spirals had a diameter of 11 in. (279.4 mm)
in the case of specimens with cover, and 10 in. (254 mm) for the specimens
without cover. The cover was about 17% of the cross sectional area. The
specimen's core area is measured from out to out of the lateral reinforce-
ment.

Longitudinal reinforcement was included in four specimens in each
group; it consisted of eight #6 (diameter 0.75 in. [19.05 mm]) deformed
reinforcing steel bars distributed around the perimeter of the cross section,
as can be seen in Figs. 1.1, 1.2, and 1.3. The total area of the Tongitu-
dinal reinforcing bars was 3.53 in.? (2277.4 mm2). The longitudinal re-
inforcement ratio for the square cross section specimens varied from
p.= 0.0436 for the specimens without cover to pg = 0.0353 for the specimens
with cover. In the case of the circular cross section specimens, the
Tongitudinal reinforcement ratio varied from o = 0.0449 for the specimens
without cover to P =0.0371 for the specimens with cover.

The Tateral reinforcement of all specimens consisted of #7 gage wire
(diameter: 0.179 in. [4.55 mm]). 1In the specimens with square cross
sections, the spacing of the lateral reinforcement was 1.33 in. (33.78 mm)
and the lateral reinforcement volumetric ratio,

. _ _ volume of confining steel

Ps 7 volume of confined concrete °

was 0.0144 for the specimens with square spirals and square hoops. It may

be noted that in the case of specimens with square hoops if the length of

the extension hook of the hoops](see Fig. 1.3) is included in the calculation
of the volumetric ratio, then pg = 0.0152. In the case of specimens with
circular spirals, the spacing of the lateral reinforcement was 0.7 in.

(17.78 mm), and the volumetric ratio of the Tateral reinforcement was

pé = (0.0144.



In order to make meaningful comparisons, the area of the core (out-
to-out of the lateral reinforcement), and the volumetric ratio of the lateral
reinforcement, were kept as close as possible for the three agroups of
specimens. The standard compression test of 6 in. x 12 in. (152 mm x 305 mm)
cylinders was used as an index of the strength of the concrete.

2.2 Materials
2.2.1 Concrete

Portland cement type I and II, natural sand, and a locally manufactur-
ed lightweight aggregate were used in this study. A mix design was used,
suggested by the manufacturer of the Tightweight aggregate [7], to give a
strength of 4500 psi (31.03 MPa) at 28 days. However, the cylinder strength
obtained from samples of this mix was approximately 5200 psi (35.85 MPa)
at 28 days. The values of the strengths varied ‘from 5100 psi (35.16 MPa)
to 5350 psi (36.89 MPa) and those of the strain at maximum stress varied
from 0.00285 in/in to 0.00305 in/in.

The Tightweight aggregate used was expanded shale. The manufacturing
process of this aggregate consists of taking raw shale containing elemental
carbon and iron oxide which is then moisturized and extruded into cord-
like lengths of regulated diameter. The cords are broken down into pellet-
shaped pieces. These pellets expand when subjected to burning temperatures
as high as 20560° F. By this burning process the pellet is transformed into
a vitreous-coated nugget with a honeycombed inner structure.

" The lightweight aggregate had & maximum size of 3/8 in. {9.52 mm)
with an approximate unit weight when moist of 44 lbs/c.f. (704 kg/m3). Its
moisture content at the time of mixing was approximately 11.5%.

The mix design used was the same for the three groups of specimens;
minor modifications in the water-cement ratio were necessary in some mixes
in order to obtain a uniform sTump in all mixes. Table 2.1 shows the mix
design used in this study.

The average unit weight of the concrete at the time of casting was
114.1 Tbs/c.f. (1830 kg/m3). The air-dry unit weight at 28 days is about
5 Tbs/c.f. less than the unit weight at the time of casting. The air
content of the mix varied from 6% to 6-1/4% and the slump obtained varied
from 2-1/4 in. {57.15 mm) to 2-3/4 in (69.85 mm).

2.2.2 Reinforcement

Deformed #6 steel bars with a nominal diameter of 0.75 in. (19.5 mm)
were used as longitudinal reinforcement. Figure 2.1 shows the stress-strain
relationship for this longitudinal reinforcement obtained by averaging the
results of two coupons tested in tension.

The Tlateral reinforcement consisted of #7 plain gage wire, with a
diameter of 0.179 in (4.546 mm). Some variation of the properties were ob-
served for this reinforcement from coupon to coupon; presumably, this is due
to the manufacturing process. Figure 2.2 shows the results of the stress-
strain relationship obtained in tension test runs on this reinforcement.



Table 2.2 summarizes the mechanical characteristics of both longitu-
dinal and lateral steel.

2.3 Fabrication and Casting of Specimens

A total of 30 specimens were fabricated, and three different config-
urations of the lateral reinforcement were considered. The specimens with
a square cross sectional area had either two hoops at the same level or
two square spirals, one interior and one exterior, having the same pitch
{see Figs. 1.1 and 1.3). In the case of specimens with longitudinal rein-
forcement, the hoops or spirals were fastened to the reinforcement by means
of flexible wire (see Figs. 2.3 and 2.4). For specimens without longitu-
dinal reinforcement, longitudinal flexible wire was used to keep the speci-
fied spacing between the hoops, or spirals, throughout the length of the
cage. This operation, repeated at the middle and each corner of the hoop,
was sufficient to allow the cage to be placed in the forms without distur-
bing the spacing (see Fig., 2.5). A similar procedure was used for the
circular specimens with cover. For circular cross-section specimens with-
out cover, the spirals were kept in place by means of U-shaped pieces of
flexible wire; these were passed horizontally through holes punched in the
forms at the specified spacing along the specimen (see Fig. 2.6).

Figures 2.7 to 2.9 show cross section views of the cages ready to
be placed into the forms before casting.

Transverse steel rods 1/4 in. (6.35 mm) in diameter were used to
attach the designed instrumentation. Four of these rods were running in the
North-South direction and two were running in the East-West; they were
spaced at six in. (152.4 mm), which corresponds to the gage length of the
instrumentation used.

A1l specimens were cast in the vertical position. In the case of
specimens with a square cross sectional area, wood forms were used; whereas
for specimens with a circular cross section, commercially available forms
were used. Ten specimens were cast at one time; after casting, the speci-
mens were covered with wet burlap and left in the laboratory for five-six
days. The forms were then stripped and the specimens were stored in the
laboratory at 70° F until the date of testing. The age of the specimens
at the time of testing varied from 26 days to 32 days, with most of the spe-
cimens at 28-30 days.

In order to avoid premature failure due to stress concentration at
the ends of the specimen where the axijal load is applied, the Tateral con-
finement in these regions, six in. {152.5 mm) at the top and six in.

(152 mm) at the bottom, was increased by reducing the spacing to 0.67 in.
(17.08 mm). However, at the time of testing, additional 3/4 in. {19.05 mm)
thick steel plates had to be used in order to avoid premature failure at
the ends of the specimen. In this manner failure was forced to occur along
the instrumented region, i.e., within the central 18 in. (457.2 mm).

Concrete samples taken from each batch were cast in 6 in. x 12 in.
(152 mm x 305 mm) cylinders in order to monitor the strength of the specimens
and to have an indication of the strength of the concrete at the time of
testing. ‘



Table 2.3 contains the results of the compression test of these
cylinders at 28 days after casting. The secant modulus of elasticity taken
at 45% of the maximum strength is also shown. Figure 2.3 shows an average
fc - € relationship obtained from the standard cylinder tests.

2.4 Specimen Designation

Alphanumeric characters (e.g. 3AB-1) were used to more readily iden-
tify the specimens. Their significance is as follows:

- The first number indicates the casting sequence of the three groups
of specimens and denotes a particular type of lateral reinforcement:

(1) Specimens with rectangular spirals

{2) Specimens with circular spirals

(3) Specimens with square ties

- The letter after the first number indicates either:

(A} Specimen has no cover

(B) Specimen has cover

- The next Tetter indicates:

(A) Specimen has no longitudinal reinforcement

(B) Specimen has longitudinal reinforcement

- The last number is used to distinguish between identical specimens;

since there are two specimens of each kind, this number can be either one
or two.



3. EXPERIMENTAL SET-UP AND TESTING PROCEDURE

3.1 General

A primary objective of the experimental phase of this study was to
accurately measure the concrete's inelastic deformations at the zone of
failure, rather than relying on an average of inelastic deformations.

Figure 3.1 depicts the difference in stress-strain curves obtained from
deformations measured in three different regions along the length of the
specimen. From this figure, it can be observed that, when the stress resis-
tance begins to decrease along the descending branch of the stress-strain
curve, most inelastic deformations occur in one region {the middle region in
Fig. 3.1). As the test progresses, this region may be the only one contri-
buting significantly to the total deformation of the specimen. The strain
in the other regions of the specimen (upper and lower regions in Fig. 3.1)
may remain constant or even decrease.

For these reasons, and because the actual zone of failure is uncertain,
it was deemed necessary to instrument individually different consecutive
regions of the specimen along the full length where failure could occur.

In the present study, two kinds of instrumentation were used, external
and internal. Figure 3.2 shows a diagram of the complete instrumentation

and data acquisition system. A detailed discussion of the instrumentation
follows.

3.2 External Instrumentation

Part of the external instrumentation can be seen in Fig. 3.3. Axial
deformations were measured along the possible region of failure of the
specimen, that is, 18 in. (457.2 mm). For this purpose, 3 pairs of clip
gages of six in. (152.4 mm) gage length were used, these gages were placed
on opposite faces of the specimen and are denoted as follows. CGT N means
a clip gage placed at the top north side of the specimen, M or B instead of
T would indicate middle or bottom region, and S instead of N indicates that
the gage is being placed on the south side. These clip gages were attached
to circular rods of 1/4 in. (6.35 mm) in diameter which were embedded across
the specimen. At the other two faces of the specimen two LVDTs* were used
to measure axial deformations at the middie section, these were denoted as
LYDT E {placed on the east side) and LVDT W (placed on the west side of the
specimen). These LVDTs were placed over a gage length of six in. (152.4 mm).
The overall deformation of the specimen was measured with a pair of linear
potentiomenters (LP E and LP W) placed opposite each other; the gage length
was 30 in. (762 mm). The ¢Tlip gages have the advantage that they remain
operational even after spalling of the cover of the specimen; the LVDTs are
more suysceptible to being disturbed by spalling of the cover. The use of
the described instrumentation ensured measurenent of deformations well into
the inelastic range.

Transverse deformations were monitored at the middle section of the
specimen by horizontal LVDTs fixed to steel posts. These posts were attached

* VDTs stands for Linear Variable Differential Transformers
7



to the testing floor with hydrostone. Wire connected to the LVYDTs were
attached to the specimens by means of a hook attached either to the main
reinforcement or to one of the spirals, depending upon the type of specimen.
For the case of plain concrete specimens, it was necessary to epoxy a small
aluminum angle to the concrete surface. In some specimens, the Tongitudinal
strains of a reinforcing bar were measured by means of a clip gage attached
to pins soldered to the bar. The gage length used for this clip gage was
six in. {(152.4 mm).

3.3 Internal Instrumentation

This instrumentation consisted of weldable and foil type strain gages.
Weldable strain gages were placed on the interior face of a reinforcing bar,
and a foil type strain gage was placed on the exterior face (see Figs. 3.4
and 3.5). The spacing between ties or spirals did not allow for the place-
ment of a weldable strain gage at the exterior face of the reinforceing bar.
These strain gages monitored the longitudinal strains in the steel bar as
well as indicated when buckling of the instrumented bar began. Both strain
gages were placed on the reinforcing bars at the middle section of the
specimen. Strains in the lateral reinforcement were monitored with weld-
able strain gages for the specimens with cover and foil type strain gages
for the specimens without cover. The specimens with a square cross section
had one strain gage on the exterior hoop and one strain gage on the in-
terior hoop. These gages were placed on the upper part of the wire so
that effects of bending of the lateral reinforcement could be eliminated.
The specimens with circular spirals had one weldable strain gage on the
lateral reinforcement to measure the confining stresses developed by this
reinforcement (See Figs. 3.6a and 3.6b).

3.4 Data Acquisition System

The data acquisition system consisted of four XYY' recorders which
provided a continuous record of the specimen's deformations and a low speed
scanner whose center is a NOVA minicomputer.. A total of 17 transducers were
monitored, the output of nine of them sent simultaneously to XYY' recorders.
Fach X channel of the XYY' recorder was connected in series to the axial
load transducer. The amplifiers for the YY' channels were calibrated to
give plots of load versus strains. The specimens were tested at the Uni-
versity of California Richmond Field Station using the 4,000,000 lbs.
capacity Universal testing machine.

3.5 Testing Procedure

Before testing, the specimens were capped with approximately 1" - to
1 - 1/2" of hydrostone at the top and bottom in order to ensure good contact
surface. The specimens were tested under monotonically increasing axial
compressive load up to coilapse.

The loading rate was in the order of 100 kips/min. up to attainment
of maximum load and from then on at approximately 30ue/sec. Testing time
for one specimen varied between 30-35 minutes. The testing of a specimen
was considered complete after the specimen showed a sudden decrease in
resistance or when the damage was so severe that consecutive strain readings



would not be reliable. Readings of all 17 channels were taken at intervals
of 40 kips in the initial stages of loading. Near maximum load readings
were taken at intervals of 20 kips. Once peak 1oad was attained, readings
were taken at constant intervals of strain (at every 0.0015 in/in) up to

the end of the test. The testing machine used does not operate on displace-
ment control, therefore, at each reading level, it was necessary to keep the

load constant for six to eight seconds in order for the scanner to read and
print all 17 channels.






4. EVALUATION OF EXPERIMENTAL RESULTS

4.1 Introductory Remarks

In this chapter experimental results in the form of stress-strain re-
lationships are discussed, first for unconfined and then for confined
specimens. The relationships presented correspond to the region of the
specimen where most inelastic deformations occurred, and were measured over
a length of 6 in. (152.4 mm). In the case of confined specimens, compar-
isons of experimental results of specimens within each group are made in
order to determine the effect of two parameters: the concrete cover and
the Tongitudinal reinforcement. Then the results from each of the three
groups containing these two parameters are compared in order to evaluate the
effect of the type of lateral reinforcement on the stress-strain relation-
ship of confined concrete. This latter comparison was made only for the
specimens containing both cover and longitudinal reinforcement because of their
practical significance. Finally, the effects of confinement on Tongitudi-
nally reinforced specimens and its influence on the load versus strain re-
tationship of concrete is discussed.

4.2 Unconfined Concrete Specimens

Six plain unconfined concrete specimens of similar size, shape, and
concrete mix to those of the confined specimens were cast so that the be-
havior of the confined and unconfined specimens could be compared.

The unconfined specimens were cast and tested in three groups: each
group of two specimens was cast and tested simultaneously with confined
specimens which contained the same kind of lateral reinforcement. The
specimens were tested at either 26 or 27 days after they were cast.

A typical curve obtained from the testing of these specimens is shown
in Fig. 4.1. Since the testing machine does not operate on displacement
control, attempts to further develop the descending branch of the stress-
strain curve were not successful. Other investigators [2,4] have reported
special methods to develop the post-peak descending portion of the plain
lightweight concrete curve. The main purpose of the various different
testing arrangements was to avoid a sudden release of energy from the test-
ing machine to the specimen when the specimen starts to unload. In this .
manner it is possible to develop the full stress-strain curve. In the
future, attempts should be made to obtain the full curve.

The stress-strain relationship was computed by averaging the readings
obtained from two LVDTs placed on opposite faces of the specimen. The
LVDTs were attached to a special extensometer whose gage length was 12 in.
(304.8 mm). .

The experimental results obtained for the three groups of specimens
are summarized in Table 4.1 in both SI and English units. As can be ob-
served from this table, the strength of the unconfined control specimens
was consistently Tlower than the 6 x 12 cylinder strength. The average ratio

Preceding page blank
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of unconfined control specimen strength to 6 x 12 cylinder strength was 86, 3%.
This difference in the strength of different sized specimens may arise from
the fact that smaller specimens are better compacted and exhibit a smaller
amount of bleeding; therefore their concrete is of somewhat better quality

[8].

Failure of the unconfined control specimens occurred suddenly, with-
out previous indication of external crushing. Splitting tension cracks
running along the length of the specimen were observed after the test. This
type of failure is a consequence of a sudden energy release by the testing
machine which occurs when the specimen starts unloading, and which the
specimen is unable to absorb, Figures 4.2 and 4.3 show these specimens
after testing. Comparison of experimental values for the modulus of elas-
ticity (secant modulus at 45% of maximum stress) with the values computed
using the ACI Code formula indicate that this formuta consistently gives
larger values than those obtained experimentally. However, this overestima-
tion never exceeded 13%.

4.3 Confined Concrete Specimens

4.3.1 General

This study included the testing of specimens both with and without
concrete cover; and with and without longitudinal reinforcement. The ex-
perimental determination of the relationship between the total load and the
longitudinal strain is straightforward. However, the true stress on the
specimen when the cover starts to spall is more complicated to determine,
since it is very difficult to accurately ascertain the effects of arch for-
mation in between hoops, or spirals, once the cover starts spalling.
Experimental observation indicates that in most specimens fine longitudinal
cracking appeared on the concrete cover at a strain of 0.002 in./in.
(mm/mm). This cracking was foTlowed by some flaking (crushing} on the dif-
ferent faces of the specimens; then the cover began to spall off the speci-
men. Based mostly on this experimental observation, the concrete cover was
assumed to start spalling at a strain of 0.0027in./in. which is smaller than
-that observed in tests of unconfined concrete. The main reason for this
smaller strain is due to the discontinuity between core and cover introduced
by the lateral reinforcement (see discussion in section 4.3.2).

‘The ultimate strain of the concrete cover is difficult to determine
experimentally. In this study, the contribution of the concrete cover to
theé load carrying capacity of the specimen was assumed to end at a strain
of 0.0045 in./in. (mm/mm}. This assumption agrees well with experimental
observations, since at this strain the cover had - in most cases - spalled
. off the specimen. A linear reduction in the area of the specimen from

Ag = 100 in.? (63516 mm?) starting at a concrete strain of 0.002 in./in.to

AT =81 in.2 (52258 mm2) (out-to-out of hoop or spiral) at a strain of
00045 in./in. was adopted. ' pival)

In the case of specimens with longitudinal reinforcement, the contri-
bution of this reinforcement to the specimen's resistance had to be sub-

tracted from the total Toad in order to obtain the f. - e¢ of the concrete
alone.

The resistance of the longitudinal reinforcement was evaluated from
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the average strain obtained from two weldable strain gages placed opposite
each other in one logitudinal bar. The steel stress corresponding to the
average strain was taken from the stress-strain curve obtained from testing
steel coupons under tension. The force contributed by the steel was then
subtracted from the specimen's total load and the stress in the concrete
was computed.

The longitudinal strains in the steel and in the concrete are identi-
cal up to or slightly beyond the point where the sSpecimen reaches maximum
Toad. From then on, there may be some discrepancy in the strain values,
especially when inelastic deformations are concentrated outside the middle
region of the specimen because the steel strains are being measured oniy
in the middie region. It was observed that, in cases when the specimen
failed in 1ts middle region, the measured strains between steel and concrete
were quite compatible over a larger strain range.

At very large deformations, and at the region where the largest inelas-
tic deformations occur, concrete strains tend to be larger than steel strains,
indicating some slippage between steel and concrete. Also, concrete and
steel strains cease to be compatible as soon as buckling of the longitudinai
steel occurs where the gage is located.

In considering the effect of steel on the concrete stress-strain rela-
tionship, compatibility of strains between the two materials at large
deformaticns was assumed. The actual experimentally obtained stress-strain
relationship, including the strain hardening porticn of the stress-strain
relationship for the steel, was considered. In other words, no idealization
of this part of the curve was done.

Finally, the experimental results are depicted in the form of stress-
strain relationships in Figs. 4.4 to 4.24. 1In all these figures the corres-
ponding curve for plain concrete is included to compare the behavior of both
types of concrete: unconfined and confined. Figures 4.25 to 4.33 show the
tested specimens after failure. A summary of the experimental results is
presented in Tables 4.2 to 4.4.

4.3.2 Effect of the Concrete Cover

To predict mechanical behavior of concrete members it is necessary to
distinguish between two types of concrete: the unconfined concrete of the
cover and a concrete core which is confined by regularly spaced hoops or
spirais. These two elements have different mechanical properties and, upon
being Toaded, follow different stress-strain paths. They may be able to
undergo the same deformations up to the point when the confining steel begins
to be effective. At this point, due to Poisson's effect and because of the
confinement of the core section, the volumetric strains of both cover and
core begin to differ substantially:: lateral strains in the core are con-
strained by the confining steel and therefore are smaller than those in the
cover, This causes separation between core and cover, converting the con-
crete cover into a slender and discontinuous part of the specimen, which is
therefore less effective in resisting loads. (The discontinuity is introduced
by the lateral reinforcement.) Figures 4.34 and 4.35 depict the comparison of
specimens with and without cover for both unreinforced and longitudinally re-
inforced specimens.

The main effect of the concrete cover was to permit an early and more
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effective confinement due to the reduction of the detrimental effect of
shrinkage strains in the specimen's core. All this resulted in an increase
in the strength of the concrete . In the ascending branch of the f¢ - e,
curve, the strains in the lateral reinforcement for the specimen without
cover are smaller than for the specimens with cover. At about 85% to 90%
of the computed maximum stress the strains in the Tateral reinforcement
correspond to stresses typically in the order ot 20 ksi (137.9 MPa) in spe-
cimens without cover, and 40 ksi (275.8 MPa) for the specimens with cover.
This indicates that the effects of shrinkage are more detrimental in the
specimens without cover, since in this case the development of larger lateral
strains are necessary before the lateral reinforcement can confine the
concrete.

It appears that these shrinkage strains cause a delay in the confining
action allowing the specimen to respond mostly as if it was unconfined; and
therefore impairing a substantial increase in strength. However, as the
longitudinal and lateral strains are increased, the concrete core, which
may have already suffered extensive internal cracking, begins to develop
confining stresses making it feasible to develop the descending branch of
the fc - €c curve. Similar findings are reported in reference 9.

Experimental observations indicate that the spalling of the cover
occurred faster in the specimens with circular spirals than in specimens with
square hoops, this is due mainly to the smaller spacing of the lateral rein-
corcement used in specimens with circular spirals. Therefore, the tran-
sition between cover and core is more discontinuous in this kind of specimen
making the cover less effective as a load carrying element.

4.3.3 Effect of Longitudinal Reinforcement

In a reinforced concrete structural element, the presence of the lon-
gitudinal reinforcement can significantly affect the mechanical character-
jstics of the concrete by:

(a) Working as a spreader; redistributing stresses from weak to
stronger regions; and

(b) Offering better confinement by improving the basketing of the
concrete.

The longitudinal reinforcement improved the descending branch of the
fc - ¢ relationship with respect to the concrete in the specimens that did
not contain this parameter. This is possible as Tong as buckling of the
reinforcement is delayed long enough by close spacing of the lateral
reinforcement.

However, once buckling of the reinforcement begins to take place, the
concrete inside the core starts to Tose its state of triaxial pressure,
because of the lesser amount of lateral restraint existing as buckling of
the longitudinal reinforcement develops, leading to an eventual loss of
most of the confinement. Figures 4,36 and 4.37 show the effect of the lon-
gitudinal reinforcement on the fe - ¢ relationship of lightweight concrete.
In the case of specimens with square cross section, buckling of the rein-
forcement began to develop in between the hoops or square spirals. As
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buckling developed, the longitudinal reinforcement pushed ocut against the
lateral reinforcement. In most cases, the interior hoop failed by ruptur-
ing at a corner region rather than by slipping.

~ In the case of specimens with circular spirals, rupture of the iateral
reinforcement permitted buckling of the longitudinal reinforcement which
was followed by rapid deterioration of the concrete.

As expected, the yielding of the longitudinal reinforcement (e = 0.002)
occurred before the specimen offered its maximum resistance. Exper¥mental
results indicated that this yielding occurred at 85% to 95% of the maximum
attained load. Visible fine cracking of the concrete cover in some of the
faces of the specimen was also noticed at this stage of loading. Some ec-
centricity of Toading was present due to nonuniform spalling of the cover.
However, the close spacing of the lateral reinforcement, and the total con-
tact between longitudinal and lateral reinforcement at every hoop or spiral
level, minimized the lateral displacement of the longitudinal reinforcement
and delayed the buckling of it. Upon complete spalling of the cover at the
region of failure, the Toad again became concentric.

Buckling of the longitudinal reinforcement occurred at longitudinal
strains ranging from 0.036 to 0.045 in./in. {(mn/mm) for the specimens with
square spirals; 0.028 to 0.054 in./in. (mm/mm) for the specimens with cir-
cular spirals; and 0.033 to 0.05 in./in. (mm/mm) for the specimens with
square hoops. The average critical buckling strain for these specimens was
0.045 in./in. (mm/mm). At this strain level, from Fig. 2.1 it can be deter-
mined that Et ser - 450 ksi {3102.75 MPa) and fscr = 88 ksi (606.8 MPa).

The spacing of the lateral reinforcement necessary to prevent buckling can
now be computed from Euler's formula:

_ " BBt ser
S = T 7 4.1
scr
where
S = spacing of lateral reinforcement
Db = diameter of longitudinal reinforcement
Et ser - tangent modulus of elasticity in the strain-hardening
range
fscr = cyritical stress in the longitudinal reinforcement cor-
responding to ¢
cr
and

k = effective length coefficient, the value of which depends

on the support conditions offered by the lateral reinforce-
ment.
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In the case of square -cross-sections, the longitudinal bars are 1§tera1]y
supported by the corner of a hoop {or spiral). If the actual spacing, .
1.33 inches {(33.78 mm), is used in formula 4.1, the value of the effective
length coefficient (k), applicable to the experimental results, is then:

K =T 0.75 450

7733 ¥Ygg° 10

In the case of specimens with circular cross-sections, the actual pitch
of the Tateral spiral was 0.7 inches (17.78 mm). However, buckling of the
longitudinal reinforcement in this kind of specimen occurred after the rup-
ture of the circular spiral and, therefore, the above result is not appli-
cable to these specimens.

The experimental results show that the strength increase due to confine-
ment was in the order of 10% for specimens with cover whether there was
longitudinal reinforcement or not. These results indicate that the longi-
tudinal reinforcement did not contribute to an increase of the lightweight
concrete strength. An explanation for this behavior follows:

Figures 4.38a and 4.38b show how the configuration of the Tongitudinal
reinforcement leads to larger effective confined areas as well as
more efficient redistribution of confining stress which could, in
general, improve the strength of the confined concrete. However,
the level of concrete strength of the specimens tested was high:
5.2 ksi (35.852 MPa)} to 5.325 ksi (36.71 MPa). A 10% increase in
strength due to lateral confinement means the aggregate particles
have to sustain stresses in the range of 5.72 ksi (39.44 MPa) to
5.858 ksi (40.3% MPa). At this level of stress, it is likely that
the lightweight aggregate particles experienced Tocalized crushing
and the longitudinal reinforcement could not create any further
increase in strength.

4.3.4. Effect of Type of Lateral Reinforcement

In a laterally confined structural member, confining forces are
developed discretely at every level of the lateral reinforcement. Although
these forces vary in between levels, the overall effect is to impose a
triaxial stress condition on the concrete.

The consequence of this effective triaxial state of stress is to
significantly increase both the concrete's compressive strength and its
capacity to develop Targe inelastic deformations by: (a) arresting the
formation and the opening of microcracks; and (b) increasing friction
in between microcracked surfaces.
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As the longitudinal stress increases on a specimen, the lateral pres-
sure offered by the Tateral steel increases. Then, depending upon the
strength and amount of the concrete cover, the specimen may or may not
attain maximum capacity with the cover still intact. Once the specimen
reaches its maximum resistance, the cover spalls off and a drop in capa-
city is observed, the magnitude of which is also dependeqt upon the cover
properties. Beyond this stage, the behavior of the confined concrete de-
pends on the state of the lateral confining pressure and the state of
stress of the lightweight aggregate particles.

In the case when lateral confinement is provided py circular spirals,
the lateral confining pressure (fr) is directly determined by the amount

(p;) and the mechanical properties of the lateral reinforcement (fg), i.e.,
f,. = f(p;, fg). This is because in this case only tension stresses can

be developed and, therefore, confinement can be considered uniform along
the spiral (Fig. 4.39a).

If confinement is provided by square hoops or square spirals, the lateral
confining pressure is less effective and varies along the length of the hoop
(Fig. 4.39b). In this case, the concrete in the vicinity of the corner re-
gions is effectively restrained by the lateral reinforcement. However, in
regions away from the hoop corners, the deformation of the concrete in the
lateral directions is subjected to a much lower flexural-type confinement
because the lateral restraint is provided by the bending resistance of the
hoop or square spiral (Fig. 4.39b).

Figure 4.40 exhibits the experimental results obtained for concrete
confined with the three types of lateral reinforcement tested in this
s;udy. For the level of concrete strength used, the average results in-
dicate that the three types of specimens responded similarly up to attain-
1ng maximum stress. However, the descending branch of the f_ - ¢_ curve

presented marked differences due to the different effectiveness o? the
confinement in the three cases.

Fjgur@s 4.41a, 4.4]b3 and 4.41c show the free-body diagrams used for
determination of the confinement pressure. From Fig. 4.41a, it will be

seen that, in the case of a square-cross section, the chosen free-body
diagram will give the maximum fr‘

4Ast f; = fr hC S

- fﬁst fs 4.2

Also, the volumetric ratio of the lateral reinforcement is:
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L Ung v2 /200 Ay

S 2
hC S
or
- 2(2 + v/2) At
S h. S 4.3
o
Therefore, fr can be expressed as
2pl fll
fo= 22 4.4
Y2+ 2
where
A_, = area of one leg of lateral reinforcement

h = lateral dimension of the core
f = Tateral confinement pressure

S = spacing of the lateral reinforcement

f! = stress in the lateral reinforcement

and

D; = yolumetric ratic of the lateral reinforcement.

From the free body diagram in Fig. 4.41b, it can be seen that a differ-
ent fr is obtained for the same type of section, that is,

M 2 ;/? no_
gy fy H S5 A T = b S 4.5
. Ay fo (2 +52)
r h. S 4.6

c
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Expressing equation 4.6 in terms of the volumetric ratio of the lateral rein-
forcement (Equation 4.3):

_ P, . (2 + /2)
r 2 (2 +/2)

f = s T
r ?

4.7

For the amount of lateral reinforcement provided for the specimens with
1]

with square spirals (D; = 0.0144) and using f; = fy = 67.5 ksi. (465.41 MPa),
the values of fr obtained are:

From Equation 4.4:

_2-0.0144 - 67.5

f .
r 2 + y?

= 0,569 ksi (3.923 Mpa):

From Equation 4.7:

_ 0.0144 - 67.5 _

f, >

0.486 ksi (3.351 MPa).

Comparison of these two values indicates that f_. depends on the assumed
free-body diagram. This proves that, for the cafe of square cross-section
specimens, a uniform lateral confinement pressure across the whole section
does not exist, as it varies depending on the section where the free-body
diagram is chosen.

In the case of a circular cross-section, uniform confinement pressure

exists across the whole section. From the free-body diagram in Fig. 4.41d,
it is seen that:

p = 4.8

Where DC = diameter of concrete core (out-to-out of spiral), the volu-
metric ratio is
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1 st
p! = =22, 4.9
S DC S
therefore,
pl fll
_§ s
fr = -5 4.10
If
DS = (0.0144,
and
then

¢ -0.0144 . 67.5

. > = 0.486 ksi (3.351 MPa}.

Comparison of results from Equations 4.10 and 4.7 indicates that the lateral
confining pressure is the same for square and circular cross-sections when
the free-body diagram shown in Fig. 4.41b is chosen for the square cross
section specimens.

The minimum value of f _that can be obtained for a square cross sec-
tion corresponds to the free body diagram shown in Fig. 4.41c. For this
free body, by summing forces in either a vertical or a horizontal direction,
Equation 4.11 is obtained

A fu+2/§A fn___/z

st fo * 55 A To =5 f. /2N, S 4.1

(1 + “ﬁ) Ast f;
hc S

f =
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Expressing 4.11 in terms of p;

. (1 + /2) Pq f;.
r 2(2 + v7)
If
pg = 0.0144
and
fs = f; = 67.5 ksi '(465.41 MPa),
then

e o (1+/2) 0.0144 - 67.5

r = 0.343 ksi (2.365 MPa)
2(2 + /2)

Comparison of results obtained from Equation 4.11 (square cross section)
and 4.12 (circular cross’section) indicates that, for the same amount of
lateral reinforcement (ps), the square spirals are about 70% as effec-

tive as the circular spirals.

4.3.5. Effect of Buckling Delay and Strain Hardening of
Longitudinal Steel on the Load-Strain Relation-
ship of Confined Lightweight Concrete

Of special practical significance is the consideration of load vs.
strain capacity of structural members closely confined by lateral rein-
forcement. Figure 4.42 depicts the total experimental Toad for the cir-

cular test specimen. For the value of fy used (0.486 ksi, 3.351 MPa),
the concrete curve experienced a smooth descending branch. However, if

the Tateral reinforcement js closely spaced, and total contact between
lateral and longitudinal reinforcement is ensured at every hoop or

spiral level, lateral displacement and buckling of the longitudinal bars

can be delayed considerably. Then, because of strain hardening of the

steel, the specimen js able to clearly define two peak Toad values at

very different strains. The first peak Toad attained was 614 kips (2731.01
KN) and the strain in the concrete was 0.0041 while the second peak Toad

was 610 kips (2713 22 MPa}, but the longitudinal strain in the concrete

was 0.042--more than a tenfold increase in deformation. It is evident that,
if higher values of f _ are used, this behavior will be considerably improved.
The practical signifigance of this is discussed in greater detail in Chapter IX.
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5. COMPARISON BETWEEN BEHAVIOR OF CONFINED LIGHTWEIGHT
AND NORMAL WEIGHT CONCRETE

5.1 Introductory Remarks

In this chapter, the experimental results of the present investiga-
tion are compared with those of a similar experimental program carried
out at the University of California, Berkeley, by Vallenas, Bertero, and
Popov {6] in order to determine the mechanical characteristics of con-
fined normal weight concrete.

The experimental program for normal weight concrete consisted of test-
ing specimens with and without concrete cover as well as with and without
longitudinal reinforcement. The normal weight specimens contained the same
amount of both lateral and longitudinal reinforcement as the specimens in
the present investigation. However, specimens with only one type of lateral
reinforcement (square hoops) were tested. Therefore, in this section the
results reported in reference [6] will be compared with the results from
similar lightweight concrete specimens confined with square hoops. Figures
5.1 to 5.3 depict the behavior of the two types of concrete.

5.2. Comparison of Strength of Normal and
Lightweight Confined Concrete

The principal experimental results from this investigation and from
reference [6] are summarized in Table 5.1. Normal weight concrete speci-
mens without longitudinal reinforcement experienced an increase in strength
with respect to the 6 in. x 12 in. cylinder tests of 13% and 15% for
specimens without and with cover, respectively.

In the case of Tongitudinally reinforced specimens, the normal weight
concrete experienced a further increase in strength with respect to the
6 in. x 12 in. cylinder tests of about 6% and 8% (which can be attributed
to the longitudinal reinforcement}, Thus, the total strength increase was
19% and 23% for specimens without and with cover, respectively. The light-
weight concrete in similar specimens experienced increases in strength of
2% and 10.8%.

The discussion above indicates that, when the same type of longi-
tudinal steel configuration is used for both normal and lightweight con-
crete, an increase in strength due to longitudinal reinforcement can be
expected in normal weight concrete. Because of the higher resistance of
strength of normal weight aggregate, as compared with lightweight aggregate,
the strength of normal weight concrete can increase with the additional con-
finement pressure offered by the basketing due to longitudinal reinforce-
ment.

Preceding page blank
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5.3 Comparison of Deformation of Normal and
Lightweight Confined Concrete

Tabie 5.1 displays the differences in strain values at maximum stress
obtained for normal and Tightweight concretes. The absolute values of
strain at maximum stress vary from 0.0085 in./in. (mm/mm) to 0.01 in./in.
(mm/mm) for normal weight concrete and from 0.0040 in./in. (mm/mm) to
0.0045 in./in. {mn/mm) for lightweight concrete.

The increase in strain at maximum stress for a confined specimen (eg)

with respect to the same strain in the 6 in. x 12 in. cylinder (e ) varies

between 193% to 280% for normal weight concrete and oniy 23% to 53% for the
lightweight concrete, indicating a tremendous difference in the strain under
which maximum strength is attained. Another way to see this difference in

deformation at maximum strength is by forming ratios of €¢ for normal weight
to e for lightweight. Table 5.1 shows that these ratios vary from 2.00 to

2.63, indicating that the normal Weight concrete can experience at least twice
as much deformation at maximum stress than the lightweight concrete.
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6. CONFINEMENT EFFECTIVENESS OF LIGHTWEIGHT CONCRETE

6.1. Analysis and Assumptions of Code Values

In the design of compression members, that is, when

Pe > O.4Pb 6.1

where P_ = maximum design axial load and P, = balanced failure axial load

capacity. The ACI Code[10] provisions for seismic design (Appendix A,
ACI 10-3) stipulate that, where a spiral is used, the volumetric ratio,

Og> shall not be Tess than
fio/A
p. = 0.45 %—9 K‘i- 1) 6.2
y < /
nor less than
p. = 0.12 ?C— 6.3
y
where
p; = ratio of volume of spiral to total volume of the core
(out-to-out of spiral)
Ag = gross area of the section
AC = area of core measured to outside diameter of spiral
fé = specified compressive strength of concrete
and

f" = specified yield strength of transverse steel.
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Equation 6.2 is based on the following assumptions:

{a) The lateral reinforcement becomes effective only after the

cover spalls off.

(b} The contribution of the lateral reinforcement to the strength
of a concentrically loaded member is equal to or slightly
greater than the capacity that is Tost when the cover spalls

off.

(c) The additional amount of strength provided by the spirals is
about 4.1 times the lateral confining pressure times the core

area.

Using assumptions (a),

and

Assuming strength loss

or

But, from Figure 4.41d,

also,

v -

(b), and {c), Equation 6.2 is derived as follows:

= area loss

strength loss

strength gain

equals strength gain, then:

(Ry = A) o fe =Ky A

Equation 4.8 is obtained:

2A

F o=
r\

'F"

D. S

C

_ ])_

st 's.

b

Volume of confining steel

Volume of confined concrete

D

£
Ay 2T 2

4A

st

4
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(these terms have already been defined in Chapter 4). Therefore, expressing

f in terms of o;, Equation 4.10 is obtained:
r _FII
. r S
fr = DS 5

Substituting 4.10 into 6.4 and given Ky = 4.1 and ¢ = 0.85,

A £
pe = 0.415 [ 22 - 1) = 6.5
c S

which is equal to the ACI equation if 0.415 is rounded off to 0.45 and f!
f'.  (Therefore, Ky = 3.77 if ¢ = 0.85). The second criteria of
Y actual

the ACI Code (Equation 6.3) is:

It gives a minimum lateral confining pressure required in the design of
large sections. Equating 6.2 and 6.3

It is seen that, for values A /A < 1.267, Equation 6.3 will control the
design. g c
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In the design of square (or rectangular) sections, the ACI Code con-
siders that the effective confining pressure of a sectjon confined by
square hoops is 50% that of a circular section which contains the same
amount of lateral reinforcement. Therefore, in order to provide for
equal effectiveness of confinement between the two sections:

f = 0.5 (fr 6.6

Yeircular rectangu]ar)

For a square cross section and from the free-body diagram in Figure 4.4la

Psquare he S
also, from Fig. 4.41d
1
; i 2Ast fs.
Teircular Dc 5
From Equation 6.6:
2ASt fs . 4Ast fs 7
- T 6.
DC S hC S |
and from Equation 4.9:
p’i’ = 4A5t
S DC )
4A
st
D, = ——. 6.8
C prs
S

Putting Equation 6.8 into 6.7, one obtains:

st 5 6.9
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which is equal to ACI Equation A-4 if by = hc/2.

The implied confinement effectiveness coefficient can be calculated
as follows: Frem general LCguation 6.4:

A
= P9 )
K fr 0.85 fc 1)

0 AC
and, since
) _ 4Ast fs
"square N/ S
by putting Equation 4.2 into 6.4
4A  f! A
st's _ ' g
K ——==0.85f |+ -1
0 hC S C Ac
one obtains
L (A
_ 0.85 cl_ g
A, = h. S — -1 6.10
st 4K0 c fs AC

Equating 6.10 and 6.9 (ACI A-4):

.f.'

0.85

=== h S
KO C

le

-

A f!
9 _ £
A \ he 0.45(A 1) F S
9.9} 2 C S
A ) 4

s\ )
and yields

Ko = 1.88
square

which is the confinement effectiveness coefficient implied by the ACI Code.
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The UBC requirements {11) for lateral reinforcement are given by UBC
Formula 26.5:

f! {A
A, 2 35 ho w55~ 6.11
yh \"'ch
or
.12 fé
A, >0.128, h += 6.12
sh h ¢ fyh
where
Ach = area of rectangular core of column measured out to out
of hoop, square inches
Ash = total cross sectional area of rectangular hoop
Sh = center-to-center spacing of hoops, inches
and
fyh = specified yield strength of hoop reinforcement, psi.

Equating 6.10 and 6.11 and considering that, in this case, 4Ast = A:h

4K c f; A h'cf,

o fL /A f. [ A
4(0.85) h s <[-9_11=.35,n A R 1
0 C yh Ach

In these formulas, if S = Sp fg = f > and A, = A.> then K = 2.83. Comparing
this value (K0 = 2.83) with the one given by the ACI, (Ko =1.88) indicates

that, for the rectanguiar cross section under consideration in this study,

the UBC requires two-thirds the amount of reinforcement of the ACI Code.

Equation 6.12 will contrel the minimum lateral reinforcement requirements
for values of Ag/AC < 1.4.
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The variations in Tateral confining pressure demand, as a function of
confinement effectiveness K  (Equation 6.4), have been plotted in Fig. 6.1

(
for different values of A /Rc. The required lateral confining pressure for

circular and rectangular cross sections according to both ACI and UBC codes
are also shown,

From Fig. 6.1, it should also be noted that, for low values of A /A ,
the variation in K_ is not very important since the absolute variatiog ¢
in fr with K0 is small. However, as the A /AC ratio is increased, and the
values of KO decrease, the demand for lateral pressure increases rapidly.
For example, for AG/AC = 1.25, the required f_/0.85 fé is 0.0625 when K0 = 4
and is 0.125 when K = 2 (a difference of 0.0825). However, if A /A =2.5

(a 100% increase), %he difference between fr at Ko = 4 and KO‘= 2 becomes
0.375 (a 500% increase in demand).

6.2 Confinement Effectiveness Coefficients
Obtained Experimentally

6.2.1 General

For the purpose of consistency with the previous section, the values of
the confinement effectiveness coefficient, K., were calculated using the
free-body diagram (as shown in Fig. 4.41a) for the square cross section speci-
mens. Figure 4.41d shows how Ko was calculated for the circular cross-section
specimens. Therefore,

4Ast f;
f = - (square cross section)
r hC S
ZASt f
f =3t 8 (circular cross section)
r DC S

In this study, values of fr were calculated, assuming yielding of
lateral reinforcement (f; = f'}. This assumption may lead to conservative
values of K_in cases when f; was actually less than f.. Experimentally,
it was observed that in some cases the lateral reinforgement did not yield
at maximum stress, whereas, in other cases yielding strains of this reinforce-

ment were recorded. The basic equation to determine K, from experimental
data is:
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o _ou
fcmax = fc + KO fr 6.13
© - fg
_ max
KO = ————7;-——— 6.14
r

where
KO = confinement effectiveness coefficient
fﬁ = maximum compression strength of confined concrete
ma X
fg = compressive strength of unconfined control specimen
and
fr = lateral confining pressure

by substituting in Equations 4.2 and 4.6 for

_ . 2
Ast = 0.025 in.

H ] .

fs = fy = 67.5 ksi

fo=8:0.025 » 675 _ 5 564 ksi (for circular sections)
r 9 . 1.33

and

f = 2.00.025 - 67.5 _ 482 ksi (for circular sections),
r 10 - 0.7

Similarly, the confinement effectiveness coefficient at failure (Kf), can be
determined from:

U
fe-f
K. = f ¢

T fr
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where ff is defined in the following manner:

(a) In specimens without longitudinal reinforcement when the
stress in the concrete has dropped by 50% or at the con-
crete stress level when the lateral reinforcement has rup-
tured leading to rapid deterioration of strength.

(b) In specimens with longitudinal reinforcement at the con-
crete stress level when buckling of the longitudinal rein-
forcement occurs or, at rupture of the lateral reinforce-
ment, whichever occurs first.

Values of KO and Kf have been summarized in Table 6.1 along with con-

crete strain values corresponding to the stresses mentioned.

6.2.2 Experimental Ko for Concrete Confined

by Square Spirals

Specimens Without Longitudinal Reinforcement. As can be observed
from Table 6.1, the KO values attained for specimens without cover (1AA-1

and 1AA-2) were 1.67 and 1.72. For the specimens with cover (1BA-1 and
1BA-2), the KO values were 2.59 and 2.23. The discrepancy in the KO values
in each group is minimal. The K,k values for specimens with cover are on the
average about 40% Targer than the Ko values of specimens without cover.

Specimens with Longitudinal Reinforcement. Only the K_ values for the
specimens with cover are presented. When the specimens witﬁout cover were
tested without restraining steel plates at both ends of the specimen, the
longitudinal reinforcement buckled at the upper 6 inches {152.4 mm} of the
specimen before the specimen attained its maximum capacity. Therefore, the
K. values for these specimens are not realistic. For the specimens with
cover (1BB-1 and 1BB-2}, K. values were 1.52 and 2.50. This relatively large
discrepancy in K_ values i€ because failure took place in the middle and
lTower instrument2d regions of specimen 1BB-2 while, in specimen 1BB-1, fail-
ure occurred in the upper instrumented region. Since the strength of the
specimen is governed by its weakest section and, since the upper regions of
the specimens are often the weakest, due to a larger amount of bleeding and
segregation that can occur at the time of casting, it is correct to assume
that the discrepancy found in K_ values is due to a reduced carrying capacity
as a consequence of lower strendth at the upper region of the specimen.
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6.2.3 Experimental KO for Concrete Confined
by Circular Spirals

Specimens without Longitudinal Reinforcement. Circular specimens with-
out cover (2AA-1 and 2AA-2) attained identical coefficients of K = 2.36
while, in specimens with cover (2BA-1 and 2BA-2)}, the K_ values were 1.9 and
1.56, respectively. This situation is different from tﬂe one observed for
specimens with square spirals or square hoops where it was observed that the
specimens with cover had higher K _ values. This can be explained by consider-
ing that the concrete cover in specimens with circular spirals can spall more
easily than in the square cross-section specimens because of the closer spa-
cing of the lateral reinforcement (0.7 in. [17.78 mm] versus 1.33 in. [33.78 mm]l)
and, therefore, more discontinuity exists between the concrete cover and the
inside core.

Therefore, the cover in the specimens described above was less effective
in resisting loads. This was confirmed experimentally when the cover spalled
abruptly along the whole length of the specimen just as it reached peak load.
The resulting deterioration of the concrete core caused significant reduction
in the effective cross-sectional area of the specimen.

Since this reduction in effective cross sectional area was ignored, com-
putations indicate a Tower increase in compressive strength. One way to
consider this effect in an approximate fashion would be to assume that the
effective cross-sectional area of the specimen would be the area enclosed
by the inside-to-inside spiral rather than outside-to-outside as was assumed
in the origina; computatjons. In this case, the cross-sectional area would
be 73.0 inches” (47097 nm?) versus the original area of 78.53 inches? (50.664 mm
K_ values would be 2.78 and 2.4 (versus original values of 1.96 and 1.56).

Tﬁese new K0 values are higher than those obtained for specimens without cover.

2y.

Specimens with Longitudinal Reinforcement. These specimens attained
similar values of K0 (2.47 and 2.36). The maximum difference between them
was 4.6%.

6.2.4 Experimental K0 for Concrete Confined

by Square Hoops

Specimens without Longitudinal Reinforcement. Values of K_ for these
specimens are, in general, pretty uniform. However, a distinction can be
made between specimens without cover (3AA-1 and 3AA-2) and those with cover
(3BA-1 and 3BA-2). Values of K_ found for specimens without cover average
2.07, whereas the specimens witﬁ cover averaged 2.26. The difference encoun-
tered in these values can be attributed to shrinkage effects.

Specimens with Longitudinal Reinforcement. These specimens have the
same trend as those without Tongitudinal reinforcement. K_ values are higher
for specimens with cover. Specimens without cover {3AB-1 and 3AB-2) attained
an average K/ of 1.65; the specimens with cover (3BB-1 and 3BB-2) averaged

KO = 2.62. This difference may be due to the fact that the specimens without
cover are more severely affected by early shrinkage of concrete. Because of
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Poisson's effect, when the specimen is loaded in the longitudinal direction,
large lateral strains need to be developed in the concrete befaore the lateral
and longitudinal reinforcement acting as confinement elements become effective.
This delaying in confinement permits the specimen to respond.as in an uncon-
fined condition, with development of extensive microcracking. Therefore, the
specimen without cover will not experience as much an increase in strength as
the one with cover.
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/. ANALYTICAL RELATIONSHIP

7.1 General

In order for an analytical expression to closely approximate the experi-
mental results, it should account for the following factors:

(a) Increase in the concrete's compressive strength due to lateral
confinement, in the order of 10% with respect to standard
6 x 12 in. cylinder strength for longitudinally reinforced
specimens with cover.

(b) Increase in the values of strain at maximum stress, in the order
of 50% with respect to similar strain in 6 x 12 in. cylinders.

(c} The varying behavior of the descending branch of the stress-strain
curve due to different confinement arrangements (square spirals,
circular spirals, square hoops).

Emphasis will be placed on trying to determine an analytical expression
for confined, longitudinally reinforced concrete, as this is the type of
reinforced concrete that is used in practice.

7.2 Analytical Expressions

. . . c .
A maximum stress ratio defined as K = f. max / &, can be introduced
to account for the increase in maximum stress due to confinement.

The parametey, K, is assumed to be dependent on the spacing, S, amount,
pé , and grade, f, , of the lateral reinforcement, as well as the specimen's
cross section core dimension {h; or D¢) and the strength of the concrete.

From the general relationship:

¢ f
L Tax = ]+ K T 7.1
f of
C c
Sargin [12] postulated that:
f f"
K = ST < g4 0+, R L
c (£)Y 7.2
C
where:
C.s C,, a, B, ¥ = constants evaluated for best fit of experimental
1o data

Preceding page hlank
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and
R = o 5 depending on type of cross section.

In this study a modified version of Sargin's formulation is proposed;
this accounts for the difference in the strength increase for normal and
Tightweight concrete. Then for square cross sections:

-ﬁll
K = 1+0.0073 (1 - 0.245 }%) oL £ 7.3
. C
where
K = maximum stress ratio
S = spacing (in.)
hC = square cross section core dimension (in.)
p; = volumetric ratio of the lateral reinforcement
f; = yield stress of lateral reinforcement, psi
fé = 6 x 12 in. cylinder strength, psi

The effect of the lateral reinforcement in increasing the strain values
at maximum stress (eg) is accounted for as follows:

C Dl fll
- 140,039 (1-0.73 ) =L 7.4
Eo c fu
c
where
eg = strain at maximum stress for confined specimen
€y T strain at maximum stress for 6 x 12 in. cylinder

The corresponding equations for the case of circular confinement are:

1 i

P
K = 1+0.0073 (1 +0.245 ) -S ¥ 7.5
b o
C
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pl f"
= 1 +0.039 (1 +0.734 -g-—) S ¥ 7.6
C f!
C

mtm
o lon

Once parameters K and eg /eo have been defined, an analytical stress-
strain relationship for lightweight concrete can be considered. The analytical
expression will contain 3 regions:

(a) Region AB €. < €

In this region, the mathematical model should satisfy the foliowing
conditions:

f
?$—~ = 0@ €& = 0 (curve passes through origin)
o
fc o c
7 - K@ €. = € (K and - are peak coordinates in non-dimen-
C sional “curve)
f
a(__(_:_._)
= S € © 0 (the slope of the curve eguals the modulus
d € f! of elasticity)
c o
.\(f ¢ )
C
fl
£/ = pee =&f {curve has maximum e_ = gc)
5 e C 0 o 0
o

The analytical model should be non-dimensional, with the power of the
independent variable as low as possible to obtain a smooth variation along
the ascending branch of the curve [12]. The mathematical model should be
of the form:

fc A + BX + CX?

£! 1+ DX
c

Application of the above conditions yields:
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c : 7.7
fé E e° € |
0

where

fc = stress in confined concrete

fé = strength of 6 x 12 in. cylinder

E. = modulus of elasticity; taken as 34,000 J?Z

K = maximum stress ratio (Equations 7.3 or 7.5)

eg = strain at maximum stress in confined specimen (Equations 7.4gy 7.6)

. c c
(b) Region BC €0 £ €0 £ & 2k or g5 < e, < g,

The descending branch of the stress-strain analytical curve is linear
and its slope is a function of the: (1) volumetric ratio of the lateral
reinforcement; (2) concrete strength; (3) dimensions of the cross section;
and (4) spacing and arrangement of lateral reinforcement. In this region,
an expression similar to Kent and Park's [13] is used:

f
c _ c
fé~K[1—Z(€C 80)] 7.8
0.5
7 = 7.9
3+ 9.003 fé
Apé /R + - 0.003
f' - 1000
C
where:
K = maximum stress ratio (equation 7.3 or 7.5)
eg = strain at maximum stress for confined specimen
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s = lateral steel volumetric ratio
R = ratio of core dimension to spacing of the Tateral reinforcement
R = hc or _l.)_c._
S )
S = pitch of lateral reinforcement
A = constant which depends on the type of lateral reinforcement; it

reflects the effect of lateral reinforcement in improving the descending
branch of the stress-strain curve, i.e.,

n

A 3/4 for square hoops

A

L]

8/9 for square or circular spirals

Because the proposed relationship is for confined concrete containing
longitudinal reinforcement, Region BC should be 1imited by either:

(1)  the concrete strain at which the stress has dropped to 0.2K (E()ZK)
or )

(2)  the critical stra1n at which buckling of the longitudinal rein-
forcement can occur (sc A way to develop the desired critical strain in
design is explained in Eect10n 9.1

If Ecp © £0.2k> 2 rapid rate of increase in the slope of the curve in

this region will begin at ®cr  The curve may then be conservatively assumed
to have infinite slope at this point. Caution needs to be exercised to
assure that premature buckling would not occur due to inadequate ductility
of the hoops or spirals.

(c) Region CD €. > €g.ok O €. > €

— = 0.2K 7.10

This equation takes into account the ability of the concrete to sustain
some stress at very large strains.

The experimental and analytical curves are depicted in Figs. 7.1 to 7.3.

These figures show a good agreement between the experimental results and
the proposed analytical relationships.
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8. CONCLUSIONS

8.1 General

In the present study, only one type of lightweight aggregate was used;
the strength of the concrete varied from fé = 5100 psi (35.16 MPa) to
fé = 5350 psi (36.89 MPa). Therefore, these conclusions apply only to this

type of aggregate and level of concrete strength. It is widely accepted that
the properties of 1ightweight aggregate vary depending on the type of raw
material, as well as on the manufacturing process. Therefore, it is necessary
to do similar studies using different types of aggregate and different levels
of concrete strengths in order to be able to draw more general conclusions.

This section summarizes the conclusions drawn from the tests performed
on unconfined and confined specimens fabricated with lightweight aggregate
concrete. The parameters varied were:

{a) the concrete cover

(b) the Tongitudinal reinforcement

(c) the different arrangements of the lateral reinforcement

Special emphasis is placed on the results obtained from specimens containing
concrete cover and longitudinal reinforcement because this is the way that
concrete is most frequently used in structural applications.

8.2 Experimental Study

(a) In general, the specimens with cover attained higher values of
Ky than those without cover. The improvement with respect to the specimens
without cover was in some instances as great as 50%.

(b) For specimens confined by circular spirals, the average K, = 2.45,
which is 59.7% of the value assumed for this type of confinement in current
codes (K0 = 4.1).

{c) For concrete confined by square hoops or square spirals, the
average Ko was 2.09, which is about 85% of the Ky found for circular spiral
confinement. The difference between the experimentally obtained values
of Ky for the circular and sgquare cross sections is not very significant. This
is because, for the values of A /A. corresponding to the specimens tested in
this study (1.23 for circular cgoss-section and 1.21 for square cross-section
specimens), the demand for f\ does not vary much as a function of K,, especial-
1y in the range of Ky = 2 to K, = 4. Therefore, the confinement effectiveness
coefficients are not expected %0 vary significantly. This is confirmed ex-
perimentally.

(d) Based on the arrangement and amount of longitudinal reinforcement
used for the specimens tested in this study, it is found that the Tongitudinal

Preceding page hlank
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steel does not contribute to an increase in thg strength of the confined

lightweight aggregate concrete. The ratios fc max/fé are, in general,

similar for specimens with and without longitudinal reinforcement. (Tables
4.2 to 4.4).

(e) The longitudinal reinforcement considerably improves the descend-
ing branch of the stress-strain curve up to the critical buckling strain of

the longitudinal reinforcement.

(f) The lateral reinforcement, through its confinement pressure, in-
creases the compressive strength of the specimens with respect to the 6 x
12 in. standard cylinder strength by an average of 10% in specimens with
cover {average of three groups of specimens, i.e., square and circular
spirals, and square hoops) and an average of 6% for specimens without cover.

(g) The arrangement {type) of lateral reinforcement considerably
influences the descending branch of the stress-strain curve. The worst be-
havior corresponded to specimens with rectangular ties; the best behavior
corresponded to circular specimens with circular spirals (Fig. 4.40).

(h) Due to the effect of the size of the specimen, the compressive
strength of the unconfined control specimens was consistently lower than the
strength obtained from 6 x 12 in. standard cylinder results. The average

fglfé ratio for all the groups of specimens was 0.86.

(i) The ACI code formulae for the modulus of elasticity overestimates
the values of the secant modulus of elasticity of the concrete {(at 45% of
maximum stress) by as much as 13% in some cases.

8.3 Analytical Curve

Based on the experimental results, an analytical relationship is pro-
posed for the specimens with cover and with longitudinal reinforcement. The
complete fC - & relationship comprises three regions, as follows:

(a) Region AB €. < eg
c 2
F¢ % e - K E_C
o st
P c
C - EC £ , (ig
f! c
kTe 3
0
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. Cc
(b) Region BC €5 < €. < €5 ok or
C
€'O i EC f‘ E:CY‘
f C
Lo w1 -7 (e, - eN)] 7.8
f! C O
0.5
7 = _
{3+ 0.003 F
Bo' /R + Y - 0.003 7.9
S fL - 1000

c-—- "Ccr

The analytical relationship presented here is a good approximation of
the experimental results as can be observed from Figs. 7.1 to 7.3.
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9. IMPLICATIONS IN PRACTICAL DESIGN

9.1 Introductory Remarks

In earthquake-resistant design, it is highly desirable that the struc-
ture and, therefore, each of its structural members possess large energy-
absorption and energy-dissipation capacities. To achieve such large energy
capacities, it is not only necessary that the structural materials be capable
of developing high strength but that this strength remain stable under large
inelastic deformations. The need for a large deformation capacity, usually
referred to loosely as "ductility," cannot be overemphasized.

To achieve such large energy capacities in concrete structures, it is
necessary to use confined, reinforced concrete. For this type of concrete,
the energy-absorption and energy-dissipation capacities are greatly affected
by the following two parameters:

(a) The lateral confining pressure (f ), that is, the state of triaxial
stress created on the confined concrete by the lateral confining steel forces.
This triaxial stress condition improves the compressive strength of the con-
crete as well as its resistance against shear and bond failure. It also sig-
nificantly increases the concrete's deformation capacity. :

(b) The critical buckling strain (ECT) that the longitudinal reinforce-
ment is able to develop before buckling. It is possible that by close spacing
of the lateral reinforcement, buckling of the longitudinal reinforcement can
be delayed until the steel is in strain-hardening range and, therefore, can
offer a Targer resistance. This increase in steel resistance compensates some-
what for the decrease in concrete strength that occurs at these Targe strains.
Therefore, the axial lToad strength of a structural member can be maintained or
increased (depending on pé and the rate and maximum value of the strain harden-
ing) at very large deformations.

The objective of this chapter is to discuss the implications of the ex-
perimental results and the effects of the two parameters described above on
the practical design of structural members. Requirements are presented for
delaying the buckling of the longitudinal reinforcement until it reaches the
strain-hardening range. As previously discussed, this permits the structural
member to develop large inelastic deformation (ductility).

Next, Axial Load-Moment (P-M) interaction diagrams for a circular and
square cross-section are computed using:

(a) A fictitious fc - g_ relationship for the concrete, implied when
assuming the equivalent stregs-b1ock distribution.

(b) A more realistic idealization of the f_ - e_ relationship for un-
confined concrete as propsoed by Hognestad.

{¢c) An elasto-perfectly plastic relationship for the longitudinal
steel.

P-M interaction diagrams for the same sections are computed considering
strain hardening of the longitudinal steel, and using the fc - ¢ relationshins

found experimentally for concrete. These diagrams are compared with dia?rams
comput d based on: the material properties for concrete described in (a
above and the material properties for steel described in (c).

Preceding page blank
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The volumetric ratio of the lateral reinforcement of specimens tested in
this investigation was approximately the same as that required by current
codes [10,1U. Results were also available for a previous experamenta] pro-
gram [3] carried out at Berkeley on specimens of a similar size but containing
about twice the volumetric ratic of lateral reinforcement required by current
codes. This spectrum of available stress-strain relationships for confined
concrete provoked an interest in comparing the Axial Load - Moment {P-M)
interactiondiagrams. This comparison was made by comparing the interaction
diagrams computed by using the confined concrete relationship as obtained in
the two experimental programs described above with those obtained by assuming
a concrete relationship derived by assuming the equivalent stress block
distribution.

9.2 Buckling of the Longitudinal Reinforcement

The critical buckling strain (e..) that the longitudinal reinforcement
is able to develop before buckling depends upon the spacing of the lateral
reinforcement. The corresponding buckling stress can be found by the usual

formulae: o
'ITDb
fser = (ZEE) B scr 9.1
where
fscr = critical buckling stress of longitudinal reinforcement
- Dy = diameter of longitudinal bar
S = spacing of the lateral reinforcement
k = factor depending on end conditions
Et scp = tangent modulus of elasticity in the strain hardening region

of the longitudinal reinforced steel and corresponding to Cope

This equation cannot be applied in design without knowledge of the E

and the critical fscr which corresponds to Eept

This knowledge can be achieved by an idealization of the strain hardening region

of the reinforcing steel f - & relationship. A good idealizationctan be obtained

t scr

using a cubic polynomial:

_ .3 2
fs = ax~ + bx" + Eshx + fy 9.2

where



For grade 60 steel, the following values are taken:

€ch = 0.01 (steel strain at onset of strain hardening
Ecy = 0.2 (steel strain at ultimate stress)
Esh = Es/30 = 1000 ksi (tangent modulus of steel at the onset of
strain hardening)
fy = 60 ksi
fsu = 100 ksi (ultimate stress of steel).

The tangent modutus,
Eguation 9.2:

Et sepe Can now be found by differentiation of

df
s

= — = 3ax2 + 2bx + ES

Et SCr  dx 3.3

h

Values of fs and Et sop? given by Equations 9.2 and 9.3, have been

calculated for the range of strains corresponding to the concrete fc - €

relationships presented., These values are shown in Table 9.1. ¢

TABLE 9.1 CRITICAL f and E

t scr
£q fs (ksi} Et cer (ksi)

0.01 60 1000
0.02 69.29 860.77
0.03 77.24 731.16
0.04 83.95 611.17
0.045 86.86 554,78
0.05 89.50 500.80
0.06 94.00 400.00
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Equation 9.1 can now be written in form useful for design (assuming

k =1):
s _ waf Ftoser o
D, ‘JV“——fS 9.

In this way, with the values of Table 9.1 a value of spacing, S, can
be selected in order to develop the desired critical steel strain. As a
check of the accuracy of this equation, in section 4.3.3 it was found that
the average critical buckling strain was 0.045 in./in. {(mm/mm). By applying
the corresponding values of fs and Et scr® as given in Table 9.1, it is seen
from equation 9-4 that:

S = 0.75F ‘/————— 2208 - 148 in.

which is 11% higher than the actually provided spacing (1.33 in.).

9.3 Axial Load-Moment (P-M) Interaction Diagrams

Two types of reinforced concrete columns were chosen to analyze the
effects of confinement on the flexural behavior of structural members:

(a) a square 30 in. x 30 in. (762 mm x 762 mm) cross section column;
and,

(b) a circular 33 in. (838.2 mm) in diameter column. (see Figs 9.1a
and 9.1b  respectively.)

Both sections contained .eight #18 reinforcing bars. The hoops in the square
section had a 4 in. (101.6 mm) spacing whereas the spiral's pitch in the
circular section was 2.1 in. (53.34 mm). The volumetric ratio of the lateral
reinforcement, as well as the ratio Ag/AC, were similar on both columns.

The analysis of the P-M diagrams for the section of these columns was
performed by using a computer program [14]. The computer program allows
modeling of progressive spalling .of the concrete cover as this reaches its
maximum resistance at a given strain. Also, different f_ - e_relationships
for concrete core and cover may be used. ¢ ¢

Figures 9.2a and 9.2b show the fc - €, relationships for the confined:

concrete in the core of the column section, which were used in the analysis of
the square and circular cross sections respectively. Figure 9.3a shows
the fc - £ relationship that was used for the unconfined concrete in the

cover of both types of sections. The reinforcing steeil fs - ¢_ relationship

s
used is shown in Fig. 9.3b . The strain hardening portion of this relation-

ship was idealized as a cubic polynomial.
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The same sections of the columns were analyzed using a fictitious f_ - ¢
relationship for the concrete which is implied when assuming the equivalent
stress-block distribution and a more realistic f . - e relationship which was
proposed by Hognestad and widely used in practical application. The longi-
tudinal steel was idealized as an elastic-perfectly plastic relationship.

The relationships are depicted in Figs. 9.4a, 9.4b, and 9.4c

c

Figures 9.5 and 9.6 show the axial load-moment interaction diagrams com-
puted, according to the above fc - €. relationships, for a square cross-section
and a circular cross-section, respectively. From these figures, it was observed
that higher values of axial Toad and moment capacities are obtained by using
the equivalent rectangular stress-block distribution than they are by using
Hognestad's relationship.

In Fig. 9.7, a comparison is made of the P-M interaction curves for the
square cross-section using the previously mentioned refationships. It can be
observed that, at a concrete strain of ¢ = 0.0045 (although, under pure axial
load, the cover has compietely spa]]ed),cthe axial-load strength of the column's
concrete core differs very little from that calculated using the ACI equivalent
stress-block distribution over the whole cross-section. It is aiso clear that
the P-M interactions curve--as determined by the fictitious f. - £ --is uncon-
servative for loads above the balanced point. When the cenfined concrete

fc - €, relationship which is obtained experimentally is used, it can be seen

that, at very large deformations, the flexural capacity is increased. This is
mainly because of the steel's strain hardening. For loads below the balanced
paoint, if buckling is delayed, the lateral confinement will allow for increases
in moment capacity from 23267 k-in. (fictitious fc - £, curve) to 34059 k-in.
(confined concrete curve) or an increase of 46% whert P = 0. Also, due to the
strain hardening of the longitudinal steel, the axial-tension capacity of the
column is actually about 50% above the one predicted according to the elasto-
perfectly plastic assumption of Fig. 9.4c. These considerations are important
in seismic-resistant design because a column may undergo tension under a strong
seismic ground motion due to overturning moment effects.

Figure 9.8 shows the same type of comparison but for a circular cross-
section. In this case, the fC - £, relationship used for the confined con-

crete is shown in Fig. 9.2b.

For this type of cross-section, the required amount of lateral reinforce-
ment is given by ACI Equation 10.3: :

A f! / |
855.3 5.2
p. = 0.45 ﬁ-\—%o.z&s 999:3 _ 1} 2:£ = 0,009
S paquired (AC )% | 706.8 60

or, as specified in ACI A.6.4.2:

fl
0! -0.12 -8 =0.12 - 22 - 0.0104

sprovided fy 60
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which is larger than 0.009 and, therefore, controls the required volumetric
ratio in this case. The prov1ded volumetric ratio is

4ap

st _4 0.2
P = = === 0.013 > 0.0104
sprovided DCS 30 - 2.1
which is larger than p; by about 25%.

required

For a section with the above characteristics, the following interaction
curves have been plotted in Fig. 9.8:

(a) An interaction P-M curve based on the f_ - e, implied when assuming

the equivalent rectangular stress-block distribution, an elastic-perfectly
plastic relationship for the steel and, assuming the maximum concrete strain,
= 0.003.

(b) An interaction P-M curve for the case when the concrete cover and
confined core reach a strain e_ = 0.003 at the maximum compressive fiber of
the cross-section (i.e., f = f')}). From Fig. 9.8, it can be observed

C(cover) °©
that, at this concrete strain, the axial load strength of the column is a
maximum.

(c) An interaction P-M curve for the case when the extreme fiber of the
concrete cover and confined cored reached e _ = 0.0045 on the cross-section

are assumed to have spalled of the column.

(d) An interaction P-M curve for the case when the confined concrete
reached a strain of €. 7 0.05 which is close to the experimentally obtained

buckling strain of the longitudinal reinforcement for a reinforced co]umn
where concrete is laterally confined with circular spirals.

As can be observed from a comparison of results presented in Figs. 9.7
and 9.8, the performance of the circular column section at very large strains
is better than the behavior of the square cross-section column at similar
strains. This is due to the more beneficial effect of circular spiral con-
finement on strength of the concrete at these large strains. For the ratio,
Ag/A_, used in this section, the axial load strength is maintained up to the
strain when the cover begins to spall off. However, the envelope curve based
on the stress block and . = 0.003 overestimates the flexural capacity of the
sectlon when strains in the confined core and concrete cover reach ¢, = 0.003
or g. = = 0.045. It is only when large concrete strains have deve?opeﬁ (ec =

0.05) that the capacities based on the two different fc € (equivalent

stress block vs. confined concrete) are similar for loads above the balanced
point and as observed for the square cross-section, the moment, as well as
the tension capacity of the column as predicted by the relationship for the
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confined concrete, are considerably larger than those predicted by the ficti-
tious fc g, derived from the equivalent rectangular stress block and the

elastic-perfectly plastic fs - e of Fig. 9.4c.

Figure 9.9 compares the effect of increasing the Tateral confining
pressure, i.e., the amount of lateral reinforcement, for normal weight and
1ightweight concrete on columns with circular cross-section. In this case,
fc—sc relationships for the concrete are shown in Fig. 9.10 for normal

and lightweight concrete, respectively. These relationships were found
experimentally from tests carried out at the University of California in
trying to determine the effects of lateral reinforcement on the behavior

of normal and lightweight concrete colums [3]. The confinement charac-
teristics of these sections are shown in Fig. 9.10. As can be observed from
Fig. 9.9, for an increase of about three times in the lateral reinforcement
{from 0.0134 to 0.043), the increase in axial and flexural capacity is
considerable. The effect on normal weight concrete is evern more remarkable.
In Fig. 9.11 the interaction curves based on ACI's relationship are compared
with the curves obtained by considering pé = 0.043. 1t is observed that

it is only at this very high level of confinement that the ACI based curves
are on the conservative side.*

From the above discussion it needs to be noted:

(a) There is a tremendous difference in axial and flexural capacity
exhibited by similar reinforced concrete sections, one fabricated with normal
weight concrete and the other with Tightweight concrete. This indicates that
present ACI code minimum requirements for lateral reinforcement may not be
satisfactory when lightweight concrete is used.

(b} A design philosophy based on the criteria of strength only {(a
fictitious fc—ec implied by the equivalent stress block or a Hognestad's

type relationship) may lead to an unconservative design. This is because
spalling of the cover {especially in cases where the ratio Ag/AC is large)

signifies loss in capacity. It is only when a high volumetric ratio of
lateral reinforcement is provided and large concrete strains are developed
(which requires special precautions in designing and detailing the lateral
reinforcement) that the original axial and flexural strength will be re-
covered once the cover has spalled.

*ACI relationships for concrete imply either a Hognestad's relationship or a
fictitious gne based on the equivalent rectangular stress-block distribution.
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Yuelq aged Supagaiy

TABLE 1.1 MAIN CHARACTERISTIC OF SPECIMENS

WITH LONGITUDINAL REINFORCEMENT

WITHOUT LONGITUDIMAL REIMFORCEMENT

*

]
=3

_ Volume of confining steel

Volume of confined concrete

WITH COVER WITHOUT COVER WITH COVER WITHOUT COVER
SQUARE | CIRCULAR! SQUARE {SQUARE | CIRCULAR|SQUARE[ SQUARE | CIRCULAR| SQUARE)SQUARE | CIRCULAR} SQUARE
SPIRALS| SPIRALS |HOOPS {SPIRALS|SPIRALS |HOOPS | SPIRALS[SPIRALS {HOOPS |SPIRALS|SPIRALS |HOOPS
No. &Notation| pg \ |,pg-1  [38B-1 [18B-1 |2AB-1  |3AD-1)10A-1 |2BA-1 }3BA-1 [1AA-) |2AA-1 | 3AA-1
Parameter 1BB-2 | 2BB-2 [3BB-2 |1AB-2 |2AB-2  |3AB-2 | 1BA-2 |[2BA-2 [3BA-2 [1AA-2 [2AA-2 | 3AA-2
g | Length, in. 30 30 30 30 30 30 30 30 20 30 30 30
S | Lateral dimen- | 10 1 10 9 10 9 10 1 10 9 10 9
% sion, in.
Z | cover, in. 0.5 | 0.5 0.5 0.5 |05 0.5
= ﬁr(«gs; area 96.47 | 91.50 |96.47 |77.47 |75.00 |77.47 [l00.0  |95.03 boo.0 [s1.0 [78.54 |81.0
= » 1IN
= g
& | Core area 77.47 175.00 |77.47 {77.47 175.00 {77.47 | 81.00 |78.54 [81.00 |{81.0 |78.54 |81.0
o (AC). in.? |
Type: gage wire | #7 #7 #7 #7 #7 #7 #7 47 #7 #7 #7 §7
_, | Diameter (d }inl0.179 |0.179 {0.179 |0.179 [0.179  |0.179|0.179 10.179 ;0.179 |0.179 10.179 | 0.179
w | Avea (A ,),in.%0.025 |0.025 [0.025 |0.085 |0.025 [0.025!0.025 |0.025 [0.025 |0.025 ;0.025 | 0.025
| s ksi 67.5 | 67.5 67.5 |67.5  |{67.5 67.5 | 67.5 |67.5 67.5 |67.5 |[67.5 67.5
& | volumetric ratig
= pot 0.0144 | 0.0144 | 0.0144]0.0144 | 0.0744 |0.0144 0.0144 [0.0144 | 0.0144[0.0144 |0.0144 |0.0144
spacing (S), in.{1.33 | 0.7 1.33 [1.33 [0.7 1.33 1 1.33 {0.7 1.33 {1.33 |o.7 1.33
= | Wandsize 846 | B#6 846 [8#6 | 846 846 NOTATION OF SPECIMENS:
[¥5) N > .
E | Diameter (Db) in{0,75 |0.7% 0.76 {0.74 10.75 0.75 | i.e.s 3AB-2 1 (first specimen)
= | Totalarea 3.53 3.53 3,53 {3.53 3.53 3.53 2 [second specimen)
= (AS), in.? A {with longitudinal steel) 0
=] ) : B (without longitudinal stee
2| fye kst 50 50 60 60 60 60 A (with cover)
2 |0, 0.0353 [ 0.0371 [0.0353{0.0436 [ 0.0449 {0.436 B {without cover)
& square spiral)

1 (
2 {circular spiral)
3 (square hoops)



TABLE 2.1 SPECIFIED MIX DESIGN

MATERIAL Weight for 1 cu. yd. (Ibs.)
Cement Type I & II 5644
Water 2924
Lightweight Aggregate 674
Natural Sand 14644
Air Entraining Agent 10 m
Water Reducing Agent 85 mi

TABLE 2.2 MECHANICAYL CHARACTERISTICS OF REINFORCEMENT

TYPE STRENGTH STRAIN MODULUS OF
(ksi) ELASTICITY (ksi)

AT e AT
UPPER |LOWER |ULTIMATE | AT |ONSET OF |\ +\onrele nory [ONSET OF
YIELD|YIELD| YIeLD [ STRAIN erppss STRAIN
HARDENING N HARDENING

Longitudinal 65.0160.0

Steel 99.5 0.002! 0.012 0.150 |30,000| 1250

Lateral
Steel 67.5 70.0 0.0042 0.022 | 27,607

TABLE 2,3 6" x 12" STANDARD CYLINDER COMPRESSION TEST RESULTS

!
Average f*' (ksi) | Average € E o {ksi)
(MPa) 0 C (0.45fC/{MPa)
1. mgﬁhfggu;$:°ime“s 5.3 0.0029 2554.5
epirale (36.7) (17613.3)
2. m}zhfgyréﬁﬁglmens 5.3 0.0030 2495.0
spirals (36.5) {17203.0}
3. Mix for specimens
. 5.2 0.0029 2515.0
with square
hoops {35.9) {17341.0)
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TABLE 4.1 MECHANICAL CHARACTERISTICS OF UNCONFINED CONCRETE SPECIMENS
GROUP | CROSS SECTION|  MAXIMUM £ e E u TE fLi !
DIMENSTONS |ATTAINED LOADS| °© 0 c{0.45F ) 1 e (ACT) | ¢ °
in. x in. kips ksi ksi ks f! %o
(mm. % mm. ) (kN) (MPa} (MPa) (MPa) ¢
(7]
2 9x9 380.0 4.69 2453.0 0.88 | 0.83
2 (229 x 229) (T690.2) | (32.38) | 990 | (15913 4) (égg?'%)
wy
2 10x10 480.0 4.80 0.0075 2742.0 0.30 { 0.8
2 (254 x 254) (2135.0) (33.10) (18905.1)
9 376.0 4.78 0.0026 2534.5 0.90 0.87
% ; (254) {1672.4) {32.96) (17475.4) 2737.7
3 & (18876.6)
3z 10 432.0 4.54 0.0024 2728.0 0.86 0.80
S 7 (279) {1921.45) (31.30) {18808.6)
4 $x9 336.0 4.15 0.002 2608.6 0.80 0.7
g (229 x 229) (1434.45) | {28.62) (16607.3) 2118
2 )
W 10% 10 442.0 4.42 0.0025 2a86.2 | (18697.7) {5 gg 0.88
S | (254x254) {1965.57) | (30.48) (17142.4)
wy

TABLE 4.2 MECHANICAL CHARACTERISTICS OF CONFINED CONCRETE SPECIMENS
(SQUARE SPIRALS)

6l

PARAMETER . e c
SPECIMEN T max fg ma>///; fc ma&//ég o Ka ff Ef Kf
{ksi) {ksi)
el 5.67 1.07 1.20 0.0048 1.67 2.84 0.049 -3.36
"_*' 5,70 1.07 1.20 0.0036 1.72 2.85 0.043 -3.56
\@ lg.. 6.20 1.16 1.30 0.0045 2.5% 3.10 0.042 -2.40
¥
s
6.00 1.12 1.26 0.0045 2.22 3.00 0.052 -3.00
| L.
- J
_E“ 560 | 1.0 1.18 0.0044 1.52 4,00 0.038 S1.3
e ] S S SR
e {65 18 1.30 0.0045 2.50 3.07 0.042 -2.96



TABLE 4.3 MECHANICAL CHARACTERISTICS OF CONFINED CONCRETE SPECTMENS
(CIRCULAR SPIRALS)

PARAMETER c c , c d c
f f foif f € K f 3
SPECIMEN < max C ma C € ma c 3} 0 f f
{ksi) (ksi)

Q 5.80 1.09 1.2 0.6041 2.3 £.10 0.024 2115
et ‘

D“*J 5.80 1.09 1.24 0.0036 2,36 4.30 0.027 -0.75

:

|

. |
© 5.58 1.05 MOJ 0.0045 1.90 3.80 0.01 -v77

b e

u 5.41 1.02 1.16 }

0.0044 1.56 3.9% 0.041 R

5.85 1.10 1.26 0.0050 ! 2.47 4.50 0.028 -0.33
I
¥ 3 . B
L'IO" 5.80 1.09 1.24 G.0041 . 2.36 3.86 0.045 -1.86
=
. Q 5.85 1.10 1.26 0.0045 ; 2.47 2.47 0.054 i -3.44
1™ [ H I — I

TABLE 4.4 MECHANICAL CHARACTERISTICS OF CONFINED CONCRETE SPECIMENS
{SQUARE HOOPS)

c C < (] c
PARAMETER [f0 | fC /e | fe mag/fc e % fe s K
{ksi) {ksi}
5.55 1.067 1.29 0.0042 {2.23§ 2.78 | 0.048 | -2.69
<k |
N vl 5.38 1.035 1.25 0.0042 LQII 2,69 | 0.035 | -2.85
B !
“1 4 5.50 1.057 1.28 0.0045 {212 | 2.75 |0.058 | -2.74
é > i0
¥ 5.70 1.10 1.36 | 0.0045 | 2.4 o285 | 0.3 | -2.39
. B S —
@j 5.28 1.02 1.2z 0.0038 {1.7 2.44 10,045 | -3.29
&
W ¥ 5.23 1.01 1.21 0.0042 1.6 1.55 | 0.047 | -4.87
. I i
@ $]| 5.65 1.08 1.3 10.0045 2,36 2.3 0.046 | -3.5
10"
¥| 5.6 1.136 1.37 10'0045 2.85 | 2.96 |0.0336) -2.37
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TABLE 5.1 COMPARISON BETWEEN CONFINED NORMAL AND LIGHTWE IGHT CONCRETE

5 Hormalweight Concrete* Lightweight Concrete*
{reference 8)
PARAMETE c ; f c T z -
Vo o[58 ] o] op 5 [chremaleion)
fe fo e, ¥ i = (Tightweight)
GROUP | SPECIMEN c c IR
| 1
1 E % l 1.135 | 0.011 | 3.8 1.051  [0.0042 {1.474 ?2.62
i
;
e !
2K 3 115 | .00 | 31 1.094 10.0045 {1.579 2.00
N, 7 i
| 1
" 1
3 G 1.1 {0.0085) 2.93 1.02 loonsa !3.404 2.08
i
. S SR S S e
I ' } 1.23 10009 1 3.1 | 3.0z |o.0045 1579 2.00
, | % L
R Y L El -
TABLE 6.1 EXPERIMENTAL KO AND Kf
$L s 4 (hsT) - 4.6 st o430 (st
SQUARE SPIRALS: | CIRCULAR SPIRALS: |, SOUARE #00PS:
eY - 0028 <Y - 0.0073 2 - 0003
ARAMETER Eg K & K ARAMETER gg K s Ky ARAMETER << K, o Ke
SPECTMEN SPECIMEN SPECTMEN
-— —t = — B T R S 7{ —
@—g 0.0018 [1.67 |0.050 |[-3.36 0.0041 § 2.36 }0.024|-1.15 B 0.0012 :2.23 {0.088 | -2.69
A g -, > thkdal i
VA 0.00% [1.72 [0.082 [-3.35 o 0.0036 | 2.35 | 0.027 | -0.75 | >t [0 191 o0z 2es
iR SN Ratiatd R bt inthandl MebAiot SNURNRNRSN A RN DSl M
e —, 1 190 - R
@ :i" !o.oom 7.59 {0.042 |-2.90 0.0045 § (3 35,% 10031 | 41,77 1551 "E i“}ﬁ‘ﬂ?;” |0.050 | -2.74
4 o005 [2.2 0.052J-3.00JL,,. ]0.0044 (gt 0001 | 147 - o.ooast.ao 0.936 | -2.39
@1 3 To_oaso 2.47 |o.we) 0.33 — 0.0038 | 1.70 | 0,045 <3.20
& " Al SRR I & MBS o
4 <l L:;*‘ ooat | 2.3 | o.04s| 166 |OsCA Y 5.0042 | 1.60 | 0.0a71 4,87
. il T R i Rt Saal i S
o R S [
o.0044 | 1.52 | 0,036 |-1.21 ) vor 5.0085 | 2.391 0.046] 3.50
}@T& SRR SIS @J 0.0085 2.47 ] 0.054| -3.00 @—lﬁ e i
-t Jo.oms 2501 0,005 | -2.96 Ll,.- j wldl ¢ U,ooaqz ws{0.034] -2.07

*See discussion in Section 6.2.3.
**Yalues not reported. See Section 6.2.2.
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FIG. 2.2 STRESS-STRAIN RELATIONSHIFP OF LATERAL REINFORCEMENT
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FIG. 2.3 STEEL CAGE FOR SPECI- FIG. 2.4 STEEL CAGE FOR SPECI-
MEN WITH SQUARE HOOPS MEN WITH CIRCULAR SPIRALS

U SHAPED
FLEXIBLE WIRE

| - FORMWORK

GAGE. WIRE 7

CONCRETE
0.7 IN.

FPIG. 2,6 DETAIL SHOWING HOW
FIG. 2.5 STEEL CAGE FOR SPECI- SPECIFIED SPACING OF THE LATERAL
MEN WITHOUT LONGITUDINAL REIN- REINFORCEMENT WAS MAINTAINED IN
FORCEMENT CIRCULAR SPECIMENS WITHOUT COVER

69



0L

FIG.

2.7 CROSS SECTION VIEW OF

STEEL CAGE (SQUARE SPIRALS)
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FIG. 4.2 UNCONFINED SPECIMEN AFTER TESTING
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FIG. 4.3 TYPICAL FAILURE OF UNCONFINED

SPECIMEN
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FIG. 4.4 STRESS-STRAIN RELATIONSHIP OF SPECIMEN WITHOUT COVER
AND WITHOUT T.ONGITUDINAL REINFORCEMENT, SQUARE SPIRALS; (1AA-1)
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FIG. 4.5 STRESS-STRAIN RELATICNSHIP OF SPECIMEN WITHOUT COVER AND
WITHOUT LONGITUDINAL REINFORCEMENT, SQUARE SPIRALS; {(1AA-2)
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FIG. 4.6 STRESS-STRAIN RELATIONSHIP OF SPECIMEN WITH COVER AND
WITHOUT LONGITUDINAL REINFORCEMENT, SQUARE SPIRALS; (1BA-1)
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FIG. 4.8 STRESS~STRAIN RELATIONSHIP OF SPECIMEN WITH COVER AND
WITH LONGITUDINAL REINFORCEMENT, SQUARE SPIRALS; (1BB-1)
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FIG. 4.9 STRESS-STRAIN RELATIONSHIP OF SPECIMEN WITH COVER AND
WITH LONGITUDINAL REINFORCEMENT, SQUARE SPIRALS;

(1BB-2)
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FIG. 4.11 STRESS-STRAIN RELATIONSHIP OF SPECIMEN WITHOUT COVER
AND WITHOUT LONGITUDINAL REINFORCEMENT, CIRCULAR SPIRALS; (2AA-2)
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FIG. 4.12 STRESS-STRAIN RELATIONSHIP OF SPECIMEN WITH COVER AND
WITHOUT LONGITUDINAL REINFORCEMENT, CIRCULAR SPIRALS; (2BA-1)
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FIG, 4.13 STRESS-STRAIN RELATIONSHIP OF SPECIMEN WITH CCOVER AND
WITHOUT LONGITUDINAL REINFORCEMENT, CIRCULAR SPIRALS; (2BA-2)
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FIG. 4.14 STRESS~STRATN RELATTIONSHIP OF SPECIMEN WITHOUT COVER
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FIG. 4.15 STRESS-STRAIN RELATIONSHIP OF SPECIMEN WITHOUT COVER
AND WITH LONGITUDINAL REINFORCEMENT, CIRCULAR SPIRALS; (2AB-2)
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FIG. 4.16 STRESS-STRAIN RELATIONSHIP QF SPECIMEN WITH COVER AND WITH
LONGITUDINAL REINFORCEMENT, CIRCULAR SPIRALS; (2BB~1)
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FIG. 4.17 STRESS-STRAIN RELATIONSHIP OF SPECIMEN WITHOUT CGVER
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FIG. 4.18 STRESS-STRAIN RELATIONSHIP OF SPECIMEN WITHOUT COVER AND
WITHOUT IONGITUDINAL REINFORCEMENT, SQUARE HOOPS; (3AA~2)
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FIG. 4.20 STRESS~-STRAIN RELATIONSHIP OF SPECIMEN WITH COVER
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FIG. 4.21 STRESS-STRAIN RELATIONSEIP OF SPECIMEN WITHOUT COVER
AND WITH LONGITUDINAL REINFORCEMENT, SQUARE HOOPS; (3aB-1)
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FIG. 4.22 STRESS-STRAIN RELATIONSHIP OF SPECIMEN WITHOUT COVER
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84



STRESS
fe (KS)

LINEAR TRANSITION FROM GROSS AREA
TO CORE AREA

BASED ON CORE AREA R
A= 77.47in?

BASED ON GROSS AREA
PLAIN Ag=100 in2

CONCRETE ’
AEL

SPALLED AREA

10"+l

O 1 1 1 1 L :Ec.

0 0.012 0.024 0.036 0.048 0.060
STRAIN

FIG. 4.23 STRESS~STRAIN RELATTIONSHIP OF SPECIMEN WITH COVER AND
WITH LONGITUDINAL REINFORCEMENT, SQUARE HOOPS; (3BB-~1)
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FIG. 4.24 STRESS—-STRAIN RELATIONSHIP OF SPECIMEN WITH COVER AND
WITH LONGITUDINAL REINFORCEMENT, SQUARE HOOPS; (3BB-2)
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FIG. 4.25 SPECIMEN WITH SQUARE SPIRALS AFTER TESTING
(WITH COVER AND WITHOUT LONGITUDINAT, REINFORCEMENT)

FIG. 4.26 SPECIMEN WITH SQUARE SPIRALS AFTER TESTING
(WITH COVER AND WITHOUT TLONGITUDINAL REINFORCEMENT)



SPECIMEN WITH CIRCULAR SPIRALS AFTER TESTING
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e
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4.27 SPECIMEN WITH SQUARE SPIRALS AFTER TESTING FIG.

.

(WITH COVER AND WITH LONGITUDINAL REINFORCEMENT)

FIG.
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FIG. 4,29 SPECIMEN CONFINED WITH CIRCULAR SPIRALS
AFTER TESTING {(WITH COVER AND WITH LONGITUDINAL
REINFORCEMENT)

FIG. 4.30 SPECIMEN CONFINED WITH CIRCULAR SPIRALS
AFTER TESTING {CLOSE-UP OF REGICN OF FAILURE)
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SPECIMEN CONFINED WITH

4,33
SQUARE HOOPS, AFTER TESTING

FIG.

SPECIMEN CONFINED WITH

4,32
SQUARE HOOPS, AFTER TESTING

FIG.

4.31 SPECIMEN CONFINED WITH

SQUARE HOCPS, AFTER TESTING

FIG.

(WITH COVER AND WITH LONGITUDINAL

REINFORCEMENT)

(WITH COVER AND WITHOUT LONGITU-

DINAI. REINFORCEMENT)

(WITH COVER AND WITHOUT LONGITUDIN-

AL REINFORCEMENT)
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FIG. 4.35 EFFECT OF CONCRETE COVER ON THE STRESS~-STRAIN RELATIONSHIP
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