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Abstraqt

Concrete in a triaxial stress condition exhibits different stress-strain char-
acteristics than that of concrete under uniaxial stress. Lateral pressure,
either in the form of externally applied active pressure or internally gen-
erated passive pressure results in a triaxial state of stress when combined
with axdal stress.

Core concrete in a reinforced concrete column is in a triaxial state of stress
when passive lateral pressure is generated by the reinforcement cage. Trans-
verse reinforcement, in the form of closely spaced spirals or ties provides
lateral confinement pressure as concrete expands due to Poisson’s effect.
Previous research has indicated that spacing, volumetric ratio and arrange-
ment of lateral steel play dominant roles on concrete confinement. However,
most of the previous research was conducted on column tests under con-
centric compression. Currently there is little information available on the
effect of strain gradient on concrete confinement.

The «hjective of the research program reported in this thesis was to es-
tablish characteristics of confined concrete under a strain gradient. Both
experiment-d and analytical research were conducted. Twelve large scale
columns were tested under monotonically increasing eccentric compression.



The lovel of eccentricity was the main variable. Columns with different tie
spacings and reinforcement arrangements were subjected to different levels
of eccentric loading. The results indicated that the eccentricity of loading
did not affect the behavior of confined concrete significantly.

The experimental results were compared against analytical results based
on three previously proposed models for confined concrete. The analytical
results confirmed the experimental findings. Models developed for concen-
tric loading prodnuced good estimates of column response under eccentric

loading.
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Notation

A = bound concrete area under compression.
A = concrete area under compression.

Ay AY = area of lateral steel tie.

B =

core size measured center to center of tie perimeter.

be = width of concrete core.
¢ = the distance from the extreme concrete compression fiber to
the neutral axis,
C. = concrete contribution to the load carrying capacity of the section.
C = the distance between laterally supported longitudinal bars.
d = the distance from the center of tension steel
to the extreme concrete compression fiber.
Ee = eccentricity of applied load.
I fe = concrete stress.
feer fee = confined concrete strength.
ecezp = experimentally obtained confined concrete stress.
ccanaly = analytically obtained confined concrete stress.
fepy for fia = strength of concrete in plain specimen.
Fis teyt = ultimate strength of plain concrete obtained from standard cylinder test.
and size.
fi = average pressure on core concrete.
fie = effective pressure on core concrete.
fy = yield strength of longitudinal steel.
fyi ofyny fi = yield strength of lateral tie.
K = ratio of strength of confined concrete to the strength of plain concrete.
ky = coefficient that relates lateral pressure to increase
in concrete strength.
ky = reduction factor to change average pressure to effective

pressure in concrete.
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ratio of strength of confined concrete to the strength of

plain concrete in the specimens of similar size and shape.
number of laterally supported longitudinal bars.

effectiveness factor of transverse reinforcement in

concrete confinement.

tie spacing.

maximum center to center distance between longitudinal

bars supported by the corner of a tie or hoop.

longitudinal spacing at which lateral steel is not

effective in concrete confinement.

experimentally applied load on column section in kN.
theoritical load carrying capacity of core concrete in kN.
slope of descending branch of the confined concrete curve.
experimentally calculated slope of descending branch of the
confined concrete curve.

analytically calculated slope of descending branch of

the confined concrete curve.

rectangular stress block parameters for confined concrete.
average longitudinal strain in concrete.

minimum average longitudinal strain correspondiny to the
maximum stress in concrete.

maximum average longitudinal strain corresponding to the
maximum stress in concrete.

strain corresponding to the maximum stress in plain concrete.
average longitudinal strain of confined concrete corresponding
to 80% of peak stress on the falling branch of the curve.
average longitudinal strain of plain concrete corresponding

to 85% of peak stress on the falling branch of the curve.
average longitudinal strain of confined concrete corresponding
to 85% of peak stress on the falling branch of the curve.
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Pgross = ratio of area of longitudinal steel to gross area of column.

Ps = ratio of volume of tie stecl to volume of concrete core measured
center to center of outer tie.
P = ratio of the area of lateral reinforcement to the area

bounded by tie spacing and core dimension b..



Chapter 1

Introduction

1.1 General

Structural damage observed during recent earthquakes has attracted the at-
tention of structural engineers and researchers to the behavior of reinforced
concrete columns under ground motions.

Earthquake resistant structures are expected to have adequate ductility and
energy absorption capacity to dissipate the energy induced by earthquakes.
A frame structure is considered to have adequate ductility if it can sustain
large inelastic deformations without a significant loss of strength. This can
be achieved by promoting the formation of plastic hinges in flexural rather
than compression members. Therefore columns in a building structure are
designed to have load carrying capacities higher than those of the adjoining
beams. However, the experience with recent earthquakes has shown that
following this design procedure does not always prevent the formation of
hinges in compression members, especially in the lower storey columans.



The difficulty associated with preventing plastic hinges in columns makes
it necessary to come up with design and detailing procedures that will im-
prove the behavior of columns in the inelastic range. Column ductility can
best be achieved by confining the core concrete by means of closely spaced
circular or rectangular hoops, cross ties and spirals. While the confinement
steel is a requirement in the current building codes [30.31] for earthquake
resistant construction, many aspects of the confinement mechanism are not
well understood, and the code requirements are often questioned. Until
recently, researchers concentrated on the spacing and volumetric ratio of
lateral steel as the governing parameters of confinement. Research during
the last decade has shown that the arrangement of lateral reinforcement,
which includes the distribution of longitudinal reinforcement, also plays a
major role on concrete confinement. Furthermore, the level of axial force at
which the inelastic deformation cycles take place, and the resultant eccen-
tricity of loading has been shown to affect the confinement action. While
these factors may have significant effects on concrete confinement, they are
not properly addressed in the building codes. There appears to be lack of
experimental data and rational analytical tools to explain the mechanism
of concrete confinement under eccentric loading. Also the interaction of ec-
centricity as a confinement parameter with other confinement parameters
needs to be studied. The research reported in this thesis is directed towards
establishing the importance of eccentricity of applied load on column con-
finement.

1.2 Research Needs

It has been established by previous research {15,21,22,23,25] that concrete
confinement by reinforcement improves both the ductility and strength of
concrete under concentric compression. Concrete has a tendency to expand

[



laterally under axial compression due to the Poissou’s effect. The presence
of confinement reinforcement provides external pressure on the concrete,
which counteracts the lateral expansion and associated internal cracking.
This permits the concrete to develop higher stresses and strains. The ability
of concrete to sustain higher strains improves deformability of the member,
which in turn improves its seismic resistance.

Most of the previous studies on concrete confinement were based on uniform
distribution of strain across the section. This implies that in the case
of columns, the axial forces on columns were assumed to be concentric.
However columns are subjected to combined axial force and bending under
gravity and/or earthquake loading. Therefore the column section is under
a strain gradient rather than a uniform strain. During a strong earthquake
the ecccutric loading may well be in the inelastic range, exceeding the
material strength levels generally used for ordinary design. Although some
efforts have been made recently [19,25] to take the effect of strain gradient
into consideration within the inelastic range, not enough experimental data
is currently available, and the research findings are conflicting in many
ways. While Sargin et al. [20], and Sheikh and Yeh [25] claim that strain
gradient increases ductility of confined concrete, others [10,12,21] use stress-
strain relationships developed for concentric loading in predicting member
response in flexure, implying the effect is negligible. Therefore there is
a need to conduct experimental and analytical research to establish the
importance of strain gradient on the stress-sirain characteristics of confined
concrete.



1.3 Objective and Scope

The primary objective of this investigation is to establish the importance of
strain gradient on column confinement experimentally. The experimental
research consists of large scale reinforced concrete columns with different tie
spacings and reinforcement arrangements, tested under different levels of
eccentricity. The objective also includes verification of previously propcsed
confinement models analytically, in terms of their applicability to columas
under eccentric loading. The analytical models selected for comparison in-
clude two models developed on the basis of concentrically tested specimens
and a model modified for eccentricity effects.

The following outlines the scope of the rescarch program:

s Review of the previous research,
o Design and construction of twelve large scale columns,

¢ Instrumentation and testing of columns under eccentrically increasing
monotonic¢ loading,

¢ Evaluation of test data and presentation of test results,

s Preparation of computer software to compute interna: forces from
recorded test data,

e Statistical analysis of test data and comparisons of experimentally
obtained concrete stress-strain relationships with those obtained from
an analytical model, '

¢ Analytical predictions of moment-curvature relationships for each col-
umn specimen using three previously proposed confinement models,
and comparison with respective test data,

4



e Presentation and discussion of results.

1.4 Previous Research

Most of the previous research on concrete confinement was conducted on
concentrically loaded specimens. The pioneering work on concrete confine-
ment was done by Richart et al. in 1928 [16]. The work involved a large
number of concrete cylinders tested under axial compression, while also sub-
jecting them to different levels of hydrostatic fluid pressure. Their results
produced a relationship between the lateral pressure and axial strength,
which is still used in the current building codes. The research conducted
by Richart et al. was later extended to cover cylinders confined by spirals
without any longitudinal reinforcement. It was reported that there was
a striking similarity between the active lateral pressure provided by hy-
drostatic pressure and the passive pressure provided by hoop steel. Their
research was limited to circular concrete sections.

Confinement of concrete by rectilinear reinforcement was investigated by
Chan [2] in 1955, and Roy and Sozen [17) in 1963. The main variables
considered were the volumetric ratio of lateral steel, and tie spacing. Their
conclusion was that the ductility of concrete was improved due to confine-
ment, but the strength was not. Based on these research findings and others
reported by Bertero et ol. [1] and Soliman and Yu [27], Kent and Park [§]
proposed an analytical model in 1971 which did not recognize the increase
in concrete strength caused by confinement.

The effect of longitudinal reinforcement and the resultant tie arrangement
on concrete confinement was first discussed in 1975 by Park and Paeulay [12].
Vallenas, Bertero and Popov [29] proposed 2 new confinement model in



1977 which included the volumetric ratio of longitudinal reinforcement as a
parameter. The strength enhancement as well as ductility improvement due
to confinement were incorporated in their model. However, it was Sheikh
and Uzumeri [23] who demonstrated the improvements obtained by the use
of proper tie arrangement experimentally. They also proposed a model
which has been used extensively. Recognizing the increase in strength of
confined concrete, Scotl, Perk and Priestley [21] modified the Iient and
Park model in 1982 on the basis of test data. A comparative study of some
of the confinement models was done in 1982 by Sheikk [24]. Stroog and
wealk points of the previous models were discussed in this paper.

More recently, Fafitis and Sheh [3] in 19S5 and Mander, Priestley and Par’
in 1988 conducted experimental research on concentrically loaded speci-
mens and proposed analytical models. The model proposed by Fafitis ane!
Shah was derived for circular columns and thc application was extended
into square concrete sections. The specimens tested by the researchers
consisted of small scale circular columns confined by spirals, without any
longitudinal reinforcement. The model developed by Mander et al. uti-
lized the concept of effectively confined concrete put forward by Sheikh
and Uzumeri and theoretically derived pressure charts derived by previous
researchers. However the model is general in nature and is intended for pre-
diction of confined concrete behavior under slow and fast rates of loading,
covering circular, square and rectangular column geometry.

As part of the same overall research program as the cwrrent investigation
, Razvi end Saatcioglu [15] recently tested 36 small scale columns rein-
forced with welded wire fabric (WWF) and/or re-bars. They reported the
improvements obtained in concrete confinement by using combinations of
WWT and conventional reinforcement as confinement steel. Seateioglu and
Razvi [19] later developed an analytical model on the basis of concentrically
tested columns.



Although much information was generated for confined concrete under con-
centric loading, little work was done on concrete confinement under eccen-
tric loading. The study of eccentric application of load dates back to 1935
when Hognestad, Henson and McHenry [6] tested plain concrete specimens
under eccentric loading. It was their finding that the stress-strain relation-
ship for a section fully under compression, caused by flexure, had a striking
similarity with that obtained under concentric compression.

It was not before 1960’s that the controversy over the extent and nature
of the effect of applied load eccentricity on the confinement characteristics
of reinforced concrete started. There have been researchers who suggested
that the existing variation between concentric and eccentric application of
load is due only to the strain rate rather than the strain gradient [3,18].
On the other hand, there were other researchers who reported that ec-
centric application of load would increase the strain corresponding to the
peak stress of confined concrete stress-strain relationship [3,20]. Many re-
searchers showed that there was no strength enhancement, but a definite
improvement in ductility characteristics of confined concrete due to the
eccentric application of load [7,21,25,27].

Among the researchers who reported improvement in ductility were Soli-
man and Y [27] in 1967. They tested 16 specimens under eccentric loading.
In order to keep the neutral axis near the tension side, one major load was
applied to the specimen and 2 minor load was applied through two steel
brackets fixed at the enlarged ends of the specimens. The spacing, size and
type of transverse reinforcement and the shape of concrete cross-section
were the main variables studied. The cross-section dimension of the speci-
mens varied between 75 by 150 mm and 125 by 150 mm. The eccentricity
of major load was 25 mm( ¥ = 0.33 to £ = 0.2). The test procedtre allowed
them to obtain data up to strain values ranging from 0.012 for poorly con-
fined specimens to 0.02 for well confined ones. The curves obtained during

-1
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Figure 1.1: Analytical Model Proposed by Soliman and Yu [27]

this test program were examined and a model, shown in Figure 1.1, for
stress-strain relationship of confined concrete was proposed. The model
consisted of an ascending part, followed by a flat portion and a descending

branch up to 20% of maximum stress. The equations which describe the
relationship are given below:

Fi=09uq(1 + 0.05)q" (1.1)
ece = 0.55f/107° (1.2)
ecs = 0.0025(1 + ¢") (1.3)
e.s = 0.0045(1 + 0.85¢") (1.4)
In which:
w4 _ Ay(so —3) -
¢ =47 - 08) s 5 0028E 5 (1.3)

It is to be noted that Soliman and Yu did not consider any improvement
in the strength of confined concrete relative to plain concrete. However the
ductility effect was recognized.



In 1982, Scott, Park and Priestley [21] tested twenty five reinforced concrete
columns with 450 mm square cross-section and different arrangements of
longitudinal steel. The specimens were tested under concentric and eccen-
tric loading at different strain rates. Higher strain rate was used to simulate
the seismic conditions. The tests were conducted at controlled longitudi-
nal strain rate of either 0.0000033/sec , 0.00167/sec, or 0.0167/sec up to a
maximum strain of 0.04. The eccentricities considered were 33 and 49 mm.
While the eccentricity was kept constant during the test, the strain was zero
at one end of the core concrete when the compressive strain at the opposite
face was about 0.01. The examination of test results for concentric loading
showed strength enhancement of 20% at low strain rate and 70% at high
strain rate. For eccentric loading it was concluded that there was no evi-
dence of further strength enhancement due to eccentricity. However, a very
~ high compresive strain was measured at first hoop fracture and a reduction
in strength decay was observed. Higher flexural capacity and ductility was
also observed under eccentric loading, as compared to columns with uncon-
fined concrete. The researchers did not propose an analytical stress-strain
relationship for core concrete under eccentric loading,.

Sheikh and Yeh [25) in 1986 proposed a model for eccentric loading. They
used data reported by Sargin [32] and extended the flat portion of the
model previously proposed by Sheikh and Uzumeri {23] to introduce the
additional ductility observed under eccentric loading. The shape of the
model, shown in Fig. 1.2 is the same as that proposed by Soliman ard Yu
[27] with the exception of strength enhancement which was not considered
by Soliman and Yu. The model consisted of an ascending part, up to the
minimum strain corresponding to the peak stress and a flat portion up to
the maximum strain corresponding to the peak stress. It is the latter strain
quantity that reflect the effect of eccentricity. The details of the model are
given in Chapter 4 where it is used for analytical predictions of column
response.
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Figure 1.2: Analytical Model Proposed by Sheikh and Yeh [25]

Ozcebe and Saatciogly [10] in 1987 reported test results of an experimen-
tal investigation on column confinement. They tested four full-size columns
under constant axial load and reversed cyclic horizontal loading. Hysteretic
force-deformation relationships for the specimens were produced and com-
pared. The variables studied were configuration and spacing of lateral
steel. The results show that the response of columns to cyclic loading
improves very significantly with the use of proper confinement configura-
tion. Columns with well distributed longitudinal reinforcement and small
tie spacing showed little strength and stiffness degradation when subjected
to lateral load reversals. They concluded that the confined concrete model
proposed by Sheikh and Uzumeri produces reasonably good predictions of
column ductility when columns are well confined.

In 1987 Sheikh, Yekh and Menzies [26] reported an experimental program
that involved columns tested under eccentric loading. The tests consisted
of fifteen and sixteen specimens tested under concentric and eccentric com-
pression, respectively. Specimens in set one which were tested under con-
centric compression had cross-sectional dimensions of 203 mm square and

10



178 by 254 mm.The specimens were 813 mm long. The specimens in set two
were 305 mm square and 2740 mm long. They were tested under a constant
axial load and a variable lateral load to achieve strain gradient. The amount
of lateral steel, tie spacing, precracking and cyclic loading were the main
variables for columns tested under concentric loading. The distribution of
laterally supported and unsupported longitudinal bars, overlapping hoops
and cross ties, amount of lateral steel, tie spacing and level of axial load
were investigated in columns tested under eccentric loading. The emphasis
was mostly on the level of axial load. The results which were presented in
the form of load-deflection and moment-curvature relationships show the
effects of different variables. In the case of eccentric application of load,
they concluded that decrease in axial load and tie spacing, and increase in
the amount of lateral ties resulted in improvement of ductility.

11



Chapter 2

Experimental Program

2.1 General

Twelve large scale column specimens were designed, constructed and tested
in the experimental program. This chapter provides details of the prepara-
tion and testing of the column specimens.

The main parameter in the experimental program was the eccentricity of
loading. Two levels of end eccentricity were selected. The effect of ec-
centricity was investigated on poorly confined and well confined columns.
Therefore, two additional confinement parameters; tie spacing and rein-
forcement arrangement were also considered as test variables. The follow-
ing sections present the properties of each specimen and the test variables
considered.



2.2 Test Specimens

The geometry of a typical test specimen is illustrated in Figure 2.1. The
specimens have square cross-sections with either 8 or 12 bar arrangements.
Deformed reinforcing bars of 11.3 mm diameter were used as longitudinal
reinforcement. Plain bars of 6.35 mm diameter were used as hoop reinforce-
ment. Three different reinforcing arrangements were used as illustrated in
Figure 2.2. The first arrangement consisted of perimeter hoops. The second
and third arrangements included inside hoops in addition to the perimeter
ties. Approximately the same volumetric ratio of lateral steel was used to
eliminate this parameter as a variable. This necessitated the use of dou-
ble perimeter hoops in the first arrangement. Figure 2.3 illustrates typical
reinforcing cages.

The columns were cast horizontally in the Structural Laboratory of the
University of Ottawa. The bottom side of columns during casting was
subjected to compression during loading. Two batches of concrete were
used to cast all the columns. One batch was used to cast a set of six
columns. The specimens were cured by wet burlap and plastic sheet covers.
The curing continued until the standard cylinder tests indicated that the
required strength was attained.

The specimens were labeled based on the sequence of testing and the ec-
centricity of applied loading. As an example, column label C2-1 indicated
second column tested under the first level of eccentricity. Three different
arrangements of reinforcement, two different tie spacings and two eccen-
tricities were considered in preparing twelve columns. Table 2.1 provides a
summary of specimen properties and test variables.
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Figure 2.1: Overal Geometry of a Typical Column
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configuration 1 configuration 2 configuration 3
Figure 2.2: Arrangement of Logitudinal Steel and Resulting Configurations

2.3 Material Properties

2.3.1 Concrete

Ready mix concrete was used in two batches to cast the specimens. The
‘maximum size of aggregate used was 10 mm. The slump was 100 mm and
120 mm for Batch 1 and Batch 2 respectively.

Standard cylinders were cast to determine the plain concrete properties.
A total of 70 cylinders were cast from the first batch and 60 from the
second. They were covered with wet burlap and plastic sheets and cured
under identical environmental conditions as the specimens themselves for
two days. Afterwards the concrete strength was monitored by testing the
cylinders. Concrete strength measured on the day of testing was about 34

MPa and 25.5 MPa for Set 1 and 2 columns, cast from Batch 1 and Batch
2 respectively.

The stress-strain relationship of concrete was determined experimentally by
testing standard cylinders. A gauge length of 300 mm was used for strain
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measurement. Figure 2.4 shows the stress-strain relatienship of concrete
from each batch.

2.3.2 Steel

The longitudinal reinforcement consisted of No.10 deformed bars. They
were from the same batch of shipment, and were ordered to be Grade 400
steel. Sample coupons, selected randomly were tested, and the average
stress-strain relationship was determined.

Plain bars of 6.35 diameter were used for lateral reinforcement. These bars
were from a different batch of shipment. The same procedure was followed,
and the stress-strain relationship was determined by means of coupon tests.
Figure 2.5 illustrates the stress-strain relationships for both the longitudinal
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and hoop steel.

2.4 Test Set Up

A Tinus Olson Universal Testing Machine with 1500 kN load capacity was
used for testing the columns. Figure 2.6 illustrates the overall test set-
up. The specimens were first externally confined at the ends by means of
steel brackets, specially manufactured for this purpose. This would prevent
premature failure of the column at the end regions. The brackets were made
of steel angles and were bolted together as shown in Figure 2.7.

Steel end plates were used to provide the required level of eccentrizity. The
eccentricity was changed by means of adjustable V-blocks. The end plates
were bolted to the specimen ends by casting threaded rods in the concrete.
A load cell was used to record the applied load. This would give a back-up
reading of the load, in addition to that obtained from the test machine
manually. The load cell was hooked up to the data acquisition system and
hence facilitated fast data recording, especially necessary in the descending
branch of the curve.

2.5 Instrumentation

Instrumentation of column specimens formed an important and crucial as-
pect of the experimental program. Although the mid-span deflection of
columns could easily be obtained, this would not give the necessary infor-
mation to have an insight on the behavior of the critical section. There-
fore, Linear Variable Differential Transducers (LVDTs) were used to mea-
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Figure 2.6: Test Setup
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sure axdal deformations in tension and compression, in the critical region.
The LVDTs were mounted on two threaded rods 300 mm apart , cast in
the column core. This was done to eliminate the. possibility of losing the
LVDTs upon spalling of concrete under compression. The readings from
these LVDTs would give strain profiles of the critical section at each load
stage. In addition, the lateral mid-span deflection was recorded by means
of another LVDT, supported by a light steel frame, bolted to the strong
floor. Figure 2.8 depicts the locations of the LVDTs used.

Strain in the ties and longitudinal reinforcement were measured using elec-
trical strain gauges. The strain gauge on lateral ties would indicate hoop
tension under lateral confinement pressure, and the gauges on longitudinal
reinforcement would provide additional data to establish the strain profiles
more accurately. A total of eight strain gauges were used in each column.
Four of the strain gauges were mounted on the longitudinal bars and the
remaining four on the mid-height ties. The strain gauge locations can be
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Figure 2.8: LVDT Positioning on the Specimens
seen in Figure 2.9.

All the test data were recorded by an HP Data Acquisition System. The
Data Acquisition system consisted of an HP 9845B Desktop Computer,
HP 3497A Control Unit, a power supply and a voltmeter. All the data
was recorded on a magnetic tape, and was later processed through the
Mainframe computer system.

2.6 Test Procedure

The specimens were first prepared for testing by placing the end brackets
and the end plates. They were carefully positioned in the machine for
proper level of eccentricity. The load was applied through the universal
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Figure 2.10: A Typical Column Before and After Testing
testing machine. Load and deformation measurements were taken in small
increments as the applied load was increased. The strain gauge readings
were monitored during the testing. The overall behavior of specim~ns were
manually recorded and the crack patterns were observed. As the peak load
was approached, the application of load was slowed down. The readings
were taken at a faster rate as deformations were increasing faster under.
approximately constant or reducing load. An attempt was made to record
as many points as possible beyond the peak load. Testing continued until
a significant drop in load resistance was recorded. Figure 2.10 illustrates a
typical test specimen before and after testing,.
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Chapter 3

Observed Behavior and Test
Results

3.1 General

The behavior of column specimens during testing , and the results of ex-
perimental program are discussed in this chapter. Test data is presented
in the form of moment-midheight deflection relationship. Additional data
is presented in the form of critical section strain profiles. The strain gauge
data is used , where available, to confirm the strain profiles obtained from
the LVDT readings. Core force-core strain relationships as recorded by the
data acquisition system are presented in Appendix A.

The chapter also includes comparisons of column behavior as affected by
test variables. A summary of test variables is given in Table 3.1.



AN
Configuration 1 Configuration 2 Configuration 3

Colurnn Test Varialles
designation || s(mm) || e(mm) Configuration
Cl-1 [ d/4 60 1
C2-1 df4 | 60 2
C3-1 df4 60 3
Cs-2 d/4 5 1
Cs5-2 dfa 75 2
C6-2 df 4 5 3
C7-1 d/2 60 1
Cs-1 /2 || 60 2
C9-1 d/2 | 60 3
C10-2 df2 75 1
Ci1-2 df2 75 2
C12-2 d/2 5 3
—._.________—J\

Table 3.1: Test Variables
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3.2 Behavior of Columns in Set 1

Set 1 consisted of six columns with a lateral tie spacing of 50 mm (d/4 ).
They represented confined columns used in practice, iu terms of tie spacing.
The tie spacing was equivalent to that required in the building codes for
seismic resistant columns. The specimens had three different arrangements
and were subjected to two different levels of end eccentricity.

Figures 3.1 through 3.6 show experimentally obtained moment-midheight
deflection relationships. These relationships include the secondary mo-
ments due to P — A effect. The same figures include critical section strain
profiles at selected load stages.

All specimens behaved in much the same manner initially. No cracking
was observed until the peak load was approached. Buckling of longitudinal
reinforcement was observed at or shortly after the peak load. The load
resistance started dropping immediately after the attainment of the load
capacity. Crushing of concrete was observed on the compression face, as
the load started dropping. The strain gauge readings indicated yielding
of longitudinal reinforcement at or near the peak. Yielding of hoop steel
was recorded at different load stages, mostly after the peak load. Strength
decay beyond the peak load took place at different rates depending on the
test parameters. Columns with inside hoops showed slower rate of strength
decay. Columns with perimeter ties only, showed buckling of middle bars at
or near the peak load. The strength decay observed in these specimens was
relatively more rapid than those with inside hoops providing proper sup-
port to the middle bars. This can be seen when Figures 3.4, 3.5 and 3.6 are
compared. Specimen C4-2 without the inside hoop support to the middle
bars show higher rate of strength degradation beyond the peak than C3-2
and C6-2. Furthermore, specimen C6-2 clearly shows the superior response
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of a column with well distributed longitudinal reinforcement, where each
bar is supported by a corner of a hoop. This column maintained its peak
strength up to 3 times the deflection corresponding to the initial develop-
ment of the peak load. The strength decay thereafter was very slow, and
the column had a very high deformability. However, all columns showed a
somewhat ductile behavior, developing 3 times or more the deflection cor-
responding to peak load after a 15% loss in strength, within the inelastic
range.

3.3 Behavior of Columns in Set 2

Set 2 consisted of six columns with a lateral tie spacing of 100 mm (d/2).
They represented poorly confined columns used in practice, in terms of
tie spacing. The spacing level was equivalent to that recommended for
nonseismic construction. The same reinforcement arrangements and load
eccentricities used in Set 1 were also used in Set 2. -

Figures 3.7 to 3.12 illustrate moment deflection relationships of specimens
in Set 2. Strain profiles of the critical section are also illustrated in the
same figures.

The behavior of Set 2 columns was similar to that of Set 1 columns up to
the peak load. First cracking was observed shortly before the peak load.
Buckling of compression reinforcement took place beyond the peak load.
Middle bars of column C7-1 and C10-2 buckled at or near the peak, as
these bars were not laterally supported by inside hoops. This lead to a
higher rate of strength decay in these columns. The ductility of columns
in Set 2 was generally less than that observed in Set 1. This was expected
since the tie spacing in this set was larger.
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More data was recorded during the unloading range of specimens in Set
2. However, two problems were encountered. Column 9-1 did not fail
in the mid-height region, which was instrumented as the critical region.
Also, during the initial loading of column C10-2, the end anchorage bolts
sheared off, and the test was stopped. The test continued up to failure

upon repairing the end region.

3.4 Effects of Test Variables

Effects of test variables were studied by comparing moment-deflection re-
lationships obtained experimentally, The moments were normalized with
respect to the peak moment to eliminate differences resulting from the dif-
ferences in material strength. Therefore, the comparisons show the effects
of test variables on column deformability, rather than strength.

Effect of Eccentricity

The effect of eccentricity on confinement characteristics of columns is inves-
tigated by comparing the results of column tests conducted under different
levels of eccentricity. Three pairs of columns are compared for this pur-
pose. Each column in a pair was tested either with 60 mm or 75 mm end
eccentricity. Each pair had a different reinforcement arrangement and tie
spacing. Figure 3.13 shows the comparison of moment deflection relation-
ships for two columns with 8-bar arrangement. The comparison indicates
no appreciable difference in behavior. A similar comparison is made in
Fig. 3.14 for columns with 12-bar arrangement. Once again, no effect of
eccentricity was observed on column deformability. Another comparison of
columns with 12-bar arrangement is presented in Figure 3.15. This time
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the tie spacing was reduced by 1/2 as compared to the former case. The
comparison indicates no effect of end eccentricity on column deformability.
Ductility comparisons of columns with 4 laterally suppoted longitudinal re-
inforcement can not be made due to lack of test data within the descending
branch. However, the results of these columns as well as others are used
to establish the effect of eccentricity on strength of confined concrete in
Chapter 4 in conjunction with analytical investigation.

Effect of Tie Spacing

The spacing of lateral ties in Set 2 was twice as that of Set 1. Comparison
of the companion specimens in the two sets illustrates spacing effects on
column behavior.

Columns C5-2 and C11-2 are compared in Figure 3.16. Column C11-2
with larger tie spacing shows higher rate of strength decay and reduced
deformability. This is because of reduced cornfinement of core concrete
and increased unsupported length of longitudinal bars. The same effect
can be observed in Figure 3.17 where two other columns of different tie
spacing are compared. The effect of spacing is more pronounced in columns
with favorable reinforcement arrangement. For example, columns with 12-
bar arrangement, shown in Fig. 3.17 are more sensitive to changes in tie
spacing than those with S-bar arrangement shown in Fig. 3.16. This may be
explained by the difference in confinement pressures between columns with
small and large spacings of laterally supported longitudinal reinforcement.
When the lateral confinement pressure is high due to the close spacing of
longitudinal reinforcement, the rate of change in confinement pressure due
to the increase in tie spacing is higher than that of already low confinement
pressure resulting from unfavorable reinforcement arrangement. Therefore
ductility appears to be more sensitive to any variation in tie spacing when
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the column concrete is well confined. Similar observations were made in the |
past by other researchers for columns subjected to concentric loading. The
results of test program reported here confirms the same effects on columns
under eccentric loading,.

Effect of Reinforcement Arrangement

The effect of reinforcement arrangement on column deformability is inves-
tigated by comparing the test results of columns with three different tie
arrangements. Columns C4-2, C5-2 and C6-2 had the same spacing and
eccentricity of loading but different arrangements. The moment deflection
relaticaships of these columns are compared in Figure 3.18. The results in-
dicate that columns with well distributed and laterally supported longitu-
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dinal bars show higher ductility. This can be explained by the improvement
obtained in concrete confinement by the use of closely spaced bars. The tie
arrangement appears to have higher effect when the tie spacing is small, in
which case the confinement action is more pronounced. When the tie spac-
ing is large, any improvement in reinforcement arrangement does not lead
to a noticeable improvement in deformability. This is illustrated in Figure
3.19 where the results of three other columns with different reinforcement
arrangement but larger tie spacing are compared. In all the columns com-
pared in Figures 3.18 and 3.19 the eccentricity of load was 75 mm. When
the eccentricity is low, the response is dominated by concrete compression,
and the effect of reinforcement arrangement may become more pronounced
even under a large tie spacing. This is shown in Fig. 3.20, where annther
set of three columns, tested under a lower eccentricity, are compared.

The above comparisons indicate that the arrangement of reinforcement
plays a very important role on column confinement and hence column due-
tility when the other confinement parameters are favorable and the eccen-
tricity is low so that the response is dominated more by concrete compres-
sion.
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Chapter 4

Analytical Predictions of
Confined Concrete Behavior

4.1 General

Stress-strain characteristics of confined concrete under strain gradient was
investigated analytically. Analytical models were used to reproduce exper-
imentally obtained results. Three of the recently proposed models were
selected for this purpose. The first one was proposed by Saatcioglu and
Razvi [19] in 1990 as part of 2 research work that formed the initial phase
of this investigation. This model was developed on the basis of concentri-
cally tested colurans. The applicability of the model to eccentrically loaded
columns was investigated in detail. The second model considered was pro-
posed by Sheikh and Uzumeri [23]. This model was shown to be superior
to all other models proposed prior to 1980 [24]. It was also developed on
the basis of column tests conducted under concentric loading. The model
was applicable to well confined columns, producing inconsistent resuits for
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poorly confined concrete columns. Therefore, only the results of six of the
twelve columns tested in the experimental program were used for compari-
son with this model. The third model was proposed by Sheikh and Yeh [25]
for eccentrically loaded columns. This model was obtained by modifying
the Sheikh and Uzumeri model for the effects of eccentricity. A computer
program was prepared to evaluate the test data. The program was used to
separate concrete core response from the experimentally measured column
response. The analytical predictions include stress-strain relationships for
core concrete and moment-curvature relationships for the critical section.
The details of the analytical work and comparison between analytical and
experimental results are presented in this chapter.

4.2 Analytical Models for Stress-Strain Re-
lationship of Confined Concrete

4.2.1 Saatcioglu and Razvi Model

This model was developed for concrete subjected to concentric compression.
It was based on the concept of estimating lateral confinement pressure
induced b, reinforcement, and its effect on concrete strength and ductility
{19]. Accordingly, concrete strength under triaxial stress conditions can be
written as: -

fee = f + R fre (41)

where f.. and f;, are concrete strengths under confined and unconfined con-
ditions respectively. The pressure term fi. represents the equivalent lateral
pressure caused by transverse reinforcement. Coefficient k; reflects the re-
lationship between the lateral pressure and increase in concrete strength
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due to confinement.
ky =670 (4.2)

le

The term fi. is uniform pressure and can be directly computed from hoop
tension, if the pressure distribution is uniform. as in the case of circular
spirals and hoops. In this case the equivalent lateral pressure is equal to
average lateral pressure fi:

?:1 -'Lu'f yi

fe = fi= sb,

(+.3)

Where 7 is the number of legs of transverse reinforcement in one direction.
The above equation gives the average lateral pressure acting on onc side
of a column cross-section. I the lateral pressure is not uniform, as in the
case of rectilinear ties, pressure concentrations occur at the corners and at
cross tie locations. In this case the equivalent pressure can be found by
modifving the average pressure by coefficient k; as shown below:

fie = B2fi (4.4)

k= 0.261/(%)(%:)(%) <10 (4.3)

The expression for k; was found through regression analysis of a large
volume of test data.

where;

The analytical model is illustrated in Figure 4.1. The ascending branch of
the model cnr.ists of a parabola. The descending branch shows a linear
variation down to 25% of confined concrete strength. Beyond this point a
constant value of crushed concrete strength is assumed.

The expressions which were proposed to establish this model are as follows:

0 = ful2( ) = (S (4.6)
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& = (1 +5K) (4.7)
€ss = 260pe; + €oss (4.8)
Where:
K = hfe 49)
feo

Rectangular stress block parameters for the model were generated in this
thesis and are included in Appendix B. These parameters can be used con-
veniently for manual calculations of section capacity, eliminating the need

for integration of the stress-strain relationship to find concrete contribution
to sectional capacity.

4.2.2 Sheikh and Uzumeri Model

Sheikh and Uzumeri proposed an analytical model which incorporated the
effect of tie arrangement on concrete confinement [23]. The model was based
on effectively confined core area, defined by the tie arrangement. Increase in
strength due to confinement was reflected by the ratio of effectively confined
core area to total core area. The model is illustrated in Figure 4.2.
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The ascending branch of the model consists of a second degree parabola.
Hognestad's expression {6], shown below, can be used for the ascending
branch:

= fe [‘>(— - (:)21 (4.10)
Where f._ is confined concrete strength. The confined concrete strength
is obtzined by applying strength enhancement factor K s, which is based
on effectively confined core area. The following expression is derived for
square columns with cross sectional dimension "B”:

- B- t )
I‘==1+14op [(1- --32 .,B)]\/,o,f (4.11)

fee =Ky fo (4.12)
Coefficient "n” reflects the effect of reinforcement arrangement and result-
ing effectively confined core area. It is equal to the number of spacings
between laterally supported longitudinal reinforcement. The other control
points of the model in Figure 4.2 are given by the following expressions:

€, = 80K, f1107¢ (4.13)
S22 s Spef
e”—l-i- C,[1 O(B)]\/f_g (4.14)
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/B .
€385 = 0.225;), e o ) (4.10)
3

4.2.3 Sheikh and Yeh Model [25]

The model previously proposed by Sheikh and Uzumeri for concentric load-
ing was extended in 1986 by Sheikh and Yeh [23] to cover eccentric loading.
The model is based on an effectively confined concrete core area, which is
smaller than the concrete core area enclosed by centerlines of the perimeter
tie. The model, also shown in Figure 4.2 is the same as the original Sheikh
and Uzumeri model except the modification introduced to ¢,5. All other
expressions that define the stress-strain relationship are the same as those
proposed in the original Sheikh and Uzumeri model.

In order to include the effect of strain gradient onr ductility which was
believed to be the only difference between concentric and eccentric loading,
Sheikh and Yeh modified the maximum strain corresponding to maximum
stress €,2 as follows:

€s2 248 oy S\ B.p,f:

— = —[1=-3(x) +3/—=]= .

~ 1+C[ a(B)-l-\/:]\/E (4.16)
The additional term in the above expression is a function of the ratio of
core dimension to the depth of neutral axis. Therefore the value of ¢,2 and
the concrete stress-strain relationship are different everytime the neutral
axis assumes a new location.



4.3 Comparisons of Experimental and Ana-
lytical Stress-Strain Relationships

Experimental and analytical stress-strain relationships for confined concrete
are compared in this section. Strength and ductility of confined concrete in

columns tested in the experimental program were obtaincd by evaluating
the test data.

TLe test data consisted of column axial load resistance and corresponding
deflection and strain profiles at each load stage. While this. test data was
used in Chapter 3 to present the results of experimental program, it did not
provide any information on the stress-strain characteristics of confined core
concrete. Therefore, the test data had to be further evaluated to extract
the stress-strain characteristics of the confined core concrete. In order to
evaluate tiic test data the following assumptions v :re made:

1. The longitudinal strain in the stcel is equal to that of the surrounding
congcrete.

)

Steel stress-strain relationship obtained from tension coupon tests
was assiuned to represent the actual tehavior of reinforcement in
compression. Fig. 4.3 illustrates the stress-strain relationship used
for the longitudinal reinforcement.

3. Cover concrete was considered to behave the same as plain concrete.
The stress-strain relationship for the plain concrete was established
by using Hognestad’s second degree parabola [6] up to the peak stress
at 0.2% strain. The relationship consisted of a straight line between
the peak stress (f} and 25% of f; at 1% strain, and a horizontal line
beyond this point. Fig. 4.4 illustrates the stress-strain relationship
used for the cover concrete.
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A computer program was written to evaluate the test data. Force and
LVDT readings were used as input data for the program. In cases where the
LVDT readings were not reliable, the values obtained from strain gauges
were used to establish the strain profile at each load stage. Then. the
extreme fiber strains at the core, and column cross-section as well as the
strains in the longitudinal bars were evaluated. Internal forces in concrete
and steel were calculated for different load stages,

The column section consisted of four side covers, reinforcing steel bars and
confined concrete inside the core. The force carried by the cover concrete
was evaluated using the stress-strain relationship for plain concrete shown
in Fig.4.4. The force contribution by the longitudinal steel was found us-
ing the stress-strain relationship shown in Fig.4.3. Subtraction of all these
forces from the applied load yielded the force carried by the core concrete.
This force in the core concrete computed from the experimental data was

used to establish the experimental stress-strain relationship of core con-
crete.

Area under the stress-strain relationship of concrete. distributed over the
compressed area gives the compression force resisted by concrete. Core
compression force was computed from the experimental data. If the actual
stress-strain relationship of core concrete was known, integration of this
relationship up to the extreme core strain would give the same force as that
obtained from the experimental data. In this part of the investigation, the
shape of the actual stress-strain relationship of core concrete was assumed
to be the same as that given by the model proposed by Saatcioglu and
Razvi [19]. However, knowing the shape alone was not sufficient to establish
the actual stress-strain relationship. In the analytical model, the shape of
the stress-strain relationship was directly related to the concrete strength.
Hence, the strength remained as unknown, while the overall shape was
assumed to be the same as that of the analytical model. The area under the
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curve, up to specific values of maximum strains at different load stages were
set equal to the corresponding core forces obtained from the experimental
data. The unknown in such equality was the strength. Solving for the
strength at each load stage gave as many values for the strength as the
number of load stages. Theoretically, strength values should be identical
if the experimental measurements were accurate and the assumed shape
of the stress-strain relationship were to be exact. Since this was not the
case, the strength values showed scatter. Therefore a statistical approach
was employed to determine the strength. The peak stress was expressed
in terms of strength enhancement coefficient I'. A I value was found for
each specimen such that the error between the experimental core force and
the area under the stress-strain relationship was minimum in a least square

The concrete strength obtained by the procedure described above was used
as the experimental strength for core concrete. These strength values were
compared with those obtained by the use of the analytical model in Table
4.1. The results indicate good correlations of experimental and analytical
strength values.

The experimental strength values were next used to generate the "experi-
mental” stress-strain relationships using the shape of the analytical model.
Since not all the columns had experimental data beyond the peak load, the
descending branches of stress-strain relationships for some of the columns
could not be obtained. The stress-strain relationships obtained by this
procedure are shown in Fig.4.5 through 4.16. The analytical curves are
also plotted in the same figures. The comparisons include some variations
between the experimental and analytical values. However, in general the
agreement is good.



Table 4.1: Comparison of test result and Analytical Model

Proposed by Saatcioglu and Razvi [19]

_Column_" Saatcioglu and_RazviE)-]

60

Test Program _ e [ Zon
designation | X | o [ £ [ 2 [ K] & | /o] 2

Cl1 [ 0.257 | 0.00457 | 35.97 | 9.42 [ 0.25 | 0.0045 | 35.75 0.994
C21 ] 0.321 | 0.00521 | 40.95 | 10.06 [ 0.19 [ 0.0039 | 36.59 0.901
C3-1_  }j0.379 | 0.00579 | 42.75 | 9.31 | 0.43 [ 0.0063 [ 44.33 1.037
C42 1 0.257 | 0.00457 | 38.97 | 9.42 | 0.16 | 0.0036 | 35.96 0.923
€52 | 0.321 | 0.00521 | 40.95 | 10.06 [ 0.13 | 0.0033 | 35.03 | .25 | 0.555 | 0.523
C6-2 | 0.379 | 0.00579 | 42.75 | 9.31 | 0.29 | 0.0049 | 40.00 | 4.51 | 0.936 | 0.517
C7-1 - ] 0.195 | 0.00395 | 27.49 | 21.28 | 0.35 | 0.0055 | 31.05 113
C81 | 0.243 | 0.00443 | 25.59 | 23.92 | 0.33 | 0.0053 [ 30.59 1.07
C9-1 | 0.288 | 0.00488 | 29.62 | 23.00 [ 0.27 | 0.0047 | 20.21 0.986
C10-2 | 0.195|0.00395 | 27.49 | 21.28 | 0.20 | 0.00¢ | 27.60 1.004
Cil-2 ]| 0.243 | 0.00443 | 28.59 | 23.92 | 0.60 | 0.008 [ 36.50 1.287
C12-2 [ 0.288 | 0.00488 | 29.62 | 23.00 || 0-18 | 0.0038 | 27.14 | 17.06 | 0.916 | 0.720
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4.4 Comparisons of Experimental and Ana-
lytical Moment-Curvature Relationships

The analytical models discussed earlier were used to conduct plane section
analyses to establish moment-curvature relationships. These relationships
are then compared with those obtained experimentally.

The stress-strain relationship for reinforcing steel used in the analyses was
that determined from tension coupou tests. The cover concrete was as-
signed plain concrete properties as defined by Hognestad [6]. The three
confinement models discussed previously were used separately for the core
concrete. The analyses were conducted using an available computer soft-
ware for sectional analysis, modified for this project to handle the analytical
material models discussed above.

~ The sectional analyses were conducted for constant levels of axial load.
Selected levels of axial compression, ranging between zero and maximum
experimental load, were considered. The axial load levels included load
stages beyond the peak load, in the strength decay zone. Moments and
corresponding curvatures at different axial load levels are then plotted to
obtain moment-curvature relationships under variable axial loads. This
would facilitate a meaningful comparison of the analytical and experimental
results, since the experimental plots were for the case of variable axial
loading. The individual moment-curvature plots for each of the selected
levels of constant axial force are included in Appendix C.

The analytical and experimental moment-curvature relationships are com-
pared in Figures 4.17 to 4.28. The results generally indicate good agree-
ment between the experimental and analytical relationships. The Sheikh
and Uzumer! model could not be used to predict the behavior of Set 2
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columns. This model gave negative strain increment in establishing the
strain corresponding to the peak stress. for columns with large tie spac-
ings.

All models slightly underestimated the strength. Sheikh and Yeh model
produced the closest strength prediction at the peak load region. However,
it overestimated curvatures in the high deformation range. when the con-
finement was poor. Saatcioglu and Razvi model either underestimated or
produced better predictions of response in the high inelasticity zone.

The correlation of experimental and analytical values are not affected by the
eccentricity of the load. This can be seen by comparing moment-curvature
relationships for columns C3-1 and C6-2, CS-1 and C11-2, and C9-1 and
C12-2. Tt is worth noting that although Saatcioglu and Razvi model was
developed for concentric loading, the predictions under different levels of
eccentricity are reasonably good, implying that the level of eccentricity on
column confinement is not significant. This is one the conclusions of the
experimental research reported in Chapter 3.

The tie arrangement was one parameter which was not accounted for in all
other models, except the model proposed by Mander, Priestley and Park [9]
and the ones considered in this investigation. The comparisons of analytical
and experimental moment-curvature relationships for 010-2, C11-2, and
C12-2 as well as C7-1, C8-1, C8-1, and C4-2, C3-2, C6-2 illustrate that this
effect was properly accounted for even under different levels of eccentricity.

In conclusion, the comparisons confirm the experimental observation that
the level of eccentricity considered in this investigation, does not have a
significant effect on concrete confinement. The analytical model proposed
by Saatcioglu and Razvi, on the basis of concentrically loaded tests also
produce gocd predictions of column behavior under eccentric loadiag. The
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analytical predictions obtained by this model are very close to those ob-
tained by Sheikh and Yeh model, which is intended for eccentric loading.
Considering the complications involved in using Sheikh and Yeh model,
which requires construction of concrete stress-strain relationship for every
value of neutral axis location, it appears more feasible to use Saatcioglu
and Razvi model for columns subjected to concentric as well as eccentric
loading.
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Chapter 5

Recommendations and
Conclusions

5.1 " Conclusions

The following conclusions can be made based on the experimental and
analytical investigations carried out in this research program:

1. Reduction in tie spacing and better distribution of laterally supported
longitudinal reinforcement around the core perimeter enhance both
strength and ductility of core concrete in reinforced concrete columns.

1o

The behavior of columns under strain gradient with tie spacing of d/2
or larger is not affected by the arrangement of longitudinal reinforce-
ment. However this effect has been shown to be very significant for
columns with closely spaced ties. This may be explained by the effec-
tiveness of lateral reinforcement in providing confinement pressure.
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If the confinement pressure is low due to large tie spacing. any im-
provement in reinforcement arrangement is not sufficient to improve
the confinement action.

The comparison of columns with two different levels of end eccentric-
ity indicates that variation in eccentricity,within the range considered
in this investigation, does not have a significant effect on stress-strain
characteristics of confined concrete. This may be explained by the
contribution of concrete to overall column response under eccentric
loading. If the eccentricity and the resulting strain gradient is high,
compressed area of column section is small. Therefore concrete plays
2 relatively small role on overall column response. In this case any
effect of eccentricity on stress-strain characteristics of concrete is not
likely to produce significant effect on column behavior. This was con-
firmed by comparing moment-curvature relationshins of columns with
different end eccentricities.

The confined concrete model proposed by Sheikh and Yeh [23] for ec-
centric loading produces column response which is in good agreement
with experimental observations. The model slightly underestimates
the column resistance near the peak load, and may overestimate the
load in the high deformation range.

The confined concrete model proposed by Saatcioglu and Razvi [19]
for concentric loading produces good estimates of column response
under eccentric loading, within the range of eccentricity considered
in this investigation. The model slightly underestimates the column
resistance near the peak load and may underestimate the load resis-
tance in high inelastic deformation range.

. Although both Sheikh and Yeh, and Saatcioglu and Razvi Models

produce good analytical predictions of experimental column response,
Sheikh and Yeh model requires construction of concrete stress-strain
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model for each load stage under changing neutral axis location and
hence can be impractical especially for manual calcultions.

=]

. Sheikh and Uzumeri model for confined concrete is not applicable
to poorly confined columns with large spacing of ties. Otherwise
this model, although derived for concentric loading, produces good
estimates of column response under eccentric loading.

5.2 Design Recommendations

Confinement steel requirements of building codes [30,31] are based on early
research conducted by Richart et al. [16] in 1928. Accordingly, the amount
of confinement steel is determined to make up for the loss in column ca-
pacity due to cover spalling by confinement of core concrete. This design
criterion was established for spirally reinforced columns, and the empirical
expression suggested for the required confinement steel was based on col-
umn tests under concentric loading. The same design requirement is also
used for columns with rectilinear reinforcement under strain gradient due
to lack of a rational concrete model for confined concrete, also applicable
to eccentric loading.

The experimental and analytical research reported in this thesis clearly il-
lustrates that the strain gradient effect on concrete stress-strain relationship
is small. Confinement models, developed on the basis of concentric test-
ing which include all the relevant parameters of coafinement can be used
to carry out plane section analysis to establish force-deformation relation-
ships of columns. This provides a sound analytical tool to compute ductility
capacities of columns under monotonic eccentric loading. It is therefore rec-
ommended that the confinement steel requirements of columns subjected
to lateral load reversals be established from analyses of sections using a
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proper confined concrete model, rather than using the arbitrary design cri-
terion on which the current building codes are besed on. Su-. aualysis
can be used to establish the acceptable ranges for confinemnent parameters,
including the volumetric ratio of steel, and spacings of lateral and laterally
supported longitudinal reinforcements.

The experimental results of this thesis indicates that the distribution of
closely spaced and laterally supported longitudinal reinforcement improves
column deformability as much as the improvement expected from the reduc-
tion in the spacing. The current design requirements of building codes place
an upper limit of 100 mm for tie spacing in seismic resistant columns. This
results in sever congestion of steel in the critical plastic zones of columns
and sometimes leads to concrete placement problems. It is therefore recom-
mended that the spacing limitations for ties be relaxed and the confinement
of concrete is ensured by proper distribution of longitudinal reinforcement.
The volumetric steel ratio requirements of building codes appear to provide
satisfactory behavior of columns under eccentric loading.

5.3 Recommendations for Future Research

The experimental investigation reported in this thesis forms one of the
few research programs conducted to study the effect of strain gradient on
concrete confinement. Therefore, there is need for further research in the
area. The following are recommended for future research:

¢ Tests of columns under constant compression and reversed cyclic load-
ing, especially in the high axial load range.

o Tests of columns with circular and rectangular cross-sections.
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s Experimental investigation of columns with unequal transverse rein-
forcement in two orthogonal directions.

e Column tests under compression cycles.

o Comprehensive analytical parametric investigation using a confined
concrete model to establish the limits of design parameters.
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APPENDIX A

Experimental Data

The test data consisted of applied axial load and corresponding measured
strains at the critical section. A computer program was written to evalu-
ate test data. The force contribution by the longitudinal steel and cover
concrete was subtracted from the total column force to quantifv the foree
carried by core concrete. The core concrete strain at the compression side
was also calculated using the strain profiles at the critieal section. Core
force-core strain relationships for all the columns tested here are prescuted
in this appendix.
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.APPENDIX B

RECTANGULAR STRESS
BLOCK PARAMETERS FOR
CONFINED CONCRETE
STREES-STRAIN
RELATIONSHIP



It is a common practice to compute flexural strength of reinforeed con-
crete members through plane section analysis using a rectangular stress-
block for concrete. Building Codes [30.31] provide coefficients to convert
actual parabolic stress distribution of compressed concrete to an equiva-
lent rectangular stress distribution at ultimate. These coeficients are valid
for unconfined concrete at wltimate condition where the ultimate capae-
ity is assumed to take place at a maximum fiber strain of 0.003nm Jmm.
Therefore, an engineer has to integrate the actual parabolic stress-strain
relationship for service load calculations and also for calculations involving
confined concrete.

An equivalent rectangular stress block can be established for stress-strain
relationships other than that commonly used in practice. Furthermore.
rectangular stress blocks can also be established for service load conditions,
prior to reaching ultimate. The essential requirements are the equivalence
in force and lever arm of the compressed ccncrete. Coefficient & and ~ can
be derived to obtain forces and moments by using a rectangular stress block
that will be equivalent to using the actual stress-strain relationship. The
following expressions can be used to determine these parameters:

C=afbe= f; Fode. (B.1)

Then:
Q= M (B_2)

fibe
and

M= ‘/C (B3)
— 1 _ j;" e:fcdﬁc B4
=1 e T fde (B.4)

It is clear form the above expressions that both « and =« are funcrions of
the extreme fiber strain e,. These parameters have been derived for the
analytical stress-strain relationship proposed by Saatcioglu and Razvi [19].
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The parameters tabulated in Tables B.1 to B.40 provide convenient means
of predicting sectional response manually for any concrete extreme fiber

strain.
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Table B.1: Stress Block Parameter « fore. < ¢,

€1

0.0020 | 0.0025 | 0.0030 | 0.0035 | 0.0040 | 0.0045 | 0.0050 | 0.0055 [ 0.0060
€ Strength Enhacement Factor K

000 | 005 | 010 | 015 | 0.20 | 0.25 | 030 | 0.35 | 0.40
0.0005 | 0.229 | 0.214 | 0.20S | 0.208 | 0.221 | 0.215 | 0.221 | 0.227 | 0.234
0.0010 | 0.417 | 0.376 | 0.354 | 0.341 | 0.335 { 0.333 | 0.333 | 0.336 | 0.339
0.0015 | 0.562 | 0.506 | 0.471 | 0.448 | 0.434 | 0.425 | 0.421 | 0.419 | 0.419
0.0020 | 0.667 | 0.608 | 0.566 | 0.536 | 0.516 | 0.502 | 0.493 | 0.487 | 0.453
0.0025 0.684 | 0.642 | 0.609 | 0.584 | 0.566 | 0.554 | 0.545 | 0.539
0.0030 0.700 | 0.668 | 0.641 { 0.621 | 0.606 | 0.595 | 0.586
0.0035 0.714 | 0.689 | 0.668 | 0.651 | 0.638 | 0.628
0.0040 0.727 | 0.707 | 0.722 | 0.675 | 0.664
0.0045 0.739 | 0.722 | 0.708 | 0.696
0.0050 0.750 | 0.736 | 0.724
0.0055 0.760 | 0.748
0.0060 0.769
0.0065
0.0070
0.0775
0.0080
0.0085
0.0090
0.0095
0.0100
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Table B.2: Stress Block Parameter « for ¢, £ €, Cont.

€1

0.0065

0.0070

0.0075

0.0080 | 0.0085

0.009C

0.0095

0.0100

Strength Enhacement Factor K

0.45

0.50

0.0005

0.242

0.249

0.55
0.257

0.60 0.65
0.265 | 0.273

0.70 0.75

0.281

0.80

0.288

0.296

0.0010

0.344

0.349

0.354

0.360 | 0.366

0.372

0.378

0.385

0.0015

0.420

0.422

0.425

0.429 | 0.433

0.437

0.442

0.447

0.0020

0.482

0.482

0.483

0.484 | 0.487

0.489

0.493

0.436

0.0025

0.535

0.532

0.531

0.531 | 0.532

0.533

0.535

0.537

0.0030

0.580

0.576

0.573

0.572 | 0.571

0.571

0.572

0.573

0.0035

0.620

0.614

0.610

0.607 | 0.605

0.604

0.604

0.604

0.0040

0.635

0.648

0.643

0.639 | 0.636

- 0.634

0.632

0.632

0.0045

0.686

0.678

0.672

0.667 | 0.663

0.660

0.658

0.657

0.0050

0.714

0.705

0.698

0.692 | 0.688

0.684

0.682

0.679

0.0055

0.738

0.729

0.722

0.715 | 0.710

0.706

0.703

0.760

0.0060

0.759

0.750

0.742

0.736 | 0.730

0.726

0.722

0.719

0.0065

0.777

0.769

0.761

0.755 | 0.749

0.744

0.740

0.736

0.0070

0.785

0.778

0.771 | 0.765

0.760

0.756

0.752

0.0775

0.793

0.786 | 0.780

0.775

0.771

0.767

0.0080

0.800 | 0.794

0.789

0.784

0.780

0.0085

0.806

0.801

0.796

0.792

0.0090

0.812

0.807

0.803

0.0095

0.818

0.814

0.0100

0.823
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Table B.3: Stress Block Parameter 4 fore. < ¢,

96

€1
0.0020 | 0.0025 | 0.0030 | 0.0035 | 0.0040 | 0.0045 | 0.0050 | 0.0055 | 0.0060
€ Strength Enhacement Factor X
0.00 005 | 010 | 0.15 | 0.20 | 0.25 030 | 035 | 0.40

0.0005 | 0.341 | 0.349 | 0.357 | 0.365 | 0.371 | 0.377 | 0.383 | 0.38S | 0.393
0.0010 | 0.350 | 0.356 | 0.362 | 0.369 | 0.374 | 0.330 | 0.385 | 0.390 | 0.395
0.0015 | 0.361 | 0.363 | 0.368 | 0.373 | 0.378 | 0.383 | 0.388 | 0.392 | 0.396
0.0020 | 0.375 | 0.372 | 0.374 | 0.378 | 0.352 | 0.336 | 0.390 | 0.394 | 0.398
0.0025 0.383 | 0.381 | 0.383 | 0.386 | 0.389 | 0.393 | 0.397 | 0.400
0.0030 0.390 | 0.389 | 0.390 | 0.393 | 0.396 | 0.399 | 0.402
0.0035 0.396 | 0.395 | 0.397 | 0.399 | 0.402 | 0.404
0.0040 0.401 | 0.401 | 0.402 | 0.404 | 0.407
0.0045 0.406 | 0.406 | 0.408 | 0.409
0.0050 0.410 | 0.411 | 0.412
0.0055 0.414 | 0.415
0.0060 0.418
0.0065 |

0.0070

0.0775

0.0080

0.0085

0.0090

0.0095
(00100 B I ]




Table B.4: Stress Block Parameter « for ¢, < €; Cont.

97

€1
0.0065 | 0.0070 | 0.0075 | 0.0080 | 0.0085 | 0.0090 | 0.0095 | 0.0100
€ Strength Enhacement Factor K
045 | 050 { 055 | 060 | 065 | 0.70 | 975 | 0.80

0.0005 | 0.397 | 0.401 | 0.405 | 0.408 | 0.412 | 0.415 | 0.417 | 0.420
0.0010 | 0.399 | 0.403 | 0.406 | 0.409 | 0.413 | 0.415 | 0.418 | 0.421
0.0015 | 0.400 | 0.404 | 0.407 | 0.411 | 0.414 | 0.416 | 0.419 | 0.422
0.0020 | 0.402 | 0.405 | 0.409 | 0412 | 0.415 | 0.417 | 0.420 | 0.422
0.0025 | 0.404 | 0.407 | 0.410 | 0.413 | 0.416 | 0.418 | 0.421 | 0.423
0.0030 | 0.405 | 0.408 | 0411 | 0414 | 0.417 | 0.419 | 0.422 | 0.424
0.0035 | 0.407 | 0.410 | 0.413 | 0415 | 0.418 | 0.420 | 0.423 | 0.425
0.0040 | 0.409 | 0.412 | 0.414 | 0.417 | 0.419 | 0.421 | 0.424 | 0.426
0.0045 | 0.411 | 0.414 | 0.416 | 0.418 | 0.420 | 0.422 } 0.425 | 0.427
0.0050 | 0.414 | 0.416 | 0.418 | 0.420 | 0.422 | 0.424 | 0.426 | 0.427
0.0055 | 0.416 | 0.418 | 0.419 | 0.421 | 0.423 | 0.425 | 0.427 | 0.428
0.0060 | 0.419 | 0.420 | 0.421 | 0.423 | 0.424 | 0.426 | 0.428 | 0.429
0.0065 | 0.421 | 0.422 | 0.423 | 0.424 | 0.426 | 0.427 | 0.429 | 0.430
0.0070 0.424 | 0.425 | 0.426 | 0.427 | 0.429 | 0.430 | 0.432
0.0775 0.427 | 0428 | 0.429 | 0.430 | 0.431 | 0.433
0.0080 0.430 | 0.431 | 0.432 | 0.433 | 0.434
0.0085 0.432 | 0.433 | 0.434 | 0.435
0.0090 0.435 | 0.435 | 0.436
0.0095 0.437 | 0.438
0.0100 0.439




Table B.5: Stress Block Parameter a for ¢, > ¢,

‘ €,=0.002 and K =0.0
€ Z
10 20 30 40 50 60 70 80

[0.002 [ 0.667 0.667 | 0.667 | 0.667 | 0.667 | 0.667 | 0.667 | 0.667
0.003 ! 0.776 [ 0.774 | 0.773 | 0.771 | 0.769 | 0.768 | 0.766 | 0.764

0.004 | 0.828 | 0.823 | 0.818 | 0.813 | 0.80S | 0.803 { 0.798 | 0.793
0.005 | 0.858 { 0.849 | 0.840 | 0.831 | 0.822 | 0.813 | 0.804 | 0.795
0.006 | 0.876 | 0.862 | 0.849 | 0.836 | 0.822 | 0.809 | 0.796 | 0.782
0.007 | 0.887 | 0.869 | 0.851 | 0.833 | 0.815 | 0.798 | 0.750 | 0.762
0.008 | 0.894 | 0.872 | 0.849 | 0.827 | 0.804 | 0.782 | 0.759 | 0.737
0.009 | 0.899 | 0.871 | 0.844 | 0.817 | 0.790 | 0.763 | 0.735 | 0.708
0.010 [ 0.901 | 0.869 | 0.837 { 0.805 | 0.773 | 0.741 | 0.709 | 0.677
0.011 | 0.903 | 0.866 | 0.829 | 0.792 | 0.755 | 0.718 | 0.682 | 0.645
0.012 | 0.903 | 0.861 | 0.819 | 0.778 | 0.736 | 0.694 | 0.653 | 0.611
0.013 | 0.902 | 0.856 | 0.809 | 0.763 | 0.716 | 0.669 | 0.623 | 0.576
0.014 | 0.901 | 0.850 | 0.798 | 0.747 | 0.695 | 0.644 | 0.592 | 0.541
0.015 | 0.899 | 0.843 | 0.787 | 0.730 | 0.674 | 0.618 | 0.561
0.016 | 0.897 | 0.836 | 0.775 | 0.713 | 0.652 | 0.591 | 0.530
0.017 | 0.895 | 0.828 | 0.762 | 0.696 | 0.630 | 0.564
0.018 | 0.892 | 0.821 | 0.750 | 0.679 | 0.607 | 0.536
0.019 | 0.889 | 0.813 | 0.737 | 0.661 | 0.585

0.020 | 0.886 | 0.805 | 0.724 | 0.643 | 0.562 '
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Table B.6 : Stress Block Parameter a for ¢. > ¢ ; Cont.

€, =0.002 and K =0.0

Z

0.002 | 0.667 | 0.667 | 0.667

90 100 | 150 | 200

250

300

350

400

0.667

0.667

0.667

0.667

0.667

0.003 | 0.763 | 0.761 | 0.7593

0.744

0.736

0.728

0.719

0.711

0.004 | 0.788 | 0.783 | 0.758

0.733

0.708

0.683

0.658

0.633

0.005 | 0.786 | 0.777 | 0.732

0.687

0.642

0.597

0.552

0.006 | 0.769 | 0.756 | 0.689

0.622

0.556

0.007 | 0.744 | 0.726 | 0.637

0.548

0.008 | 0.714 | 0.692 | 0.579

0.009 | 0.681 | 0.654

0.010 | 0.645 | 0.613

0.011 | 0.608 | 0.571

0.012 | 0.569 | 0.528

0.013 | 0.530

0.014

0.015

0.016

0.017

0.018

0.019

0.020
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Table B.7 : Stress Block Parameter « for €€,

e

€ 1 = 0.0030 and K’ = 0.10

Z

10

0.0030

0.700

0.700

30
0.700

40
0.700

50

0.700

60
0.700

0.700

S0
0.700

0.0040

0.774

0.773

0.771

0.770

0.769

0.7638

0.766

0.765

0.0050

0.816

0.812

0.808

0.804

0.800

0.796

0.792

0.788

0.0060

0.843

0.835

0.828

0.820

0.813

0.805

0.798

0.790

0.007C

0.860

0.849

0.837

0.826

0.814

0.803

0.791

0.780

.| 0.0080

0.872

0.856

0.841

0.825

0.509

0.794

0.778

0.763

| 0.0090

0.880

0.860

0.884

0.820

0.800

0.780

0.760

0.740

0.0100

0.886

0.861

0.837

0.812

0.788

0.763

0.739

0.714

0.0110

0.889

0.860

0.831

0.802

0.773

0.744

0.715

0.685

0.0120

0.891

0.858

0.824

0.790

0.756

0.723

0.689

0.655

0.0130

0.892

0.854

0.815

0.777

0.738

0.700

0.662

0.623

0.0140

0.893

0.849

0.806

0.763

0.720

0.676

0.633

0.590

0.0150

0.892

0.344

0.796

0.748

0.700

0.652

0.604

0.556

0.0160

0.891

0.838

0.785

0.733

0.680

0.627

0.574

0.0170

0.889

0.832

0.774

0.716

0.659

0.601

0.544

0.0180

0.888

0.825

0.763

0.700

0.638

0.575

0.0190

0.885

0.818

0.751

0.683

0.616

0.548

0.0200

0.883

0.811

0.738

0.666

100

0.594

H———




Table B.S: Stress Block Parameter « for ¢, > ¢ ; Cont.

0.06030

€ y = 0.0030 and K =0.10

Z

90

100

150 | 200 | 250

0.700

0.700

0.700 | 0.700 | 0.700 | 0.700

0.700

300 | 350 | 400

0.700

0.0040

0.764

0.763

0.756 | 0.750 | 0.744 | 0.738

0.731

0.725

0.0050

0.784

0.780

0.760 | 0.740 { 0.720 | 0.700

0.680

0.660

0.0060

0.783

0.775

0.738 | 0.700 | 0.663 | 0.625

0.588

0.0070

0.769

0.757

0.700 | 0.643 | 0.586

0.0080

0.747

0.731

0.653 | 0.575

0.0090

0.720

0.700

0.600

0.0100

0.690

0.665

0.0120

0.656

0.627

0.0120

0.621

0.588

0.0130

0.585

0.546

0.0140

0.547

0.0150

0.0160

0.0170

0.0180

0.0190

0.0200
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0.0040

Table B.9: Stress Block Parameter o for €. > ¢

€ 1 = 0.0040 and K = 0.20

Z

0.727

20

0.727

30

0.727

40

0.727

S0

0.727

60

0.727

-

[}

0.727

30

0.727

0.0050

0.781

0.780

0.77

0.778

0.777

0.776

0.779

0.774

0.0060

0.815

0.812

0.508

0.805

0.502

0.798

0.795

0.792

0.0070

0.838

0.831

0.825

0.818

0.812

0.806

0.799

0.793

0.0080

0.854

0.844

0.834

0.82¢

0.814

0.804

0.794

0.784

<4 0.0090

0.865

0.851

0.837

0.823

0.809

0.795

0.782

0.768

0.0100

0.873

0.855

0.837

0.819

0.801

0.733

0.765

0.747

0.0110

0.879

0.856

0.834

0.312

0.789

0.767

0.745

0.723

0.0120

0.882

0.856

0.829

0.802

0.776

0.749

0.722

0.696

0.0130

0.885

0.854

0.823

0.791

0.760

0.729

0.698

0.667

0.0140

0.886

0.851

0.815

0.77

0.744

0.708

0.672

0.636

0.0150

0.887

0.847

0.806

0.766

0.726

0.685

0.645

0.605

0.0160

0.887

0.842

0.797

0.752

0.707

0.662

0.617

0.572

0.0170

0.886

0.836

0.787

0.737

0.687

0.638

0.588

0.0180

0.885

0.831

0.776

0.722

0.667

0.613

0.558

0.0190

0.883

0.824

0.765

0.706

0.647

0.587

0.0200 | 0.881 | 0.817

0.753

0.689 |
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0.561




Table B.10: Stress Block Parameter « for ¢. > ¢ ; Cont.

103

€, = 0.0040 and X = 0.20
€. Z

90 | 100 | 150 | 200 | 250 | 300 | 350 | 400
0.0040 [ 0.727 | 0.727 | 0.727 | 0.727 | 0.727 | 0.727 | 0.727 | 0.727
0.0050 § 0.773 | 0.772 | 0.767 | 0.762 | 0.757 | 0.752 | 0.747 | 0.742
0.0060 | 0.788 | 0.785 | 0.768 | 0.752 | 0.735 | 0.718 | 0.702 | 0.685
0.0070 | 0.786 | 0.780 | 0.748 | 0.716 | 0.683 | 0.651
0.0080 { 0.774 | 0.764 | 0.714 | 0.664 | 0.614

—1 0.0090 | 0.754 | 0.740 | 0.670 | 0.601

0.0100 | 0.729 | 0.711 | 0.621
0.0110 | 0.700 | 0.678
0.0120 | 0.669 | 0.642
0.0130 § 0.636 | 0.605
0.0140 | 0.601 | 0.565
0.0150 | 0.564
0.0160
0.0170
0.0130
0.0190
0.0200




Table B.11: Stress Block Parameter a for e, > ¢ ,

€1 = 0.0050 and K = 0.30

0.0050

10
0.750

20
0.750

30 40

z
50|

60

0.750 { 0.750

0.750

0.750

0.750

0.0060

0.791

0.790

0.789 { 0.788

0.787

0.787

0.785

0.0070

0.819

0.816

0.813 | 0.810

0.807

0.804

0.799

0.0080

0.838

0.832

0.827 | 0.821

0.816

0.810

0.799

0.0090

0.852

0.843

0.834 | 0.826

0.817

0.808

0.790

0:0100

0.862

0.850

0.837 | 0.825

0.812

0.800

0.775

0.0110

0.870

0.854

0.837 { 0.821

0.805

0.788

0.755

0.0120

0.875

0.855

0.835 | 0.814

0.794

0.77.

0.732

0.0130

0.879

0.855

0.830 | 0.805

0.781

0.756

0.707

0.0140

0.882

0.853

0.824 | 0.795

0.766

0.737

0.679

0.0150

0.883

0.850

0.817 | 0.783

0.750

0.717

0.630

0.0160

0.884

0.846

0.808 | 0.771

0.733

0.695

0.619

0.0170

0.884

0.842

0.799 | 0.757

0.715

0.672

0.588

0.0180

0.884

0.837

0.790 | 0.743

0.696

0.649

0.0190

0.883

0.831

0.779 | 0.728

0.676

0.625

0.0200

0.881

0.825

0.769 | 0.712

0.656

0.600
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Table B.12: Stress Block Parameter « for ¢, > ¢ ; Cont.

€ ; = 0.0050 and K = 0.30

105

€ _ Z
90 100 | 150 | 200 | 250 j 300 | 350 | 400 |

0.0050 | 0.750 | 0.750 | 0.750 | 0.750 | 0.750 | 0.750 | 0.750 | 0.750 |
0.0060 | 0.784 { 0.783 | 0.779 | 0.775 | 0.771 | 0.767 | 0.762 | 0.758
0.0070 | 0.796 { 0.793 | 0.779 ;| 0.764 | 0.750 | 0.736 | 0.721 | 0.707
0.0080 | 0.793 | 0.787 | 0.759 { 0.731 { 0.703 | 0.675 | 0.647
0.0090 | 0.781 | 0.772 | 0.728 § 0.6S3 | 0.639
0.0160 | 0.762 | 0.750 | 0.687 | 0.625
0.0110 | 0.739 | 0.723 | 0.641
0.0220 | 0.712 | 0.692
0.0130 | 0.682 | 0.658
0.0140 | 0.650 | 0.621
0.0150 | 0.617 | 0.583

0.0160 | 0.582

0.0170

0.0180

0.0190

0.0200




Table B.13: Stress Block Parameter « for ¢, > ¢ 1

(——

¢ 1 = 0.0060 and K = 0.40

€.

A

-t

0.0060

10

20

30

0.769

0.769

0.766

40
0.769

50
0.769

60
0.769

70
0.769

S0
0.769

0.0070

0.801

0.801

0.800

0.799

0.798

0.798

0.797

0.796

0.0080

0.824

0.822

0.819

0.817

0.814

0.812

0.809

0.807

0.0090

0.841

0.836

0.831

0.826

0.821

0.816

0.811

0.806

-1 0.0100

0.853

0.845

0.835

0.829

0.821

0.813

0.805

0.797

0.0110

0.863

0.851

0.839

0.829

0.817

0.806

0.794

0.783

0.0120

0.870

0.855

0.840

0.825

0.810

0.795

0.780

0.765

0.0130

0.875

0.856

0.838

0.818

0.799

0.780

0.761

0.743

0.0140

0.878

0.855

0.835

0.810

0.787

0.764

0.741

0.718

0.0150

0.881

0.854

0.830

0.800

0.773

0.746

0.719

0.692

0.0160

0.882

0.851

0.823

0.788

0.757

0.726

0.695

0.663

0.0170

0.883

0.847

0.812

0.776

0.741

0.705

0.669

0.634

0.0180

0.883

0.843

0.803

0.763

0.723

0.683

0.643

0.603

0.0190

0.883

0.838

0.794¢

0.749

0.705

0.660

0.616

0.0200

0.882

0.833

0.734

0.735
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0.686

0.637

0.588




Table B.14: Stress Block Parameter a for ¢, > ¢ ; Cont.

€ ; = 0.0060 and K = 0.40

R Z
90 | 100 | 150 | 200 | 250 | 360 | 350 | 400

0.0060 | 0.769 | 0.769 | 0.769 | 0.769 | 0.769 | 0.769 | 0.769 | 0.769
0.0070 | 0.796 | 0.795 | 0.791 | 0.788 | 0.784 | 0.781 | 0.777 | 0.773
0.0080 | 0.804 | 0.802 | 0.789 | 0.777 | 0.764 | 0.752 | 0.739 | 0.727
0.0090 | 0.801 | 0.796 | 0.771 | 0.746 | 0.721 | 0.696
-1 0.0100 | 0.789 | 0.781 | 0.741 | 0.701 | 0.661

0.0110 | 0.772 | 0.760 | 0.704 | 0.647

0.0120 | 0.750 | 0.735 | 0.660

0.0130 | ¢ 724 | 0.705

0.0140 | 0.695 | 0.672

0.0150 | 0.665 { 0.638

0.0160 | 0.632 | 0.601

0.0170 | 0.598

0.0180

0.0190

0.0200




Table B.15: Stress Block Parameter a for e. > ¢,

€ ; = 0.0070 and X = 0.50

Z

10

20

30

0.0070

0.785

0.785

0.785

40
0.785

50 60
0.785 | 0.785

70
0.785

30
0.785

0.0080

0.812

0.311

0.810

0.810

0.809 | 0.808

0.808

0.80%

0.0090

0.831

0.829

0.826

0.824

0.822 | 0.820

0.818

0.815

0.0100

0.845

0.841

0.836

0.332

0.827 | 0.823

0.818

0.814

0.0110

0.856

0.849

0.842

0.834

0.827 | 0.820

0.813

0.805

0.0120

0.864

0.854

0.844

0.833

0.823 | 0.812

0.802

0.791

0.0130

0.871

0.857

0.843

0.829

0.815 | 0.801

0.788

0.774

0.0140

0.875

0.858

0.840

0.823

0.805 | 0.788

0.770

0.753

0.0150

0.879

0.857

0.836

0.815

0.793 | 0.772

0.751

0.729

0.0160

0.881

0.855

0.830

0.805

0.780 | 0.754

0.729

0.704

0.0170

0.882

0.853

0.823

0.794

0.765 | 0.735

0.706

0.676

0.0180

0.883

0.849

0.816

0.782

0.748 | 0.715

0.681

0.648

0.0190

0.883

0.845

0.807

0.769

0.731 | 0.694

0.656

0.618

0.0200

0.883

0.840

0.798

0.756
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Table B.16: Stress Block Parameter « for ¢, > ¢ ; Cont.

0.0070

€ ; = 0.0070 and i = 0.50

A

90
0.785

100
0.785

150

200

250

300

350

400

0.785

0.785

0.785

0.785

0.785

0.785

0.0030

0.807

0.806

0.803

0.800

0.797

0.793

0.790

0.787

0.0090

0.813

0.811

0.800

0.789

0.778

0.766

0.755

0.744

-| 0.0100

0.809

0.805

0.782

0.760

0.737

0.715

0.692

0.0110

0.798

0.791

0.754

0.718

0.682

0.0120

0.731

0.771

0.719

0.666

0.0130

0.760

0.746

0.677

0.0140

0.735

0.718

0.0130

0.708

0.687

0.0160

0.678

0.653

0.0170

0.647

0.618

0.0180

0.614

v.0180

0.0200
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Table B.17: Stress Block Parameter a for e, > ¢,

€ 1 = 0.0080 and K" = 0.60

Z

€

10

0.0080

0.800

20
0.800

30
0.800

40
0.S00

50
0.800

60
0.800

0.800

0.800

0.0090

0.821

0.821

0.820

0.820

0.819

0.818

0.818

0.817

0.0100

0.838

0.836

0.834

0.832

0.830

0.828

0.826

0.824

21 0.0110

0.850

0.846

0.842

0.838

0.834

0.830

0.826

0.821

0.0120

0.860

0.853

0.846

0.840

0.833

0.826

0.820

0.813

0.0130

0.867

0.857

0.848

0.838

0.829

0.819

0.809

0.800

0.0140

0.873

0.860

0.847

0.834

0.821

0.808

0.795

0.783

0.0150

0.877

0.860

0.844

0.828

0.811

0.795

0.779

0.762

0.0160

0.880

0.860

0.840

0.820

0.800

0.780

0.760

0.740

0.0170

0.882

0.858

0.834

0.310

0.787

0.763

0.739

0.715

0.0180

0.883

0.855

0.828

0.800

0.772

0.744

0.716

0.689

0.0190

0.884

0.852

0.820

0.788

0.756

0.725

0.693

0.661

0.0200

0.884

0.848

0.812

0.77
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0.740

0.704

0.668

0.632




Table B.18: Stress Block Parameter « for ¢. > ¢, Cont.

¢ = 0.0080 and I = 0.60
€. Z
90 100 | 150 | 200 | 250 | 300 | 350 | 400

0.0080 | 0.800 | 0.800 | 0.800 j 0.80C | 0.800 | 0.800 | 0.800 | 0.800
0.0090 | 0.817 | 0.816 | 0.813 | 0.811 | 0.S08 | 0.805 | 0.802 | 0.800
.| 0.0100 | 0.822 | 0.820 | 0.810 | 0.800 | 0.790 | 0.780 | 0.770 | 0.760
0.0110 | 0.817 | 0.813 | 0.793 | 0.772 | 0.752 | 0.731
0.0120 | 0.806 | 0.800 | 0.766 | 0.733 | 0.700
0.0130 | 0.790 | 0.780 [ 0.732 | 0.684
0.0140 | 0.770 | 0.757 | 0.693
0.0150 | 0.746 | 0.730
0.0160 | 0.720 | 0.700
0.0170 | 0.691 | 0.667
0.0180 | 0.661 | 0.633
0.0190 | 0.629
0.0200
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Table B.19: Stress Block Parameter a for €. > ¢ ,

€1 =

0.0090 and A" = 0.70

Z

10

0.0090

0.812

20
0.812

30

40 50 60

0.812

0.812 | 0.812 | 0.812

30

0.812

0.812

0.0100

0.830

0.830

0.829

0.829 | 0.828 | 0.828

0.827

0.827

0.0110

0.844

0.842

0.841

0.839 | 0.837 | 0.835

0.833

0.832

0.0120

0.855

0.851

0.848

0.844 | 0.840 | 0.836

0.833

0.829

0.0130

0.864

0.857

0.851

0.845 | 0.839 | 0.833

0.827

0.821

0.0140

0.870

0.861

0.852

0.843 | 0.834 | 0.826

0.817

0.808

0.0150

0.875

0.863

0.851

0.839 | 0.827 | 0.815

0.803

0.791

0.0160

0.879

0.8364

0.848

0.833 | 0.818 | 0.802

0.787

0.772

0.0170

0.882

0.863

0.844

0.825 | 0.806 | 0.787

0.769

0.750

0.0180

0.833

0.861

0.838

0.816 | 0.793 | 0.771

0.748

0.726

0.0190

0.885

0.858

0.832

0.806 | 0.779 | 0.753

0.727

0.700

0.0200

0.885

0.855

0.825 |

0.794 | 0.764 | 0.734

0.704

0.673




Table B.20 : Stress Block Parameter a for ¢, 2 ¢ ; Cont.

|

e 1 = 0.0090 and X = 0.70

€ Z

90 | 100 | 150 | 200 | 250 | 300 | 350 | 400
0.0090 | 0.822 [ 0.512 [ 0.812 | 0.512 [ 0.512 [ 0.812 | 0.812 [ 0.812
0.0100 | 0.826 | 0.826 | 0.823 | 0.821 | 0.818 | 0.816 | 0.813 | 0.811
0.0110 | 0.830 | 0.828 | 0.519 | 0.810 | 0.801 | 0.792 | 0.752 | 0.773
0.0120 | 0.825 | 0.S21 | 0.803 | 0.7$4 | 0.765 | 0.746 | 0.728
0.0130 | 0.814 [ 0.808 [ 0.777 | 0.747 | 0.716
0.0140 | 0.799 | 0.790 | 0.745 | 0.701
0.0150 | 0.779 | 0.767 | 0.707
0.0160 | 0.756 | 0.741
0.0170 | 0.731 | 0.712
0.0180 | 0.703 | 0.681
0.0190 | 0.674 | 0.648
0.0200 | 0.643
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Table B.21: Stress Block Parameter « for ¢. > ¢ 4

—

€1 = 0.0100 and K = 0.80
& Z
10 20 30 40 50 60 70 80

0.0100 | 0.823 | 0.823 | 0.823 | 0.823 | 0.823 | 0.823 | 0.823 | 0.823
0.0110 | 0.838 | 0.838 | 0.838 | 0.837 | 0.837 | 0.836 | 0.836 | 0.835
-1 0.0120 | 0.851 | 0.849 | 0.847 | 0.846 | 0.844 | 0.842 | 0.841 | 0.839
0.0130 | 0.860 | 0.857 | 0.853 | 0.850 | 0.846 | 0.843 | 0.839 | 0.836
0.0140 | 0.868 | 0.862 | 0.856 | 0.851 | 0.845 | 0.839 | 0.833 | 0.828
0.0150 | 0.874 | 0.865 | 0.857 | 0.849 | 0.840 | 0.832 | 0.824 | 0.815
0.0160 | 0.878 | 0.867 | 0.856 | 0.844 | 0.833 | 0.822 | 0.811 | 0.799
0.0170 | 0.881 | 0.867 | 0.853 | 0.838 | 0.824 | 0.809 | 0.795 | 0.7S0
0.0180 | 0.884 | 0.866 | 0.848 | 0.830 | 0.813 | 0.795 | 0.777 | 0.759
0.0190 | 0.885 | 0.364 | 0.843 | 0.821 | 0.800 | 0.779 | 0.758 | 0.736
0.0200 | 0.886 | 0.861 | 0.836 | 0.811 | 0.786 | 0.761 | 0.736 | 0.711
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Table B.22: Stress Block Parameter a for ¢, > ¢, Cont.

€1 = 0.0100 and K = 0.80
e Z
S0 100 | 150 | 200 | 230 | 300 | 350 | 400

0.0100 [ 0.823 | 0.823 [ 0.523 [ 0.823 | 0.823 | 0.823 [ 0.823 [ 0.823

0.0110 | 0.835 | 0.834 | 0.832 | 0.830 | 0.828 | 0.825 | 0.823 | 0.821

0.0120 | 0.837 | 0.836 | 0.827 | 0.819 | 0.811 | 0.802 { 0.794 | 0.736

0.0130 | 0.833 | 0.829 | 0.812 | 0.794 | 0.777 | 0.760 | 0.743

0.0140 | 0.822 | 0.816 | 0.788 | 0.759 | 0.731

0.0150 | 0.807 | 0.799 | 0.757 | 0.715

0.0160 | 0.788 | 0.777 | 0.721

0.0170 | 0.766 | 0.752

0.0180 | 0.742 | 0.724

0.0190 | 0.715 | 0.694

0.0200 | 0.686 | 0.661
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0.0020

Table B.23: Stress Block Parameter « for ¢, > ¢ ,

€1 =0.002 and &' = 0.0

z

10

20

30

0.375

0.375

0.375

40
0.375

50
0.375

60
0.375

-

{

0.375

S0
0.375

0.0030

0.405

0.406

0.407

0.407

0.408

0.409

0.409

0.410

0.0040

0.427

0.428

0.430

0.431

0.433

0.435

0.436

0.438

0.0050

0.441

0.444

0.446

0.449

0.452

0.454

0.457

0.460

0.0060

0.451

0.455

0.459

0.462

0.466

0.470

0.474

0.479

0.0070

0.458

0.464

0.469

0.473

0.479

0.484

0.490

0.496

-| 0.0080

0.466-

0.471

0.477

0.483

0.490

0.497

0.504

0.512

0.0090

0.471

0.477

0.454

0.492

0.500

0.508

0.518

0.528

0.0100

0.475

0.433

0.491

0.500

0.509

0.520

0.531

0.544

0.0110

0.479

0.438

0.497

0.507

0.519

0.532

0.546

0.561

0.0120

0.482

0.492

0.503

0.515

0.528

0.543

0.560

0.580

0.0130

0.485

0.496

0.508

0.522

0.538

0.556

0.376

0.600

0.0140

0.488

0.500

0.514

0.529

0.547

0.568

0.593

0.622

0.0150

0.49G

0.504

0.519

0.537

-

0.55%

0.582

0.611

0.0160

0.492

0.507

0.524

0.544

0.568

0.597

0.632

0.0170

0.495

0.511

0.529

0.532

0.579

0.612

0.0180

0.497

0.514

0.535

0.560

0.590

0.629

0.0190

0.499

0.517

0.540

0.568

0.603

0.0200

0.500

0.521

0.545

0.576
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0.616




Table B.24 : Stress Block Parameter v for ¢, > ¢ ; Cont.

€, =0.002and L =0.0
& Z
90 | 100 | 150 | 200 | 250 | 300 | 350 | 400

0.0020 | 0.375 | 0.375 | 0.375 | 0.375 | 0.375 | 0.375 | 0.375 | 0.375
0.0030 | 0.411 | 0.411 | 0.415 | 0.41S | 0.421 | 0.425 | 0.429 | 0.432
0.0040 | 0.240 | 0.2441 | 0.451 | 0.460 | 0.471 | 0.482 | 0.404 | 0.507
0.0050 | 0.463 | 0.466 | 0.452 | 0.301 | 0.522 | 0.546 | 0.575
0.0060 | 0.453 | 0.45S | 0.513 | 0.545 | 0.583
.10.0070 [ 0.502 | 0.508 | 0.546 | 0.596

0.0080 | 0.520 | 0.529 | 0.583

0.0090 | 0.535 | 0.550

0.0100 | 0.558 | 0.573

0.0110 | 0.579 | 0.598

0.0120 | 0.602 | 0.627

0.0130 | 0.628

0.0140

0.0150

0.0160

0.0170

0.0180

0.0190

0.0200
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Table B.25 : Stress Block Parameter « for ¢, > ¢ ,

0.0030

¢, =0.003 and i’ = 0.10

Z

10
0.390

20
0.390

0.390

30[40

S0

60

0.390

0.390

0.390

70
0.390

S0
0.390

0.0040

0.408

0.409

0.409

0.410

0.410

0.411

0.411

0.412

0.0050

0.424

0.425

0.426

0.428

0.429

0.431

0.432

0.1434

0.0060

0.436

0.438

0.440

0.443

0.445

0.448

0.451

0.453

0.0070

0.445

0.448

0.452

0.455

0.459

0.463

0.467

0.471

0.0080

0.452

0.457

0.462

0.466

0.471

0.476

0.482

0.487

0.0090

0.459

0.464

0.470

0.476

0.432

0.439

0.496

0.503

0.0100

0.464

0.471

0.477

0.485

0.493

0.501

0.510

0.519

0.0110

0.469

0.476

0.434

0.493

0.503

0.513

0.524

0.336

0.0120

0.472

0.431

0.491

0.501

0.512

0.524

0.538

0.533

0.0130

0.476

0.436

0.497

0.509

0.522

0.536

0.553

0.571

0.0140

0.479

0.480

0.503

0.516

0.531

0.549

0.568

0.591

0.0150

0.482

0.494

0.550

0.524

0.541

0.562

0.585

0.612

0.0160

0.485

0.498

0.514

0.531

0.551

0.575

0.603

0.0170

0.487

0.502

0.519

0.539

0.562

0.589

0.623

0.0180

0.490

0.506

0.525

0.547

0.573

0.605

0.0190

0.492

0.509

0.530

0.554

0.584

0.622

0.0200

0.494

0.513

0.535

0.563
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Table B.2G: Stress Block Parameter + for ¢, 2 ¢, Cont.

¢ 1 =0.003 and i’ =0.10

Z

90 100
0.0030 | 0.390 | 0.390

150
0.390

200
0.390

250
0.390

300

350

400

0.390

0.390

0.390

0.0040 | 0.412 | 0.413

0.416

0.413

0.421

0.424

0.427

0.430

0.0050 | 0.435 | 0.437

0.445

0.453

0.462

0.472

0.482

0.492

0.0060 | 0.456 | 0.459

0.47

0.490

0.508

0.529

0.552

0.0070 | 0.475 | 0.479

0.503

0.331

0.564

0.604

2| 0.0080 | 0.493 | 0.499

0.534

0.5%

0.0090 | 0.511 | 0.519

0.569

0.0100 | 0.530 | 0.540

0.0110 | 0.549 | 0.563

0.0120 | 0.569 | 0.588

0.0130 | 0.592 | 0.615

0.0140 | 0.617

0.0150

0.0160

0.0170

0.0180

0.0190

0.0200
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0.0040

Table B.27: Stress Block Parameter v for e, > ¢,

€, =0.004 and K =0.20

Z

10

0.401

0.401

20|30

0.401

40
0.401

50
0.401

60

[ 0.401

0.401

0.401

0.0050

0.414

0.414

0.414

0.415

0.415

0.416

0.416

0.417

0.0060

0.425

0.426

0.428

0.429

0.430

0.432

0.433

0.434

0.0070

0.435

0.437

0.439

0.442

0.444

0.446

0.449

0.451

0.0080

0.443

0.446

0.450

0.453

0.456

0.460

0.464

0.468

| 0.0090

0.450

0.454

0.458

0.463

0.468

0.473

0.478

0.433

0.0100

0.456

0.461

0.466

0.472

0.478

0.485

0.492

0.499

0.0110

0.461

0.467

0474

0.431

0.489

0.497

0.505

0.514

0.0120

0.465

0473

0.481

0.489

0.498

0.508

0.519

0.530

0.0130

0.469

0.478

0.487

0.497

0.508

0.520

0.533

0.547

0.0140

0.473

0.482

0.493

0.505

0.518

0.532

0.547

0.565

0.0150

0.476

0.487

0.499

0.512

0.327

0.544

0.563

0.584

0.0160

0.479

0.491

0.505

0.520

0.537

0.557

0.579

0.605

0.0170

0.482

0.495

0.510

0.527

0.547

0.570

0.597

0.0180

0.484

0.499

0.516

0.535

0.558

0.584

0.616

0.0190

0.437

0.503

0.521

0.543

0.568

0.599

0.0200




Table B.28: Stress Block Parameter « for ¢, 2 ¢ ; Cont.

€1 = 0.004 and K =0.20

0.0040 | 0.401 | 0.401 | 0.401

Z
|90 100 | 150 | 200 | 250

0.401

300

350

0.401

0.401

0.401 | 0.401

400

0.0050 | 0.417 | 0.418 | 0.420

0.422

0.425

0.427

0.429

0.432

0.0060 | 0.436 | 0.437 | 0.444

0.452

0.459

0.467

0.476

0.485

1 0.0070 | 0.454 | 0.456 | 0.470

0.485

0.501

0.518

0.538

~{ 0.0080 | 0.471 | 0.475 | 0.497

0.522

0.551

0.0090 | 0.489 | 0.494 | 0.526

0.566

0.0100 | 0.50€ | 0.514 | 0.559

0.0110 | 0.524 | 0.534

0.0120 | 0.542 | 0.556

0.0130 | 0.562 | 0.579

0.0140 | 0.584 | 0.606

0.0150 | 0.608

0.0160

0.0170

0.0180

0.0190

0.0200 L




Table B.29: Stress Block Parameter v for ¢, 2> ¢,

¢ ; = 0.005 and & = 0.30

0.0050

Z

10
0.410

30

0.410

0.410

60

S0

40]50

0.410 | 0.410

0.410

0.410

0.410 |

0.0060

0.419

0.420

0.420

0.421 | 0.421

0.421

0.422

0.422

0.0070

0.428

0.429

0.431

0.432 | 0.433

0.434

0.435

0.437

[ 0.0080

0.436

0.433

0.440

0.443 | 0.445

0.447

0.449

0.452

0.0090

0.443

0.446

0.449

0.453 | 0.456

0.439

0.463

0.466

0.0100

0.449

0.453

0.438

0.462 | 0.466

0.471

0.476

0.431

0.0110

0.454

0.460

0.465

0.471 | 0.477

0.483

0.439

0.496

0.0120

0.459

0.465

0.472

0.479 | 0.436

0.494

0.502

0.511

0.0130

0.463

0.471

0.479

0.487 | 0.496

0.505

0.515

0.526

0.0140

0.467

0.476

0.485

0.495 | 0.505

0.517

0.529

0.542

0.0150

0.471

0.480

0.491

0.502 | 0.515

0.528

0.543

0.560

0.0160

0.474

0.485

0.497

0.510 | 0.52¢

0.540

0.558

0.578

0.0170

0.477

0.489

0.502

0.517 | 0.534

0.553

0.574

0.599

0.0180

0.480

0.493

0.508

0.525 | 0.544

0.566

0.591

0.0190

0.482

0.497

0.513

0.532 | 0.554

0.580

0.610

0.0200

0.485

0.501

0.519

0.540 | 0.565

0.595




Table B.30: Stress Block Parameter « for €. > ¢ ; Cont.

€ ; = 0.005 and K = 0.30

Z

90

100

0.0050

0.410

0.410

150
0.410

200 ( 250 | 300 | 350 | 400
0.410 | 0.410 | 0.410 | 0.410 | 0.410

0.0060

0.423

0.423

0.425

0.427 | 0.429 | 0.431 | 0.433 | 0.435

0.0070

0.438

0.439

0.445

0.452 | 0.459 | 0.466 | 0.473 | 0.481

0.0080

0.454

0.456

0.468

0.482 | 0.496 | 0.511 | 0.528

-| 0.0090

0.470

0.474

0.494

0.516 | 0.542

0.0100

0.486

0.491

0.521

0.556

0.0110

0.503

0.510

0.552

0.0120

0.520

0.529

0.0130

0.538

0.550

0.0140

0.557

0.573

0.0150

0.578

0.598

0.0160

0.601

0.0170

0.0180

0.0190

0.0200
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0.0060

‘Table B.31: Stress Block Parameter 4 for e, > ¢ ;

€3 =0.006 and K’ =0.40

S

0.418

0.418

Z
40|50

GOITU

S0

0.418

0.418

0.418

0.418 |

0.0670

0.426

0.426

0.426

0.427

0.427

0.427

0.0080

0.43¢4

0.435

0.436

0.437

0.438

0.440

0.0090

0.442

0.444

0.446

0.448

0.451

0.453

-| 0.0100

0.450

0.453

0.456

0.460

0.463

0.466

0.0110

0.458

0.462

0.466

0.471

0.475

0.480

0.0120

0.465

0.470

0.476

0.482

0.488

0.494

0.0130

0.459

0.471

0.478

0.485

0.492

0.500

0.508

0.0140

0.463

0.478

0.436

0.494

0.503

0.513

0.523

0.0150

0.466

0.4584

0.493

0.503

0.514

0.526

0.539

0.0160

0.470

0.490

0.501

0.513

0.526

0.540

0.556

0.0170

0.473

0.495

0.508

0.522

0.538

0.555

0.574

0.0180

0.476

0.501

0.515

0.332

0.550

0.570

0.593

0.0190

0.478

0.506

0.523

0.541

0.563

0.587

0.0200

0.481

0.512

0.530

124

0.552

0.576

0.605




Table B_32: Stress Block Parameter v for ¢. > ¢, Cont.

¢ ; =0.006 and A =0.40

]

Z

90 100 | 150 | 200 | 250 | 300 | 350 | 400 |
0.0060 | 0.418 | 0.418 | 0.418 | 0.418| 0.418 | 0.418 | 0.418 | 0.418

0.0070 | 0.428 | 0.428 | 0.430 | 0.431 | 0.433 | 0.435 | 0.437 | 0.439

0.0080 | 0.441 | 0.442 | 0.447 | 0.453 | 0.459 | 0.466 | 0.472 | 0.479

.| 0-0090 | 0.455 | 0.457 | 0.46S | 0.430 | 0.493 | 0.507 | 0.521

0.0100 | 0.470 | 0.473 | 0.491 | 0.512 | 0.535

0.0110 | 0.485 | 0.490 | 0.517 | 0.549

0.0120 | 0.500 | 0.507 | 0.546

0.0130 | 0.517 | 0.526

0.0140 | 0.534 | 0.546

0.0150 | 0.553 | 0.568

0.0160 | 0.573 | 0.592

0.0170 | 0.595

0.0180

0.0190

0.0200
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0.3070

Table B.33: Stress Block Parameter v for . > ¢,

¢, =0.007 and A" = 0.50

Z

10
0.424

30

0.424

0.424

0.424

40|50[60

0.424

0.424

0.424

0.424

0.0080

0.430

0.430

0.431

0.431

0.431

0.431

0.432

0.432

['0.0090

0.436

0.437

0.438

0.439

0.440

0.440

0.441

0.442

0.0100

0.441

0.443

0.445

0.447

0.443

0.450

0.452

0.454

0.0110

0.446

0.449

0.452

0.455

0.453

0.461

0.464

0.467

0.0120

0.451

0.455

0.459

0.4G3

0.467

0.471

0.475

0.480

0.0130

0.455

0.460

0.465

0.470

0.476

0.4381

0.487

0.493

0.0140

0.459

0.465

0471

0.478

0.434

0.492

0.499

0.507

0.0150

0.463

0.470

0.477

0.485

0.493

0.502

0.511

0.521

0.0160

0.466

0.474

0.483

0.492

0.502

0.513

0.524

0.536

0.0170

0.469

0.479

0.489

0.500

0.311

0.524

0.538

0.552

0.0180

0.472

0.483

0.494

0.507

0.520

0.535

0.552

0.570

0.0190

0.475

0.487

0.500

0.514

0.530

0.547

0.567

0.589

0.0200

0.478

0.491

0.505

0.521
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0.539 | 0.560

0.583
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Table B.34 : Stress Block Parameter « for €. > ¢ ; Cont.

€, =0.007 and K = 0.50
€
90 | 100 | 150 | 200 | 250 | 300 | 350 | 400
0.0070 [ 0.424 | 0.424 [ 0.424 | 0.424 | 0.424 | 0.424 | 0.424 | 0.424
0.0080 | 0.432 | 0.433 | 0.434 | 0.436 | 0.437 | 0.439 | 0.440 | 0.442
0.0090 | 0.444 | 0.445 | 0.450 | 0.455 | 0.460 | 0.466 | 0.472 | 0.478
1 0.0100 | 0.456 | 0.458 | 0.469 | 0.479 | 0.491 | 0.503 | 0.516
0.0110 | 0.470 | 0.473 | 0.490 | 0.509 [ 0.529
0.0120 | 0.484 | 0.489 | 0.514 | 0.543
0.0130 | 0.499 | 0.505 | 0.541
0.0140 | 0.515 | 0.523
0.0150 [ 0.531 | 0.542
0.0160 | 0.549 | 0.563
0.0170 | 0.569
0.0180 | 0.590
0.0190
| 0.0200 I I I R B




Table B.35 : Stress Block Parameter 5 for €, > ¢,

€1 =0.008 and K =0.60
Z

€e

__1 10 | 20 | 30 | 40 [ 50 [ 60 [ 70 | s0
0.00S0 | 0.430 | 0.430 | 0.430 | 0.430 | 0.430 | 0.430 | 0.430 | 0.430
0.0090 | 0.434 | 0.435 | 0.435 | 0.435 | 0.435 | 0.436 | 0.436 | 0.436
0.0100 | 0.439 | 0.440 [ 0.441 | 0.442 | 0.443 | 0.444 | 0.425 | 0.445
- 0.0110 | 0.444 | 0.445 | 0.447 | 0.449 | 0.451 | 0.452 | 0.454 | 0.456
0.0120 | 0.448 | 0.451 | 0.453 [ 0.456 | 0.459 | 0.462 | 0.465 | 0.467
0.0130 | 0.452 | 0.456 | 0.460 | 0.463 | 0.467 | 0.471 | 0.475 | 0.450
0.0140 | 0.456 | 0.461 | 0.466 | 0.471 | 0.476 | 0.481 | 0.457 | 0.402
0.0150 | 0.460 | 0.466 | 0.472 | 0.478 | 0.484 | 0.491 | 0.498 | 0.505
0.0160 | 0.463 | 0.470 | 0.477 | 0.485 | 0.493 | 0.501 | 0.510 | 0.519
0.0170 | 0.466 | 0.474 | 0.433 | 0.492 | 0.501 | 0.512 | 0.522 | 0.534
0.0180 | 0.469 | 0:479 | 0.458 [ 0.499 | 0.510 | 0.522 | 0.535 | 0.550
0.0190 | 0.472 | 0.483 [ 0.494 | 0.506 | 0.519 | 0.534 | 0.549 | 0.566
0.0200 | 0.475 | 0.487 [ 0.499 | 0.513 | 0.528 | 0.545 | 0.564 | 0.534

e ———————————————————————————k A e e—
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Table B.36: Stress Block Parameter v for €. > ¢ ; Cont.

B €1 = 0.008 and K = 0.60

A

| 90 | 100 | 150 | 200 | 250 | 300 | 350 | 400
[0.0080 [ 0.430 | 0.430 [ 0.430 | 0.430 | 0.430 | 0.430 | 0.430 | 0.430
0.0090 | 0.437 | 0.437 | 0.438 | 0.440 | 0.441 | 0.442 | 0.444 | 0.445
[ 0.0100 | 0.446 | 0.447 | 0.452 | 0.457 | 0.462 | 0.467 | 0.472 | 0477
" 0.0110 [ 0.458 | 0.460 | 0.469 | 0.479 | 0.490 | 0.501 | 0.513
0.0120 | 0.470 | 0.473 | 0.489 | 0.506 | 0.525

0.0130 | 0.45¢ | 0.488 | 0.512 | 0.539

0.0140 | 0.498 | 0.504 | 0.538

0.0150 | 0.513 | 0.521

0.0160 | 0.529 | 0.539

0.0170 | 0.546 | 0.559

0.0180 [ 0.565 | 0.582

0.0190 | 0.585

0.0200 !




Table B.37 : Stress Block Parameter v for ¢ > €,

¢ 1 =0.009 and K = 0.70
Z

10

0.0090

0.435

30
0.435

40

50

0.435

0.435

60
0.435

70
0.435

30
0.435

0.0100

0.438

0.439

0.439

0.439

0.440

0.440

0.440

0.0110

0.442

0.444

0.445

0.446

0.446

0.447

0.448

0.0120

0.446

0.450

0.451

0.453

0.454

0.456

0.458

0.0130

0.450

0.455

0.458

0.460

0.463

0.466

0.468

0.0140

0.454

0.461

0.465

0.468

0.472

0.476

0.430

0.0150

0.457

0.467

0.471

0.476

0.4381

0.486

0.492

0.0160

0.461

0.472

0.478

0.484

0.491

0.498

0.504

0.0170

0.464

0.478

0.485

0.493

0.301

0.509

0.518

0.0180

0.467

0.483

0.492

0.501

0.511

0.521

0.532

0.0190

0.470

0.488

0.499

0.509

0.521

0.534

0.547

0.0200

0.472

0.494

0.505
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0.518

0.532

0.547

0.563




Table B.38: Stress Block Parameter « for €. > ¢ ; Cont.

€, =10.009 and I =0.70
€ zZ

90 l 100 | 150 | 200 | 250 | 300 | 350 | 400
0.0090 | 0.435 | 0.435 | 0.435 | 0.435 | 0.435 | 0.435 | 0.435 | 0.435
0.0100 | 0.440 | 0.441 | 0.442 | 0.443 | 0.444 | 0.446 | 0.447 | 0.448
0.0110 | 0.449 | 0.450 | 0.454 | 0.459 | 0.463 | 0.468 | 0.472 | 0.477T
0.0120 | 0.460 | 0.461 | 0.470 | 0.479 | 0.489 | 0.499 | 0.510
0.0130 | 0.471 | 0.474 | 0.489 | 0.305 | 0.322
0.0140 | 0.484 | 0.488 | 0.510 { 0.335
0.0150 | 0.497 | 0.5303 | 0.534
0.0160 | 0.512 | 0.519
0.0170 | 0.527 | 0.537
0.0180 | 0.544 | 0.556
0.0190 | 0.562 | 0.5377
0.0200 | 0.581
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€

Table B.39: Stress Block Parameter vyiore > ¢,

€1=00100 and & = 0.50

Z

10

20

30

[0.0100 | 0.439

0.439

0.439

40
0.439

30

0.439

60

0.439

70
0.439

30

0.439

0.0110

0.442

0.442

0.442

0.443

0.443

0.443

0.443

0.444

-1 0.0120

0.445

0.446

0.447

0.448

0.448

0.449

0.450

0.451

0.0130

0.449

0.450

0.452

0.433

0.455

0.456

0.458

0.460

0.0140

0.452

0.455

0.457

0.459

0.462

0.464

0.467

0.470

0.0150

0.456

0.439

0.462

0.466

0.469

0.473

0.476

0.480

0.0160

0.459

0.463

0.468

0.472

0.477

0.482

0.487

0.492

0.0170

0.462

0.467

0.473

0.479

0.485

0.491

0.497

0.504

0.0180

0.465

0.471

0.478

0.452

0.492

0.500

0.508

0.517

0.0190

0.468

0.475

0.483

0.492

0.501

0.310

0.520

0.330

0.0200

0.470

0.479

0.488

0.498

0.509

0.520

0.532

0.545




Table B.40: Stress Block Parameter 4 for ¢, > € ;, Cont.

€ 1 = 0.0100 and K = 0.80

€ Z

i 90 | 100 | 150 | 200 | 250 | 300 | 350 | 400
[0.0100 [ 0.439 | 0.439 | 0.439 | 0.439 | 0.439 | 0.439 | 0.439 | 0.439

0.0110 | 0.444 | 0.444 | 0.445 | 0.446 | 0.447 | 0.449 | 0.450 | 0.451

0.0120 | 0.452 | 0.452 | 0.456 | 0.460 | 0.465 | 0.469 | 0.473 | 0.478

0.0130 | 0.461 | 0.463 | 0.471 | 0.480 | 0.489 | 0.498 | 0.508

0.0140 | 0.472 | 0.475 { 0.489 | 0.503 | 0.519

0.0150 | 0.484 | 0.488 | 0.509 | 0.532

0.0160 | 0.497 | 0.502 | 0.532

0.0170 | 0.511 | 0.518

0.0180 | 0.525 | 0.535

0.0190 | 0.541 | 0.553

0.0200 | 0.559 | 0.5T.
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APPENDIX C

Moment-Curvature

Relationships for Constant
Axial Load
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