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ABSTRACT

High strength concrete is a new construction material with enormous potential.
Structures using high strength concrete are Lecoming more and more popular. However,
the application of high strength concrete to structures, especially in seismic regions, is
questioned as the ductility of the material is poor under unconfined conditions. The ductile
performance of reinforced concrete columns can be improved if provided with sufficient
trarsverse reinforcement.

The mechanical properties of three high strength concretes containing silica fume
are investigated. The test results are used to modify and calibrate a fracture energy-based
non-associated plasticity model for high strength concrete. The model is verified by
analyzing four tied high-strength concrete columns tested by Ibrahim and MacGregor at
University of Alberta. The finite element analysis has successfully captured the load-
deformation response, along with important information such as the strain softening and
spalling of the cover, the development of a triaxial stress state of concrete in the column
core, and the yielding of ties.

A parametric study oi" tied high strength concrete columns subjected to eccentric
loading is conducted. Twemy-one specimens forming nine series are analyzed. The
parameters involved in the analysis are the configuration, size and yield strength of ties,
concrete strength, depth of cover, and amount of longitudinal reinforcement. The behavior
of these specimens in both pre-peak and post-peak regimes is discussed.

Results of the parametric study are used to examine the performance of ACI Code
sections related to tied concrete members. It is found that the ACI Code seismic design
requirement of minimum transverse reinforcement is sufficient and necessary for tied high
strength concrete columns. On the other hand, the ACI Code rectangular stress block
over-estimates the moment capacity of high strength concrete columns. Modifications of
related parameters in the ACI Code are suggested.
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CHAPTER TWO

a,,..a, = constants in a suggested constitutive model;

b = width of notched beam;

d = height of notched beam;

D = diameter of cylinder specimen;
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S = split cylinder strength;
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compression).



CHAPTER THREE

A,. B,, C, = hardening ductility parameters,

A, B, = softening parameters for fracture energy expression;,

¢y = cohesion parameter at peak;

c, = cohesion parameter at residual,

¢, = cohesion parameter during softening;

D EF = parameters for dilation function m;

1_;' = linear elastic operator,

F() = failure criterion or loading surface in terms of arguments inside
parentheses;
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f = uniaxial tensile strength,;
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h, = equivalent crack spacing;
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J=<1,4J,.J,> = stress invariant vector,



k = hardening parameter,

k, = initial hardening parameter,;
20 . . o
1 =—— = normal vector to plastic potential surface () in principal stress space;,
oo
m, = frictional parameter at peak;
g = frictional function for non-associated flow;
m, = frictional parameter at residual;
m, = frictional parameter during strain-softening,;
Qr) = plastic potential in terms of arguments inside parentheses;

R; =.J2J, = the deviatoric length;

R, =1, /3 = the hydrostatic length,
u, = crack-opening displacement;
4u, = increment of crack-opening displacement;
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r

X, = ductility measure which defines accumulated plastic strain at peak;
A £ = tensor of total strain increment;

A €e = tensor of elastic strain increment;

Ef = equivalent tensile fracture strain,

4e, = vector of principal tensile fracture strain increment,



c
a‘_‘— ) o

g,

6

c,, O.

= |ength of plastic strain trajectory;

= tensor of plastic strain increment;

= vector of principal plastic strain increment,

= plastic multiplier for finite increment;

= stress tensor,

= i=1, major principal stress; i=2, intermediate principal stress;

i=3, minor principal stress;
= vector of principal stress;
= stress deviators;
= degradation of tensile strength;

= angle of similarity;

= McCauley brackets which extract the positive components inside the

brackets.



CHAPTER FOUR
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= hardening ductility parameters,

= softening parameters for fracture energy expression,
= modulus of elasticity;

= uniaxial compressive strength;

= uniaxial tensile strength;

= yield strength of longitudinal reinforcement;

= yield strength of transverse reinforcement;

= fracture energy release in direct tension;
= primary axial load;

= secondary load applied eccentrically;

= the ratio of distance from the compression face to the height of cross-
section;

= solution correction during iterations; |
= incremental solution;

= strain on compression face;

= strain on tension face;

= tolerance for the displacement control.



CHAPTER FIVE

A,, B,, C, = hardening ductility parameters,

A, B = softening parameters for fracture energy expression,

Ay = cross-sectional area of a structural member measured out-to-out of
transverse reinforcement;

A, = gross cross-sectional area;

Ay = total cross-sectional area of rectangular hoop reinforcement,

E = modulus of elasticity;

/. = uniaxial compressive strength,

A = uniaxial tensile strength;

Jon = specified yield strength of transverse reinforcement,

G} = fracture energy release in direct tension;

h, = cross-sectional dimension of column core measured center-to-center of
confining reinforcement;

M = moment about center line;

Z M, = the sum of moments, at the center of the joint, corresponding to the
design flexural strength of the columns framing into that joint;

2 M, = the sum of moments, at the center of the joint, corresponding to the
design flexural strength of the girders framing into that joint;

P = total axial load;

s = spacing of ties;



Py = longitudinal reinforcement ratio;

P, = equivalent transverse reinforcement ratio.

CHAPTER SIX

C = resultant force, equivalent to the axial load 7,

b = width of cross-section;

d = depth of cross-section;

h = height of compression zone;

K, = ratio of the average compressive stress to the maximum compressive
stress;

K, = ratio of distance between the extreme fiber and the resultant of

compressive stress to distance between the extreme fiber and the neutral

axis;
K; = ratio of the maximum compressive stress to the cylinder strength;
M = moment about center line;
M, = peak moment;
M, = the moment equal to M,/2;

M, = the moment associated with P,



M, = predicted moment capacity based on ACI Code 318-89;
M = predicted moment capacity based on proposed K, value,
r = total axial load,;

P, = the axial force associated with M,

P, = the axial force associated with M,

P; = peak axial force;

P = the axial force associated with 7,

P = the axial force associated with M, ;

w, = energy absorbed (moment part);

W, = energy absorbed (axial load part);

W, = total energy absorbed,

&, = strain on compression face;

&, = limiting strain for design.



CHAPTER ONE

INTRODUCTION

1.1 Background to the Problem

High strength concrete is generally defined as concrete with compressive strength
in the range of 60 to 100 MPa. Concrete with compressive strength greater than 100 MPa
is called ultra-high strength concrete. Besides its high compressive strength, many
previous experiments have shown that the material has a higher modulus of elasticity, a
non-ductile mode of failure, and a larger strain at maximum stress than normal strength

concrete.

High strength concrete has been attractive to structural engineers. Use of the
material to construct the columns in tall structures is extremely advantageous as
substantial savings in material quantities can be made. In addition, more free floor space is
achieved due to reduction of column cross-sections. However, the application of high
strength concrete to structures, especially in seismic z¢es, is questioned since the material
has very poor ductility when unconfined. The post-peak behavior under confined

conditions is also largely unknown.

Recently, several investigations have been conducted on the performance of tied
high strength concrete columns. Experiments of concentrically loaded high strength
concrete columns by Cusson et al. (1994), Bjerkeli et al. (1990) and Yong et al. (1988)
found that the ductility performance of columns can be improved with increasing lateral
confinement by transverse reinforcement. The work was extended to experiments of
eccentrically loaded high strength and ultra-high strength concrete columns by Ibrahim and
MacGregor (1994). It was concluded by Ibrahim and MacGregor that while it seems to
have no effect on the maximum capacity of the section prior to spalling of the concrete
cover, the lateral confinement of cross-section has a significant effect on the ductility
behavior and the failure mechanism of concrete columns. It was suggested by Ibrahim and
MacGregor that the parameters defining the rectangular stress block in current ACI Code,
which is mainly based on experiments and engineering practice for low and medium



strength concretes, are not conservative for the design of rectangular or triangular high
strength and ultra-high strength concrete sections.

A stress analysis of tied high strength concrete columns is very helpful in order to
reach a complete understanding of the failure mechanism, the stress distribution pattern in
the columns, and the role of transverse reinforcement. This understanding can be achieved
through a finite element analysis of the problem with a verified and reliable model. Finite
element analysis also provides a practical and alternative approach for the parametric

study of tied concrete columns.

1.2 Literature Review
1.2.1 Experimental Research

Experimental investigation of tied reinforced concrete columns has been a hot
research topic in the last two decades after a hiatus of nearly 40 years. Researches on the
performance of spiral columns with low, medium and high strength concrete were
conducted by Ahmad and Shah (1982), and Martinez et al. (1984). There have been
several experimental investigations of low and medium strength concrete columns with
rectilinear transverse reinforcement (Sargin et al. (1971), Mander et al. (1988) and Sheikh

et al. (1990)).

Experiments on tied high strength concrete columns have been conducted by a
number of researchers in recent years. Muguruma et al. (1983) tested four unconfined
concrete columns and 14 tied columns under concentric loading. The concrete strength
ranged from 34.9 to 89.2 MPa. The cross-sectional dimension was 147.4 x 147.4 mm.

Yong et al. (1988) tested 24 tied concrete columns ( fc'=83.6 to 93.5 MPa) under
concentric loading. The columns had a 152mm x 152mm cross-section and a height of
450mm. Cusson et al. (1994) tested 27 columns ( fc'=52.6 to 113.6 MPa) under concentric

loading. The columns had the cross-sectional dimension of 235mm x 235mm and height of
900mm. Ibrahim and MacGregor (1994) tested 15 rectangular cross-section columns and

six triangular cross-section columns ( fc'=59.3 to 130.6 MPa) under combined axial load



and moment. Details of the experimental program by Ibrahim and MacGregor (1994) will
be reviewed in Chapter 4.

Due to the nature of this study, only a few of the findings and conclusions by Yong
et al. (1988), Cusson et al. (1994) and Ibrahim and MacGregor (1994) are reviewed here.

Yong et al. (1988) found that instead of collapsing in a very brittle fashion, the
confined concrete columns failed in a more ductile and gradual way. The peak stress and
strain and especially the ductility for concentrically loaded columns increased with the
volumetric ratio of the lateral steel, but not proportionally. Depth of cover had no effect
on the peak stress and strain. Increasing the number of longitudinal bars and distributing
them around the core perimeter increased the effectiveness of the confinement of the

concrete core.

Cusson et al. (1994) observed that, despite the lower confinement efficiency of
high strength concrete compared to lower strength concrete, a large strength gain and
ductile behavior of confined high strength concrete columns were obtained when adequate
detailing of longitudinal and transverse reinforcement was used. It was conc....ed that an
increase of the tie yield strength would result in an enhancement of the strength and
toughness gains only for well-confined specimens with a large ratio of lateral
reinforcement. It was found that the behavior of high strength concrete columns was
characterized by the sudden separation of the concrete cover at the weakness planes
created by a dense steel cage. This early spalling of concrete cover resulted in a loss of
axial capacity before any lateral confinement came into effect.

Ibrahim and MacGregor (1994) made a number of conclusions based on their
test program:

(1) The reinforced concrete specimens had different behavior depending on the amount
of lateral reinforcement. The spacing of the ties and the volumetric ratio of the
confining steel were the main factors affecting the behavior of the columns.
Rectangular specimens with very light confinement reinforcement failed when the
concrete cover spalled off with buckling of the lougitudinal bars near the
compression face. The columns showed brittle behavior. Other specimens with more
confinement stee! hiad short and steep descending branches, however their failure



was not as explosive as the tests of plain concrete specimens. Only the highly
confined specimens showed a ductile post-peak behavior.

(2) The flexural stress-strain curves of the reinforced rectanguiar specimens prior to
spalling of the concrete cover were similar to the stress-strain curves of the plain
concrete specimen with similar concrete strength.

(3) The assumption of linear strain distribution in the compression zone was found to be
true even for strain values that are very close to failure.

(4) Design code recommendations for maximum tie spacing in non-seismic regions were
found to be too liberal for high strength and ultra-high strength concrete sections.
An eccentrically loaded column designed with the maximum tie spacing may have a
sudden and brittle failure at the spalling of the concrete cover.

(5) The parameters defining the ACI rectangular stress block are not conservative for
the design of rectangular or triangular high strength and ultra-high strength concrete

sections.

1.2.2 Finite Element Analysis

A successful finite element analysis of concrete structures requires a workable and
reliable material model. Previous research on constitutive relations necessary to construct
such a model will be reviewed in Chapter 3. The application of the finite element method
to tied concrete columns is still in a very initial stage. There have been only a few
published studies in this field, all limited to concentrically loaded columns.

Chen and Mau (1989) simulated the behavior of spirally reinforced circular
concrete columns under axial compression tested by Ahmad and Shah (1982). Six
specimens (75mm in diameter and 150mm in height) with different amounts of hoops were
analyzed. The concrete strength was between 26.2 MPa and 37.92 MPa. The model used
was a plastic-fracturing formulation originally developed by Bazant and Kim (1979). Chen
and Mau recalibrated the model based on the then published axial and multi-axial test
results. Comparisons of the simulated results with those from reported tests indicated



good agreement, with the exception that the model seemed to be too stiff for unconfined
specimens. The stress distribution patterns over the cross-section were presented at the tie
level and mid-section. It was found that the variation of axial stresses was particularly
severe near the outside surface at the tie level. Only in a region away from the surface of
the column, a nearly uniform stress state is achieved.

Abdel-Halim et al. (1989) conducted an analytical study for concrete confinement
in tied columns loaded concentrically. Some of the specimens were tested by Scott et al.
(1982). The specimens were 1200mm tall and 450mm x 450mm in cross-sectional
dimension. The compressive strength of concrete was 25 MPa. Four different tic
configurations were studied. The model used was originally established by Cedolin et al.
(1977) who idealized the behavior of the concrete material by an isotropic nonlinear-
elastic model and established approximate expressions for the secant bulk modulus and
secant modulus. Due to lack of the test results of tensile strain-softening then, it was
assumed improperly that the descending stress-strain curve in tension is a straight linc with
the rupture strain equal to twice the strain at the peak stress. The concrete in the core and
cover was modeled with three-dimensional solid (eight-node brick) element. Both the
transverse reinforcement and the longitudinal reinforcement were represented with truss
elements. It was claimed that the finite element approach favorably predicted the results
obtained experimentally. It was concluded that both the strength and ductility of tied
columns increased as the volumetric ratio of the lateral ties increased. The relationship
between gain in strength of the confined concrete and the volumetric ratio of the lateral
steel was found to be approximately linear.

1.3 Objectives

The objective of this study is to investigate the performance of tied high strength
concrete columns under eccentric loading. The work is divided into the following six
stages:

(1) To carry out a constitutive test program for high strength concrete in order to define
the behavior under confined triaxial stress conditions.

(2) To develop a reliable finite element model for high strength concrete structures.



(3) To verify the finite element model against the observed behavior of the tied high
strength concrete columns tested by Ibrahim and MacGregor (1994).

(4) To study the failure mechanism of tied high strength concrete columns.

(5) To conduct a parametric study of tied high strength concrete columns under
eccentric loading in order to define the effects of tie spacing, volumetric ratio of
transverse reinforcement and other factors on both the pre-peak and post-peak

behavior.

(6) To examine the performance of the current design code sections related to tied high

strength concrete columns.

1.4 Organization of the Thesis

The literature review on tied high strength concrete columns is presented in
Chapter 1. The literature reviews of constitutive properties and finite element models are
included in Chapter 2 and Chapter 3 respectively.

Chapter 2 gives a description of the constitutive test program of high strength
concrete, along with a discussion of the test results. Chapter 3 starts with a review of the
finite element model proposed by Pramono and Willam (1989). It also includes the
modification and calibration of the model based on the constitutive test. Chapter 4
presents the finite element analysis of tied high strength concrete columns tested by
Ibrahim and MacGregor (1994). Chapter 5 presents the parametric study of tied high
strength concrete columns. Examination of the current design code is made in Chapter 6
based on the results of the parametric study. Finally, in Chapter 7, the work accomplished
is summarized. Some conclusions and recommendations for future work are made.



CHAPTER TWO

MECHANICAL PROPERTIES OF HIGH STRENGTH CONCRETE
CONTAINING SILICA FUME

2.1 Introduction

High strength concrete is a new structural material on which a full-fledged
investigation of mechanical properties is necessary. A knowledge of high strength concrete
behavior in triaxial compression is needed to allow examination of the design rules of tied
and spiral columns and other confined structures incorporating this material. In addition,
experimental results of high strength concrete under tension and uniaxial and triaxial
compression form an essential part in establishing a finite element constitutive model.

High strength concrete, according to the recent CEB/FIP report (1991), is defined
as: "All concrete with a compressive cylinder strength above the present existing limits in
national codes, i.e. about 60 MPa, and up to 130 MPa, the practical upper limit for
concretes with ordinary aggregates."

2.2 Previous Research

The mechanical properties of concrete include its behavior in tension, uniaxial and
triaxial compression. An extensive research was conducted by Slate et al. (1987) who
examined the splitting cylinder strength and compressive stress-strain behavior for
concrete with compressive strength of 59 MPa. The test series for uniaxial compression
involved the cylinder specimens with two different sizes: 6in. x 12in. (152mm x 305mm,
Diameter x Height) and 4in. x 8in. (102mm x 203mm). Among other researchers was
Swamy (1986) who studied the elasticity properties and compressive stress-strain behavior
for concrete with silica fume with compressive strength of 80 to 89 MPa. Swamy's tests
were n 100mm cubes and 100mm x 100-500mm prisms.

In the past decade, extensive attention was focused on the strain-softening
behavior of concrete in both tension and compression. There are two alternative



approaches to determine the tensile fracture energy of concrete: the direct tension test
(Reinhart, 1984, Gopalaratnam, et al., 1984, and Willam, et al.,, 1985) and the notched
beam test (Hillerborg, 1985C, and Peterson, 1980). These contributions, however, were
mainly on low and medium strength concrete. To the best of the author's knowledge, there
is no published experimental investigation on the tensile strain-softening behavior of high

strength concrete.

Previous work on triaxial compression includes the classical test series by Richart,
Brandtzaeg, and Brown (1928) with 64 tests on 4in. x 8in. (100mm x 200mm) cylinders,

the test series of low strength concrete (f, = 32 MPa) by Palaniswamy and Shah (1974)
with 25 tests on 3in. x 9in. (76mm x 230mm) cylinders, the test series of low strength
concrete (f, = 22.1 MPa) by Willam, Hurlbut and Sture (1985) with five tests on
2.125in. x 4.25in. (54mm x 108mm) cylinders, the test series of low, medium and high
strength concrete (f, = 25, 60 and 80 MPa) by Jensen et al. (1990) and Bjerkeli et al.
(1990), and the test series of concentrically loaded spirally-reinforced high strength
concrete columns by Morales et al. (1982).

Many researchers dealt with their triaxial test results using a linear regression

equation: o, = f, +ko, , in which o is the triaxial strength, o, is the confining pressure,

£, is the unconfined compressive strength, and & is the confinement factor. It has been

well recognized that the confinement factor is close to 4.0 for low and medium strength
concrete. Results reported by Bjerkeli et al. (1990), however, show that this factor
reduces to about 3.0 for normal density concrete with a compressive cylinder strength
above 80 MPa, and to about 1.5 for lightweight aggregate concrete. Recent research work
by Martinez et al. (1984), Ahmad and Shah (1982), Dal Busco (1988) and Bjerkeli et al.
(1990) has shown that lateral confining pressure caused by spiral or hoop ties has less
effect in increasing the ultimate concrete stress and strain in cores of high strength

concrete compared to lower strength concrete.

2.3 Scope

This chapter presents an experimental investigation of the mechanical properties of
high strength concrete. In this investigation, three high strength concretes containing silica
fume were cast and tested. The concretes were designed to have compressive cylinder



strengths of 60, 90 and 120 MPa. The tests carried out included the compressive cylinder,
split cylinder, notched-beam and triaxial compression tests. The objective was to
determine the compressive cylinder strength, split cylinder tensile strength, tensile fracture
energy and maximum and residual triaxial compressive strengths.

Based on the test results, some observations were made on the concrete behavior
in uniaxial compression, tension and triaxial compression. The relationship between the
confinement and the maximum and residual strengths of concrete in triaxial compression
was studied. The test results have been used to modify a finite element constitutive model
for high strength concrete.

2.4 Design of Concrete Mixes

Three batches of high strength concrete were cast with the target compressive
cylinder strengths of 60, 90, and 120 MPa (8700, 13050 and 17400 psi) after 28 days of
curing. The mix designs for these three batches (labeled type A, B, and C) are listed in
Table 2.1. The materials used made a 0.085 m3 (3 cu. ft.) batch of fresh concrete for each

type.

The concrete contained gravel aggregate with a maximum size of 14 mm (0.55in.).
The petrographic analysis of the coarse aggregate indicated that the fraction retained on a
2.5 mm sieve is primarily composed of orthoquartzite (62.3%), quartzite (14.0%) and
hard sandstone (10.5%). The results of the petrographic analysis of the fine aggregate
indicated that it was composed primarily of hard quartz rock types such as orthoquartzite
(18.9%), quartzite (54.9%), hard sandstone (4.3%) and chert (4.9%). The fineness
modulus for the fine aggregate was 2.55.

The cement was type 1. The water/cement ratios were in the range of 0.22 to 0.32.
To achieve this low w/c ratio and maintain adequate workability, it was necessary to use a
lignin sulphonate superplasticizer (produced by ConChem) as a water reducing admixture.
In addition, silica fume was used in all three types of concrete. The amount of silica fume
used increased as the target compressive strength increased.



2.5 Behavior in Uniaxial Compression

The specimens for the uniaxial compressive cylinder tests were nominally 100 mm
in diameter and 200 mm in height cast in reusable plastic molds. Three specimens were
tested for each type of concrete. The tests were conducted in a 2700 kN (600 Kip) MTS
rock testing machine. The machine had an axial stiffness of 2440 kN/mm. The tests were
carried out under modified stroke control in which the controlling function was

P ~P/20S
troke =——+0.3174(1 ~e™""~ mm 2.1
stroke 7000 ( ) (mm) 2.1)

where P(kN) is the load acting on the specimen and e is the base of natural logarithms.
This was done to make it possible to follow the descending branch of the stress-strain
curve. The ends of the cylinders were ground to a flat surface using a lathe and a
carborundum tool. No additional sulphur cap was added.

The geometry of specimens and test results are listed in Table 2.2. The stress-strain
curves for concrete are presented in Fig. 2.1 to Fig. 2.3 for concrete types A, B, and C
respectively. The strains were determined for the overall change of length of the specimen.

It can be seen that the strengths and the stress-strain curves for the three samples
of each type of concrete were very consistent. The descending part of the stress-strain
curve becomes steeper as the concrete strength increases. This suggests that high strength
concrete could be penalized by its poor ductility. It can also be noted that when the
compressive strength increases, the stress-strain response in the descending part becomes
more dynamic. This could be due to the difference of the failure mode of each type of
concrete. For type A concrete, since the rigidity of concrete is considerably less than the
radial rigidity of the loading platens, the platens provide a considerable lateral restraint to
the ends of a specimen. A cone was formed at the ends of the specimen at collapse as
shown in Fig. 2.4. For types B and C concrete, the cone was only partially formed due to
less confinement on its ends. Vertical cracks extended to the ends of the specimens of type
B and C concrete and eventually became major cracks which resulted in major splitting of
these specimens into longitudinal pieces up to the ends at and after peak loading (as shown
in Fig. 2.5 for type C concrete). The jagged descending branches of the stress-strain
curves in Figs.2.2 and 2.3 resulted from this major splitting. The load dropped upon the
formation of splitting, then built up again until more splitting occurred or parts of the
cylinder crushed.
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2.6 Behavior in Tension

There are two important parameters for concrete in tension: the tensile strength
and the fracture energy which reflects how concrete behaves in strain softening. In this
study, the tensile strength was measured using split cylinder tests and the fracture energy
was determined using notched beam tests.

2.6.1 Tensile Strength

In this part of the investigation, three samples of each type of concrete were tested
using the split cylinder method in accordance with ASTM C330. The specimens had a
diameter D = 153 mm and a length L = 300 mm and were made in reusable plastic molds.
The split cylinder tests were conducted on a Tate-Emery testing machine. The actual
geometry and the test results for the three types of concrete are listed in Table 2.3.

The split cylinder tensile strength, f,, , was calculated by:

2P

T @ LD @2

Jer

in which P is the maximum splitting load recorded by the machine.

Table 2.3 shows that the split cylinder tensile strength increases as the uniaxial
compressive strength of the concrete increases. As expected, the increase is not directly
proportional to the cylinder compressive strength.

For normal weight concrete, Carrasquillo et al. (1981) recommended the following
relationship between the split cylinder strength and the cylinder uniaxial compressive

strength:

S =0.54f] (2.3)

In this investigation, the constant had higher values, in the range of 0.63 to 0.68.
However, the number of samples for both types of tests is not sufficient to draw a general

conclusion.
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2.6.2 Strain Softening in Tension

There are two alternative test approaches to quantify the strain softening of
concrete in tension, the direct tension test and flexural tests on notched beams. Both types
of tests must be conducted under stroke control in order to capture the descending part of
the load-deflection curve. Both types of tests can be used to determine the fracture energy,
an important mechanical property for concrete in tensile strain softening (Hillerborg,

1985B).

In this study, three notched beams for each type of concrete were tested to
determine the tensile fracture energy. The load was applied through a steel platen which
moved at a constant rate until the beam broke into two parts. The movement of the steel
platen was recorded as the load-point-displacement. A load cell attached to the steel
platen was used to measure the magnitude of the force applied. The test specimen and
procedure were in accordance with RILEM Draft Recommendation 50-FMC (1985).

The test results of load vs load-point-displacement are presented in Fig. 2.6 to Fig.
2.8 for concrete types A, B, and C respectively. The dimensions and test results are given

in Table 2.4.

The tensile fracture energy, according to Peterson (1980), was calculated by:

Smax O max
jﬂ P(8)d8 +mg ==

(d-h)b

(2.4)

- _
(’cr -

in which & is the load point displacement, &,,,, is the rupture load point displacement,
P(J) is the load applied, mg is the self-weight of the notched beam, d and b are the height
and the width of the cross-section, and /4 is the height of the notch.

It should be mentioned that an error was made in sawing the notch in specimen
A2. Also specimen C1 was tested under some mis-alignment of the load point. Excluding
these two samples, average values of the fracture energy were obtained as shown in the

last column of Table 2.4,
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The data in Table 2.4 suggest that the tensile fracture energy increases with
increasing compressive strength. The increase is again not directly proportional to the
compressive cylinder strength. As shown in Figs. 2.6, 2.7 and 2.8, the post-peak part of
the load-displacement response becomes steeper as the concrete compressive strength
increases. This indicates that the notched beam is more brittle for higher strength concrete.

2.7 Behavior under Triaxial Compression

In this study, triaxial compression tests were conducted on eleven specimens under
different confinement levels for each of three types of high strength concrete described in
the previous section.

2.7.1 Testing Apparatus and Test Procedure

The triaxial compression experiments were performed in a modified Hoek rock
mechanics triaxial cell which accepts a NX-core size specimen of dimension 110 mm in
height by 55.5 mm in diameter. The Hoek cell, shown in Fig. 2.9 can apply an
axisymmetric confining pressure varying from zero to 70 MPa, which was generated by a
manually operated pressure supply. A flexible polyurethane membrane is used to isolate
the specimen from the pressurized fluid. The membrane is not attached to the specimen or
the loading ram, but rather, is held in place by fluid pressure acting on the membrane
flanges, and reacting on the Hoek cell end caps.

Axial displacements were transmitted to the specimen by a steel loading ram and
an MTS servo-controlled loading frame. No friction reduction was applied at the interface
between the steel loading ram and the concrete specimen. This introduced a radial restraint
boundary condition at the specimen ends as is typical in cylinder tests.

The concrete specimens were cast by placing the concrete into the membrane with
its base sealed. The ends of specimens were ground to a flat surface in a lathe, so that full
contact between the steel loading platens and the ends of the specimen was ensured. In
order to reduce the pressure sensitivity to radial displacements, only load histories with
constant pressure were performed. The axial load was applied after the response due to
the confinement became stable.

13



Eleven different confinement levels were applied in each test series with the highest
held to about 50% of the uniaxial compressive cylinder strength for each type of concrete.
Confinement ratios are shown in Table 2.6 for all specimens. Some of the cylinders tested
with zero confinement were in air. Others had the membrane in place. The presence of the
membrane provided a small degree of confinement which increased the uniaxial
compressive strength by about 10% relative to that of those tested in air.

2.7.2 Test Results and Discussion

The longitudinal stress versus average longitudinal strain results from all triaxial
compressive tests are shown in Figs. 2.10, 2.11 and 2.12 corresponding to concrete types
A, B, and C respectively. Some qualitative observations can be made based on the test

results:

Maximum Strength — The longitudinal stress increases with increasing strain from the
beginning up to a peak, and then drops. The peak stress level is related to the confinement
level. The higher the confinement, the higher the maximum strength the concrete can

reach.

Residual Strength — In the descending part of the stress-strain curve, the rate of stress
decrease becomes slower with increasing longitudinal strain. Eventually, the stress tends
to a constant stable level called the residual strength. This residual strength is a function of
the confinement. Usually, higher confinement gives a higher residual strength.

Ductility — The strain corresponding to the maximum strength increases for higher
confinement. On the other hand, the slope of the descending curve immediately after the
peak point becomes smaller with increasing confinement. It can then be concluded that
confinement greatly improves the ductility. On the other hand, increasing the uniaxial

compressive strength results in poorer ductility.

Failure Modes — For concrete with no confinement or confinement less than 15% of
fc' , the failure mode consists primarily of longitudinal tensile splitting. In type A concrete,

axisymmetric cones were formed at the exterior contact with the loading platens. For
concrete with high confinement, the failure mode was highly distributed with little

14



localized damage. This allowed the stress-strain curve to vary smoothly for concrete under
higher confinement.

The test results of the maximum strength and residual strength are listed in Table
2.5. The maximum strength was calculated from the maximum load capacity recorded by
the MTS machine in the test. The residual strength was determined as the point on the
descending branch of the stress-strain curve where the slope of remaining part of the
descending curve is less than 2% of the slope of the initial rising part of the stress-strain
curve. This approach is different from that used by Willam, Hurlbut and Sture (198S).
Although not explicitly indicated in Hurlbut's report (1985), the residual strength reported
there appears to be the strength when the displacement reaches the equivalent of 700% of
the displacement at the peak loading. Since the maximum strain reached in his test was
20x10-3 | Hurlbut concluded that there is no strain softening for triaxial compression

specimens (with /. = 22.1 MPa) with confinement greater than 3.45 MPa (15.6% of ).

Figures 10, 11 and 12 indicate that even when the confinement ratio is 50% of f,, the

stress level still drops slightly after the peak stress for the concrete tested.

2.7.3 Empirical Equations for Triaxial Compressive Strength

In the design of triaxially compressed structures, it is important to have equations
relating the maximum strength and the confinement stress. Such equations can be
established using linear or non-linear regression analysis. In this report, R-square values
were computed after the regression analysis to indicate how well a calculated regression
line fits a data set. An R-square value of unity indicates a precise fit. Deviation from an R-

square value of unity indicates decreasing precision.

The results of linear regression of the maximum strength are shown in Fig. 2.13. It
was found that the slopes of linear regression for the threec tipes of concrete vary from
4.67 to 4.24 as concrete strength increases from 60 MPa to 120 MPa. The R-square
values of linear regression vary from 0.986 to 0.940. This finding was also reported by
Jensen et al. (1990), who concluded that the slope becomes smaller as the compressive
cylinder strength becomes higher. However, the values of the slope reported here are
greater than those reported by Jensen. In Jensen's report, the slopes varied from 4.1 to 2.0
as the concrete strength increased from 25 MPa to 80 MPa. It should be noted that linear
regression is an inaccurate estimate since the relationship between the maximum strength
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and the confinement is non-linear for high strength concrete. When subsets of data with
increasing confinement are examined, the apparent slope becomes smaller.

To express the non-linear relationship between the maximum strength and
confinement, a parabolic equation was chosen. The equation can take the form:

O3 o,
— = [l +k(— (2.5)
LN A

which automatically passes through the point of uniaxial compression. Here o; represents
the longitudinal compressive peak stress, while o, represents the confining pressure and k

is a constant. The results of regression are shown in Fig. 2.14 for type A, B and C
concrete. Obviously regression using the parabolic equation is a much better
representation than the linear regression. The values of parameter k are also shown in Fig.
2.14. It was found that the R-square values here (0.992 to 0.990) are much closer to unity

than those in linear regression.

The parameter & can be related to fc' through the relation:

k=212-0.05f, (2.6)

which gives a very good estimate of k for types A and C concrete, but slightly under-
estimates k for type B concrete. This relation was obtained using regression of the values
of k given in Fig. 2.14. It should be noted that Eqs. 2.5 and 2.6 are valid only for

confinement ratios up to 50%.

2.8 Specimen Size Effect

According to ASTM standard C31 and C39, the specified compressive strength 1
is measured by compression tests on cylinders with 6in. (152mm) in diameter and 12in.
(304mm) in height. Cylinder diameters may have an effect on the concrete strength. An
extensive discussion on this issue was made by Bartlett and MacGregor (1994).

According to the ‘weakest link' theory (Madsen, et al., 1986), specimens with large
volumes are more likely to contain a defect and so fail at lower applied stress.
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Carrasquillo, et al. (1981) found that the average ratio of compressive strengths of
6in. x 12in. (152mm x 305mm) to 4in. x 8in. (102mm x 203mm) cylinders was close to
0.90 regardless of strength and test age. Material test of high strength concrete by Ibrahim
and MacGregor (1994) showed that under moist cured conditions, the compressive
strengths of 100mm x 200mm cylinders are higher than those of 150mm x 300mm
cylinders. The differences are about 0.5% to 17% from batch to batch. There is no
conclusive relationship between the strengths of the two different specimen sizes.

In this study, the uniaxial compression test was done on 100mm x 200mm
cylinders, while the triaxial test was done on 55mmx 110mm cylinders. Six of
55mm x 110mm cylinders were tested without confinement. No test was done on
150mm x 300mm cylinders. From Figs. 2.1, 2.2 and 2.3, the results of 100mm x 200mm
cylinders are very consistent for all three concrete types. This suggests that the test results
of 100mm x 200mm cylinders are quite reliable. However, the results of unconfined
55mm x 110mm cylinders are less consistent. One explanation is that for high strength
concrete cylinders with very small sizes, the uniaxial compression test results are very
sensitive to the test conditions, end restraints and test alignment. On the other hand, tests
of confined S5mm x 110mm cylinders are more stable, and hence the results are more
reliable.

Despite the controversies surrounding the size effect on strengths, the strengths of
100mm x 200mm cylinders will be used as concrete strengths in this study as they are the
most reliable sources available among the test groups.
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Table 2.1 Mixture design of high strength concrete

Type A B C
Target Compressive
Strength at 28 Days 60 MPa 90 MPa 120 MPa
H20 (Water) 107.2 N 110.8 N 97.0 N
Cement 333.7N 391.6 N 449.4 N
wi/c 0.321 0.283 0.216
Gravel 918.0N 872.2 N 916.7 N
Sand 633.2 N 4494 N 462.8 N
Silica Fume 40.0 N 43.6 N 498 N
Superplasticizer 820.0 ml 1340.0 ml 1540.0 ml
Compressive Strength 60.2 MPa 92.2 MPa 119.0 MPa
Achieved (Days)

(29 (33) (39)

Table 2.2 Specimen geomretry and test results in uniaxial compression

Type Speci- | Diameter Height Maximum Average
men D (mm) H (mm) Stress (MPa) fc (MPa)
Al 99.5 199.5 59.61

A* A2 100.0 201.0 60.58 60.20
A3 100.5 203.0 60.42
Bl 104.0 200.0 - 90.42

B* B2 99.0 200.0 93.17 92.21
B3 100.0 196.0 93.03
Cl 100.0 200.0 120.6

c* C2 99.0 201.0 116.6 119.0
C3 99.0 204.0 119.8

* The A series was 29 days old at the time of testing,

B series was 35 days old and C series was 39 days old
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Table 2.3 Specimen geometry and test results in splitting test

Type | Speci- | Diameter | Length | Maximum St Average
men D (mm) | L (mm) P (kN) (MPa) | 7. (MPa)
Al 153.0 299.0 330.0 4.59
A* A2 153.0 300.0 367.0 4.99 4.95
A3 153.0 301.0 380.0 5.25
Bl 153.0 302.0 480.0 6.61
B* B2 153.0 302.0 460.0 6.34 6.36
B3 153.0 302.0 445.0 6.13
Cl 153.0 302.0 530.0 7.30
c* C2 153.0 302.0 510.0 7.03 7.44
C3 153.0 302.0 580.0 7.99

*

The A series was 29 days old at the time of testing,
B series was 35 days old and C series was 39 days old

Table 2.4 Specimen geometry and test results for the notched beam test

Type S:;f]' dxbxl ho | mg | O | [pesias| G AV?"I%‘
Gl

(mm) (mm) | (KN) | (mm) (N/mm) | (N/mm)
Al | 102x102x800 | 50 | 0.209 | 2.24 | 0.563 | 0.150

A* | A2 [102x102x750 ] 51 [ 0206 [ 1.85 | 0860 | 0.202 | 0.152#
A3 | 102x102x800 | 50 | 0.206 | 1.50 | 0.663 | 0.154
Bl [ 102x103x800{ 52 | 0214 ] 168 | 0701 | 0.171

B* B2 | 100x103x780 | so [0207 ] 132 ] 055 | 0.135 | 0.172

B3 | 102x104x800 | 52 | 0211} 1.60 | 0921 | 0209
CI*™ 1 102x103x800 | 51 | 0211 | 1.36 | 0.485 0.120

c* C2 | 100x103x800 | 51 | 0207 | 1.68 | 0754 | 0.184 | 0.191##
C3 | 101x103x800 ] 50 | 0214 ] 1.54 | 0885 | 0.199

*

++

##

The A series was 29 days old at the time of testing,

B series was 35 days old and C series was 39 days old.

Error in sawing notch.
Load point mis-aligned.

Average G/, does not include the result of specimen A2.

Average G does not include the result of specimen C1.
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Table 2.5 Results of the triaxial compression tests

Type Speci- | Confinement Maximum Residual
men Ratio Strength Ratio | Strength Ratio
(Curmg Days) o, /-f;’ (03 //./;:l)n;ax (03 /./;‘,)re:
Al 0.038 1.339 0.703
A A2 0.088 1.621 0.977
A3 0.138 1.788 1.299
(29 Days) A4 0.000 1.135 0.000
AS 0.337 2.606 2.344
A6 0.487 3.210 2.950
fo=60.2MPa | A7 0.387 2.858 2.550
A8 0.188 2.020 1.585
foy=4.95MPa | A9 0.238 2.273 1.859
A10 0.014 0.970 0.483
All" 0.000 1.070 0.000
Bl 0.041 1.403 0.657
B B2 0.090 1.688 0.932
B3 0.139 1.965 1.205
(35 Days) B4 0.188 2.107 1.627
B5 0.237 2.264 1.822
B6 0.285 2.545 2.037
fo=922MPa | B7 0.179 2.167 1.486
B8 0.385 2.832 2.450
foy=636MPa | B9 0.482 3.183 2.850
B10 0.000 1.047 0.000
BIl™ 0.000 0.942 0.000
Cl 0.051 1.448 0.630
C C2 0.101 1.783 0.956
C3 0.151 1.898 1.203
(39 Days) C4 0.202 2.109 1.456
Cs 0.252 2.200 1.645
Cé 0.303 2.361 1.923
fo=119MPa [ C7 0.403 2.658 2.402
C8 0.504 3.087 2.780
f=7.44MPa | C9 0.000 0.821 0.000
Cl0 0.000 0.826 0.000
Cll 0.000 0.965 0.000
* Specimens were tested in air.
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Fig.2.1 Stress-strain response of uniaxial compression tests
(Type A concrete)
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Fig.2.2 Stress-strain response of uniaxial compression tests
(Type B concrete)
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Fig.2.3 Stress-strain response of uniaxial compression tests

(Type C concrete)
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Fig.2.4 Failure mode of uniaxial compression tests
(Type A concrete)
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Fig.2.6 Load vs load-point-displacement for the notched beam tests
(Type A concrete)
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Fig.2.7 Load vs load-point-displacement for the notched beam tests
(Type B concrete)
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Fig.2.8 Load vs load-point-displacement for the notched beam tests
(Type C concrete)
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Fig.2.9 Cross-sectional view of triaxial Hoek cell
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Fig.2.10 Longitudinal stress vs longitudinal strain
for triaxial compression tests (Type A concrete)
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Fig.2.11 Longitudinal stress vs longitudinal strain

for triaxial compression tests (Type B concrete)
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Fig.2.12 Longitudinal stress vs longitudinal strain
for triaxial compression tests (Type C concrete)
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Regression Equation o,/f =a+bo,|f
Type A B C
/. (MPa) 60.2 92.2 119.0
Sf. (MPa) 4.95 6.36 7.44
Constant 1.12 1.19 1.07
Slope 4.67 4.45 4.24
R2 Value 0.986 0.962 0.940
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Fig.2.13 Linear regression of maximum strength
in triaxial compression

33




o3 /f¢'

Triaxial strength ratio

38

Regression Equation

0’3/j; =V(]+k°'|/j;)
Type A B C
/. (MPa) 60.2 92.2 119.0
Jo (MPa) 4.95 6.36 7.44
k 18.2 17.9 15.2
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Fig.2.14 A parabolic equation for the maximum strength
in triaxial compression
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CHAPTER THREE

CONSTITUTIVE MODEL FOR HIGH STRENGTH CONCRETE

3.1 Introduction

With the rapid development of modern numerical analysis techniques and high-
speed digital computers, the finite element method has become an increasingly important
tool for analyzing structures. There are two major reasons for the increasing application of
finite element models to concrete structures. First, although experiments have played a
significant role in the research on concrete structures, they are expensive when extensive
data are needed for structures with various dimensions, under various loading types and
with various boundary conditions. A parametric study using finite element model becomes
an affordable and, therefore, an alternative means. In addition, tests cannot provide as
much insight into the complicated pattern of stress distribution as revealed by a numerical
simulation. In some situations, for safety considerations, a test has to be terminated when
a specimen experiences instability or major damage. Instead, a finite element analysis can
be carried out beyond the maximum strength of a structure provided that the analysis tool
is robust, the formulation is rigorous, and the analysis has been shown to agree with tests.
From this point of view, a numerical analysis provides supplementary information over

experiments.

This chapter starts with a concise state-of-the-art review of finite element methods
for concrete structures. The outlines of a fracture-energy based plasticity model proposed
by Pramono and Willam (1989) are introduced. The Pramono and Willam model is
extended to full three dimensional stress states. This model is calibrated for high strength
concrete based on the tests conducted at University of Alberta (Chapter 2).
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3.2. Review of Previous Work

Application of the finite element method to concrete structures was first attempted
by Ngo and Scordelis (1967). Since then, tremendous progress in all aspects of finite
element modeling of reinforced concrete has been made. Most efforts made in the past
have been directed towards improving the mathematical description of the constitutive
relations of concrete materials. During the last decade, research interest has been shifted to
implementing the knowledge of fracture mechanics of concrete into constitutive models.
There are many types of concrete models. Some of the well known categories include
equivalent strain models (Darwin and Pecknold, 1977), nonlocal models (Bazant and
Ozbolt, 1992), nonlinear elasticity model (Stankowski and Gerstle, 1987) and plasticity
based fracture models (Bazant and Kim, 1979, Maekawa and Okamura, 1983, Han and
Chen, 1985, and Pramono and Willam, 1989). Normally, the more concrete behavior
phenomena one tries to capture, the more material constants one may have to deal with. In
plasticity-based models, however, the number of unknowns is significantly reduced, which
is credited to the postulated rules of the mathematical theory of plasticity. In addition, a
plasticity model allows a much more realistic and comprehensive representation of various
aspects of inelastic behavior. In particular, it gives good fits of the group of uniaxial,
biaxial, and triaxial tests, providés failure conditions and strain-softening branches as part
of the constitutive relation, gives correci lateral strains and most importantly, corrects

volume changes as well as represents unloading and cyclic loading.

The model proposed by Maekawa and Okamura (1983) assumes concrete is
composed of constituent elements located in parallel. Each element behaves as a strain-
hardening material. Each constituent element loses its ability to support stress when the
element stress reaches its fracture strength. The application of the model is very limited
since the model is based on two dimensional loading conditions.

Han and Chen (1985) proposed a non-uniform hardening mode! with a closed
initial yield surface. The failure surface encloses all the loading surfaces and serves as a
bounding surface, which is assumed to remain unchanged during loading. The shapes of
the deviatoric sections of the loading surfaces are assumed to be similar to those of the
failure surface, but their meridians are different. During hardening, the loading surface
expands and changes its shape from the initial yielding surface to the final shape that
matches with the failure surface. The model, however, does not include strain-softening.
Recently, Yamaguchi and Chen (1991) developed a finite element method to trace the
micro-crack propagation in concrete under compressive loading. Concrete is modeled as a
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two-dimensional, two-phase composite consisting of a mortar matrix and circular
aggregate inclusions. Micro-cracks are allowed to develop both in the mortar and at the
interfaces between the aggregates and the mortar, while the aggregates remain intact.

Bazant and Kim (1979) combined the incremental plasticity and fracturing (micro-
cracking) material theories to obtain a nonlinear triaxial constitutive relation that is
incrementally linear. The model uses a jump-kinematic hardening rule for unloading,
reloading and cyclic loading. In the case of continuous tensile cracks, the theory applies
only to the solid (albeit micro-cracked) concrete between the cracks. The model was used
by Chen and Mau (1989) to perform a successful analysis of spiral columns despite the
fact that the residual level of strength is too high for unconfined columns.

Pramono and Willam (1989) developed a fracture energy-based nplasticity
formulation of plain concrete. The formulation covers the full load-response spectrum in
tension as well as in compression. The concrete model is based on the non-associated flow
theory of plasticity with hardening in the pre-peak regime and fracture energy-based
softening in the post-peak regime. The model was based on and calibrated with Hurlbut's
tests (1985) on low strength concrete under triaxial compression and uniaxial compression
and tension.

3.3 The Fracture-Energy Based Plasticity Model (Pramono and Willam, 1989)

Pramono and Willam's model (1989) forms the basis of the model used in this
study. This choice was made for many reasons. The model uses a unified formulation for
both tension and compression. A non-associated plastic flow is used to account for the
volume changes. This gives the model an added flexibility and allows a better fit of
concrete behavior. The strain-softening concept is included for concrete in tension,
compression and triaxial compression. The model has the ability to fit triaxial compression
tests, which is a very important aspect in analyzing confined columns.

The model implies that the material behaves elastically as long as the stress state
lies within an initial yield surface. When loading progresses beyond the initial yield surface,
plastic flow occurs and the yield surface hardens isotropically up to a failure surface. In
this range, the plastic strain rate is governed by a plastic potential different from the yield
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function. The hardening rule is thus non-associated. Moreover, the resulting constitutive

matrix is not symmetric.

As plastic flow continues beyond that necessary to reach the failure surface, the
material behavior becomes isotropic softening. Here the strength surface degrades to a
residual surface. Flow is now governed by the refinement to satisfy the energy of fracture.

In the following the various concepts described above are presented. The
presentation is largely based on Pramono and Willam (1989). The modifications necessary
to apply the model to high strength concrete are introduced an extension of the model to
full three dimensional behavior is presented in Section 3.4.

3.3.1 Leon's Triaxiai Strength Failure Criterion

The failure criterion described by Leon was proposed originally in 1936 (Ramano,
1969) for the shear strength of concrete under combined tension-compression. This
strength formulation combines the two-parameter Mohr-Coulomb friction law and the
one-parameter tension cut-off condition of Rankine. The isotropic failure criterion is
conveniently expressed in terms of the major and minor principal stresses as:
g,

F(8") =F(o,.0,) =(Z=22)% 4my L —¢, =0 G.1)

A A

in which &" is the principal stress vector, o, is usually thought of as the confining stress
while o, is the compressive stress. Here tension is positive. The influence of the
intermediate principal stress, o, is omitted similar to the Tresca and Coulomb conditions

of maximum shear.

The triaxial failure condition is characterized by the uniaxial compressive strength
/.. the frictional parameter m, and the cohesion c,,. The latter has a value of 1.0 at failure.

The friction parameter m, is determined by substituting a uniaxial tension state in Eq.3.1

(0; =0,0, = £). This results in:

f.': _ f'l
= A A - 32
I G2
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in which ;' is the tensile strength. The triaxial failure envelope of Leon is represented in

Fig.3.1 in a principal stress sectional view (Fig.3.1a) and a hydrostatic view (Fig.3.1b).

The performance of the Leon criterion is illustrated in Fig.3 2, in which R, = /27,
is the deviatoric length and R, =/, /J/3 is the hydrostatic length. The stress invariants / /
and J, are defined by Eq. 3.20. The different triaxial strength data of the concrete

literature (Richart, 1928; Mills, 1970; and Launay, 1970) compare well with the
compressive and tensile meridians of Leon model when a relatively large ratio of uniaxial

strength values is used, such as f, / f, =1/12. The triaxial strength data from the material
tests at University of Alberta (Chapter 2) is included in Fig.3.3 for the compressive
meridians only. The Type A concrete is for fc =60MPa, Type B for f,=90MPa, and Type

C for f,=120MPa. It can be seen from Fig.3.3 that the test data fits the Leon's

compressive meridians well for Type A and Type B concrete. For Type C concrete, the
theoretical prediction slightly over-estimates the triaxial compressive strength.

3.3.2 Isotropic Hardening Model for Pre-Peak Behavior

The isotropic hardening mechanism involves, in this case, an initial loading surface
that grows in a self-similar fashion when a hardening parameter, k, increases

monotonically from an initial value & = k, >0 to a final value at peak k =k, =1

F(a,,a3,k)=[(1-k)%+Lf"]3+k2mo%-k=co.=o (3.3)

(4 [4 <

Different loading stages in a meridian plane are depicted in Fig.3.4 for concrete with
f.=75 MPa.

The constitutive model assumes that the material is initially isotropic and remains
pointwise isotropic during the entire deformation history irrespective of the orientation
and magnitude of the principal stress components and inelastic deformations. The total
strain increment can be decomposed into independent elastic and plastic components:

Ade=A4¢,+4¢, (3.4)
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The elastic response is governed by the linear isotropic operator E:

Ao =1Lk Ag, (3.5)

Nonlinear Hardening Response

The strain-hardening hypothesis describes the current state of the inelastic

deformation process in terms of a scalar-valued kinematic variable &, which defines the
length of the plastic strain trajectory. During progressive plastic deformations, the value of
the hardening parameter increases according to an ellipsoidal function of &,,. The influence
of confinement on the rate of hardening is introduced in term of a ductility measure x,,
which defines the accumulated plastic strain at peak in terms of the lateral confinement. As
a result the hardening parameter k = k(¢,,x,) is expressed as a monotonically increasing

elliptic function of the plastic strain:

]—’k h]
" g w/2£pxp—€,, (3.6)

P

k=k,+

The equivalent plastic strain increment is defined as the Euclidean norm of the plastic

strain increment:

— (AT A=
Ae,=\J4¢,-4¢, 3.7

in which 4 &, is the vector of principal plastic strain increments. The ductility measure x,

introduces the effect of confining [ ressure on the rate of hardening here in terms of a

quadratic polynomial of the major principal stress, o

xl’=Ah(%):+Bh%+Ch (3.8)

c c

The ductility parameters 4,, B, and C,, are dimensionless deformation parameters that

are calibrated from laboratory experiments.
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Non-associated Flow

Plastic volumetric change in concrete does not necessarily agree with an associated
flow rule. The performance of the constitutive model is extremely sensitive to the
hydrostatic component of the underlying flow rule. For the sake of flexibility a non-
associated flow rule is adopted which defines the plastic strain rate as:

A%, =44m with =22 (3.9)

.

|

Qi

The plastic multiplier 4 A controls the magnitude while the gradient / controls
the direction of the plastic strain increment. The plastic potential for non-associated flow
is based on a modification of the loading surface:

0.2 g, — 0, . 2 ] 2
— 5+ ———F +k'my—-k'c,=0 (3.10)

AR A I

with the friction function defined in terms of the major principal stress, o, as:

0(o,,05,k,my) =[(1-k)

A .
a%?: Dexp[E(-%.f’)H F 3.11)

The material parameters D, E, and F are calibrated from triaxial test results.

3.3.3 Isotropic Softening Model for Post-Peak Behavior

The fracture energy-based strain-softening flow is formulated in terms of the
fracture mode and is extended to compressive splitting and shear faulting. The fracture
process in direct tension was discussed earlier by Hillerborg, et al. (1976). Similar
conclusions were reached by von Mier (1984) for the failure behavior of concrete in
uniaxial compression.

There has been a controversy whether and how proper fracture properties can be
extracted from experiments on laboratory specimens and components for objective
description of strength degradation. In the Willam model a smeared description was used
in which microscopic as well as macroscopic discontinuities in the form of discrete cracks
are distributed and represented by equivalent continuum concepts.
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Degradation of Triaxial Strength

There are different types of descriptions for the strength degradation in the post-
peak zone, including linear and bi-linear expressions. In all expressions, the area

underneath the stress versus crack opening displacement curve is kept as a constant, G,
the fracture energy in direct tension. In the Pramono and Willam model (1989), an
exponential expression is adopted with a best fit of the Hurlbut (1985) direct tension test.
The expression relates the crack width defined as total change of length in the crack

process zone to the crack width at complete rupture:

. u,
o, = f, exp(—Su— (3.12)

r

in which #, is the rupture displacement and /. is the crack-opening displacement.

In the triaxial loading cases, the strain-softening becomes more complicated.
However, there are still some common features in the strength degradation. Based on the
triaxial test of high strength concrete, the concrete under triaxial compression experiences
strain-softening after the minor stress reaches the peak. The slope of the descending curve
becomes smaller and smaller as strain increases. There is a stress level, called residual
strength by Pramono and Willam (1989), at which the slope of the descending stress-strain
curve is insignificant. Pramono and Willam suggested an expression for the residual

strength envelope:

F(a,,a3)=(g'—;c—.91):+m,%=0 (3.13)

in which, m, is the residual frictional parameter.

The intermediate softening stage is defined by the modification of the peak
strength condition (Eq.3.3) as follows:

E(a,,a3)=(i"—;,i)z+nl,%-c, =0 (3.14)

Je [3
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in which ¢, is the cohesion ratio during strain-softening;

¢, =2t (3.15)
/.
and m_is a frictional parameter during softening. It is prorated linearly between m, and
my:
m,=m, —(m, ~m,)c, (3.10)

Equivalent Strain-Softening

Since strain-softening occurs not only in tension but also in compression and
confined compression, Pramono and Willam (1989) adopt the 'equivalent tensile fracture

strain', &£,, to monitor the degradation of the triaxial strength envelopes. The measure of

the incremental equivalent tensile fracture strain is suggested as:

Aep=\<a8, > <48 > (3.17)

The McCauley brackets, < >, extract the tensile components of the principal fracture strain

increment 4 € 'a

For the case of direct tension, since only the strain increment in the major stress
direction will be accounted for, the incremental crack-opening displacement can be

determined by:

in which 4, is tensile crack spacing or height of the tension specimen which is used as a
reference length. When the smeared crack model is used, A, will be substituted for by A,,

the element height.

For the cases other than direct tension, measuring of crack-opening displacement is
not so straightforward. But an 'equivalent crack-opening displacement’ can be introduced

as:

A "f":hcA 8/‘ (3]9)
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Here A, is called 'gage iength' or the 'equivalent crack spacing' for cases other than direct
tension. The determination of 4 depends on types of failure modes which can be effected

by the confinement.

3.4 Modification And Calibration of the Model

Pramono and Willam's model was originally developed based on low strength
concrete data. The model needs to be calibrated for high strength concrete. The fracture
energy related parameters have to be obtained. In addition, since the loading state of
concrete in confined columns is strongly three-dimensional, the original model has to be
modified to include the capacity for three-dimensional stress analysis.

3.4.1. Ductility Measure X,

The ductility measure X, is determined using Eq.3.8. Pramono and Willam (1989)
evaluaizi o set of parameters 4,, P #+d C,, for low strength concrete. This set of

paramete:s is not suitable for high st:eng:h <arcrece as its hardening behavior is different
from that of low strength concrete. In this study, new sets of 4,, B, and C,, are obtained

for high sirength concrete based on the tests presented in Chapter 2.

It can be seen from Eqs.3.6 and 3.8 that C,, is equal to the plastic strain ¢,, at
stress peak for the uniaxial compression state. Therefore, C,, is obtained based on the test
result of uniaxial compression. On the other hand, 4,, and B, mainly account for the
ductility performance in uniaxial tension and triaxial compression. 4,, and B, can
evaluated based on the best fit of the uniaxial tension test and the triaxial compression test.
Unfortunately, the tests presented in Chapter 2 do not include uniaxial tension tests.
Instead, the value used by Pramono and Willam (1989), X P=3x10‘5 for uniaxial tension, is
also used here. Three sets of 4,, B, and C,, are included in Table 3.1 for concretes with

compressive strength of 60, 90 and 120MPa.
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3.4.2 Equivalent Crack Spacing 4,

The 'crack spacing' has been an important concept in the strain softening analysis
of concrete. It links the fracture strains and crack openings. In Pramono and Willam's
model, an 'equivalent crack spacing' s, was introduced to represent fracture of concrete

under different loading conditions.

Promano and Willam (1989) defined A, using an energy approach. It was based on

the assumption that the strain energy in splitting compression could be equivalent to that
in direct tension. An empirical expression for 4. was suggested by Promano and Willam:

ﬁ‘_I_L',)J +B,(2L _f_')-’ +1 (3.20)

LAypL LS
h, AR A A A

in which A, is the cracking spacing in direct tension.

Eq.3.20, however, was not successful in modeling unconfined concrete and
concrete with low-confinement. The fracture energy of concrete in compression was over-
estimated in the expression which made the model unrealistically stiff.

Based on the test results o high strength concrete at University of Alberta
(Chapter 2), a new definition for #, is suggested. The equivalent cracking spacing A, here

is also defined as a function of the confining stress, o,. The new definition is different

depending on whether the confining stress is compressive or tensile:

By f(/ +B,%L when o, <0 (3.21A)
h, A

h{ 9,2 !

= -(-A)1-2 when 0 <o, <f (3.21B)

in which 4, and B, are internal material parameters to be determined based on the test

results. Note these two parameters are defined differently from those in Pramono and
Willam's expression. Parameter 4, can be determined using Eq.3.21B based on the best fit

of test results of uniaxial compression. With A, obtained, B, can be determined using
Eq.3.21A with the best fit of the triaxial compression tests. Three sets of 4,, and B, are

included in Table 3.1 for concretes with compressive strength of 66, 90 and 120MPa.
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Adopting a strength degrading response in the post peak regime of behavior can
result in mesh dependency as shown by Bazant (1976). To avoid this type of mesh
dependency the energy of fracture is normalized through the element size to maintain a
constant release rate. In this study, it is suggested that when concrete is under direct
tension, the element height is used as equivalent crack spacing. There will be no correction
of h_ for concrete in triaxial compression as the corresponding failure mode is distributed.

A correction on A, will be applied in cases between direct tension and triaxial compression

as a function of the third stress invariant.

3.4.3 Extension of the Model to Three Dimensional Loading Cases

Although various finite element models have been proposed and developed for
concrete, application of the plasticity theory has been limited to in-plane and axisymmetric
loading cases. The difficulty of extending a two-dimensional plasticity model to a three-
dimensional one basically comes from lack of the transformation matrix from the general

. T o
stress tensor o which has components of <o,,0,,0,, 7, 7,., 7., > to principal stress

vector &' =<0,, 0, 0, > . As shown in the previous section, the loading surface and the
potential surface are expressed in terms of principal stress components o, and o,.

However, differentiation of these two surfaces should always be against the general stress

tensor o in a finite element formulation.

Transformation Matrix for Stresses

From solid mechanics, the three stress invariants are defined as:

I,=0,+0,+0, (3.20A)

2 5

UG G o e e (:208)

4

N .,
J; =0,0,0. -0, 7. —0, 1., —0. T, +2T, T T, (3.200)

)= = z

Here, o,, 0, and o, are stress deviators:
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o,=0,-(0,+0,+0,)/3
o‘;' = o-)'—(o-o\'+o'_\'+o-:)/3
0.=0,-(0c,+0,+0,)/3

A stress invariant vector J =< /,,4/J,,.%, > can be introduced for simplicity. Also an array
of general stress {o} is introduced which includes all the stress components of the general

stress tensor ¢. It is defined as: {0} =<o0,,0,, 0., 1. 7). T, ST

The principal stress vector can be expressed as:

o sin(@+2n/3) 1
a‘={aﬁ}=31/—7i{ sin@ }#’-{1} (3.21)

o J3 sin(0-2rn-3)) 3 {1

I

in which @ is generally called the angle of similarity and is defined as

6= lsin"[— W3 _J,

NI ] with (- 7 < 0< 7). (3.22)

The gradient of a yield surface is defined as

cF =5_F‘ co (3.23)
oo} 0o Jo}

.

o . ) )
is called transformation matrix of stresses.
fe}

Here F is a scalar function and

Since & and J are uniquely invariable, it can be shown that:

26 25 al,+aa‘ aJI+aa‘ éJ, (3.24)
Sfo} O1, o} AT, dia} JJ, &{o} '

in which
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o9 _ 111, (3.25A)
a1, 333

o sin(26 - 2”/ i sin(26+27%
05 ___2: ( Y 2 sin(26) 2 sin( 3) (3.25B)

A7, J3  cos(30 | J3cos(30) 3 cos(36)

75 _ c()s/9+2”3) cos(6) _cos(e—zi?’g) ST (3.25C)

aJ, al J,cos(36) ' J,cos(36)'  J,cos(36)

and

a, =<111,0,0.0 > (3.26A)
dlo}

adr. 1

5\{/;=2\/I<0 0 a 27,,,27,.,27, > (3.26B)
&

“=<(o,0.-1.+J,/3)(0.0.-1.+J,/3) (0.0, -1 +J,/3),
Ao} : : ST (3.26C)

At 1. - 0.7 )11, ~0,7,.) 27,1, —0,T,.)>

. -

If GZ is given, provided CE and can be worked out from (3.25) and
m

o}

can be

(3.26), the differentiation of a scalar function F against the general stress 0,’0:{ ;
c

determined.
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3.5 Implementation of the Model

Pramono and Willam's model requires a solver for a non-symmetric system to
account for non-associated plastic flows. The program 'ABAQUS’ is selected as a base
program as it has such a capacity.

'ABAQUS' is a non-linear finite element program developed by Hibbitt, Karlsson
and Sorensen Inc. (1993). The 'ABAQUS' Version 5.3 was mounted in the SUN
workstation facility at the Department of Civil Engineering, University of Alberta. The
mounted 'ABAQUS' version was written in the FORTRAN 77 language. Pramono and
Willam's model was coded and implemented as a user subroutine 'UMAT into 'ABAQUS'.

'ABAQUS' provides various different choices for the solution strategy. In this
study, the displacement control approach, along with the modified Newton-Raphson
iteration method will be used.

3.6 Performance of the Calibrated Model

Performance of the calibrated model was examined by simulating uniaxially and
triaxially compressed cylinder tests. Material parameters, including ductility parameters
and stain softening parameters (both included in Table 3.1), were determined based on the
test of high strength concretes at University of Alberta (Chapter 2).

Due to the symmetry of the geometry, loading condition and boundary ccaditions,
only a quarter of the cylinder is modeled with three element columns in the radial direction
and six element layers along the height. The element type used is axisymmetric eight-node
quadratic rectangular. To simulate the effect of the loading platen on the top of the
specimen, the deformation along the top of the concrete cylinder is suppressed. The
analysis is carried out using displacement control with the movement of the top of the
cylinder as a monitor. A schematic representation of the mesh division is presented in
Fig.3.5.
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Results of the analysis are presented in Fig.3.6A, B and C for concretes with
compressive strength of 60, 90 and 120MPa respectively. It can be seen that the finite
element model, generally speaking, captures the stress-strain behavior well for uniaxially
and triaxially loaded cylinders. The maximum stress point and the residual stress level from
the numerical analysis are acceptable as compared with the test results.
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Table 3.1 Material parameters for high strength concretes

Concrete Type A B C
E (MPa) 26110 31930 35870
£ (MPa) 60.2 922 119.0
£ (MPa) 4.95 6.36 7.44
G! (N/mm) 0.152 0.171 0.191
A, 0.02142 0.00745 0.01792
B, -0.032 -0.036 -0.036
C, 0.0025 0.0025 0.0022
A 24.0 24.0 24.0
.\ -4 -4 -4

o
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(a) Principle stress section

(b) Hydrostatic view of failure envelope

Fig.3.1 Triaxial failure envelope of Leon's model

52



e Leon's Tensile Meridian
L Mills (1970)
A Richart (1928)

¢ Lannay (1970)

-8 e Lcon's Compr. Meridian
r Mills (1970)
2 Richart (1928)

Lannay (1970)

Deviatoric length ratio Rd/f¢'

Hydrostatic length ratio Rh/fc'

Fig.3.2 Leon's tensile and compressive ». eridians with test results
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Fig.3.3 Leon's compressive meridians with test results from University of Alberta
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Fig.3.4 Loading surface of isotropic hardening model
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Fig.3.5 Schematic representation of mesh division of a cylinder
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Fig.3.6A Analysis of cylinder test of Type A concrete
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Fig.3.6B Analysis of cylinder test of Type B concrete
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Fig.3.6C Analysis of cylinder test of Type C concrcte
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CHAPTER FOUR

ANALYSIS OF TESTED HIGH STRENGTH CONCRETE COLUMNS

4.1 Introduction

A series of experiments of tied high strength concrete columns were conducted at
University of Alberta by Ibrahim and MacGregor (1994). The objective of the tests was to
study the parameters defining the ACI rectangular stress block and the stress-strain
relationship of eccentrically loaded high strength concrete columns. There were two types
of the test specimens, one with rectangular cross sections and another with triangular

Cross sections.

In order to verify the adequacy of the constitutive mode!l described in Chapter 3, a
simulation of some of the Ibrahim and MacGregor (1994) test results was carried out.
Four of the test specimens with rectangular cross sections, V2, V7, V13 and V16, are
analyzed using the modified Pramono and Willam finite element model. In addition, the
simulation provides a theoretical insight into the failure mechanism of tied concrete

columns.

This chapter starts with a brief description of the Universitt . Alberta
experiinental program. Numerica! results of the four test specimens are presented. The
load-deformation relations, stress distribution patterns in the columns, and stresses in the
ties are discussed. Based on the numerical analvsis and experimental observations,
conclusions are made on the failure mechanism of tied concrete columns. The effect of

transverse reinforcement on the failure is studied.
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4.2 Review of The University of Alberta Experimental Program
4.2.1 Test Specimens

The test specimens were C-shaped as shown in Fig.4.1 with two types of cross
sections. rectangular and triangular. The work presented here only addressed the
rectangular specimens. The dimensions of the cross-sections of the rectangular specimens
were 200x300mm in the test region. The main parameters involved were concrete strength
and spacing of the transverse reinforcement. Details of concrete strength, reinforcement
and test methods for Specimens V2, V7, V13 and V16 are listed in Table 4.1. The end
blocks of specimens were designed to have flexural and shear strengths well in excess of
the loads applied in the test. This was to assure that failure would occur in the test region
as intended. The cross section shown is for Specimens V2, V7 and V13. Specimen V16
had eight longitudinal bars and rectangular plus diamond shaped ties.

These specimens were chosen to represent a variety of conditions. Specimens V7,
V13 and V16 were identical except that the spacing and amount of transverse ties were
changed and the concrete strength was also changed. All three were tested under a
triangular strain distribution with zero strain on the left hand face in Fig. 4.1. Specimen V2
was test¢! under a constant eccentrically applied load which results in maximum
compression on the left hand face in Fig.4.1 and near zero strain on the right hand face.

4.2.2 Test Set-up

There were two vertical loads P, and P, acting on the specimens. P, was the
primary load applied by a 6600 kN MTS machine, while P, was the secondary load
applied by a hydraulic jack. The test set-up, as shown in Fig.4.2, consisted of a system of
curved plates and rollers at the top and bottom of the specimens. The system was used to
provide a well defined center of rotation in the tapered end of ti:e specimen.

The secondary load P, was applied using a 540 kN hydraulic jack with a sys:em of
steel plates, pins, anchor rods and bolts attached at the top and bottom arms of the

specimen. The loadii:; system was designed to have enough stiffness to prevent sudden
failure when the load P, dropped off during the test.
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Lateral supports were provided at the center of rotation of each system of end
plates to prex ... instability and to reduce the lateral displacement at the center of rotation.

4.2.3 Test Method and Procedure

The load P, was applied using the stroke .ontrol system of the MTS machines,
whiie the load P, was adjusted accordingly to obtain zero strain at a predetermined point,

generally on one face of the cross-section (the leii side in Fig. 4.2). A feed back control
system was used to control the change in ioad P,. The feed back control system corrected

the error in the signal by moving the piston of the hydraulic jack. This movement changed
the value of P, by the amount required to keep the neutral axis in the predetermined
position. A slow rate of loading was chosen to reduce the fluctuation in P, and P,. This
involved increasing the strain on the compression face of the test region at a rate of 1000

microstrain/hour.

kY
Unlike Specimens V7, V13 and V16 which were tested with zero strain at one face
of the cross-section, Specimen V2 was tested with load P, applied at a constant

eccentricity of 45 mm measured from the center line of the specimen. There was no load

P2 onit.

The tests were terminated when a complete destruction of the plain concrete
specimens occri.red or when the load P, decreased to zero for the reinforced concrete

specimens.

4.3 Numerical Simulation of Tested Specimens

A successful numerical simulation of concrete columns requires proper
representations of concrete, longitudinal and trausverse reinforcement, boundary
conditions, and loading procedure. In addition, convergence control of the analysis plays a

significant role in obtaining a quality solution.
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4.3.1 Modeling of Concrete

The analysis presenteu in the following sections was carried out using program
'ABAQUS' (Hibbitt et al., 1993). The material model is the Pramono and Willam (1989)
model as modified and described in Chapter 3.

Modeling of concrete involves two aspects, the representation of concrete material
and the representation of concrete structures.

Material Parameters

The procedure used in evaluating material parameters for the modified Willam's
model has been discussed in Chapter 3. Three sets of the parameters have been evaluated
in Chapter 3 based on the constitutive test in Chapter 2. However, concrete behaves
differently from batch to batch. In order to simulate the tested tied column specimens,
some of the parameters have to be evaluated based on the compressive stress-strain
curves, fracture energy and split cylinder strength of the same batch of concrete (Ibrahim
and MacGregor, 1994). The material parameters used in the numerical analysis of
Specimens V2, V7, V13 and V16 are presented in Table 4.2. It was found, from the tests,
that the strain on the compression face at maximum moment capacity was in the range of
0.00363 to 0.00372 for Specimens V7, V13 and V16, and 0.00458 tor Specimen V2. In
the numerical analysis, a lower value of Young's modulus is used for Specimen V2. The
modulus of elasticity of concrete was not reported by Ibrahim and MacGregor (1994).

The Finite Element Mesh

Due to the symmetry of the structure, only a quarter of the column is modeled
(half in the vertical direction from the mid-span; and half in the width direction from the
mid-plane). The specimen actually consists of two parts: the two end blocks and the test
zone which is the part between the two end blocks. Both parts are modeled with twenty-
node three-dimensional quadratic solid elements.

Since the end blocks were designed to have excess flexural and shear strength,
they behaved as rigid bodies in the test. In the numerical analysis, the end blocks are
modeled with coarse mesh divisions. The material used in this region is linear elastic with a
high value of Young's modulus (about five to ten times that of concrete).
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On the other hand, one would expect the test zone to be modeled with refined
mesh divisions to capturc the complicated stress distribution patterns between ties.
However, problems of the storage size in computation and computing time may arise
because of the fact that each 20-node three-dimensional element involves 27 integration
points if a standard integration rule is used. To avoid these computational difficulties and
maintain proper representation of the columns, a standard is set that allows at least one
element layer between adjacent ties. From observations in experiments, the behavior of the
cover is significantly different from that of the core. Therefore, one element wall is used
for the cover although the thickness of cover is much smaller than that of the core.

A schematic representation of the mesh of Specimen V13 is shown in Fig. 4.3A. In
the analysis, the axial load P, was applied at the center of rotation of the roller assembly,

leading to high stress concentrations in this vicinity. These had dissipated before the test
region was reached. Fig. 4.3B shows the mid-span cross-section, with the locations of
Points A, B, C and D in the rectangular tie, and the locations of the diamond-shaped 'Tie
E' and 'Tie F'. The stress values at Point A, B, C and D and in 'Tie E' and 'Tie F' will be
studied.

4.3.2 Modeling of Reinforcement

Both the longitudinal and transverse reinforcement are assumed to be elastic-
perfectly plastic. The material parameters for the reinforcement are included in Table 4.2.

Reinforcing bars which are parallel to the element edges are modeled using
‘embedded reinforcement formulation' based element types. In this formulation, numerical
integration of the contribution of reinforcement to the element stiffness matrix is carried
out along the bars only. Complete strain compatibility is assumed between the embedded
bars and the concrete medium of the parent element. Reinforcements which are not
parallel to the element edges (such as diamond shaped ties) are modeled with truss

elements connected only at the ends.

4.3.3 Simulation of the Boundary Con:iitions

Since only a qua.i¢r of the specimen is modeled, some relevant displacements have
to be suppressed along the symmetric faces. On the symmetric face in the vertical
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direction, the vertical displacements are eliminated; while on the symmetric tace in the
width direction, the inward displacements are eliminated.

The horizontal displacement of the load point P, in the plane of specimen is
suppressed as it was also the hinge point supported horizontally in the test.

4.3.4 Simulation of the Loading Procedure

The loading system involves two vertical loads, P| and P,. For Specimens V7,
V13 and V16, the magnitude of the latter is continuously adjusted accordingly to obtain a
triangular axial strain distribution with zero strain on the tension face. For Specimen V2,
P was the only load which was applied at a constant eccentricity.

In the numerical simulation, P} was applied by imposing incremental vertical
displacements at the load point. The size of increment varies from case to case. Usually,
ten increme ats were sufficient for the pre-peak range of P|. A similar size of displacement
increment was maintained over the post-peak range. However, in the peak range a refined

load size is used.

For Specimens V7, Vi3 and V16, within each increment of P, a trial procedure is
used to evaluate a correct value of the increment of P, such that zero strain on the tensile
face is obtained (that is &, =0). The procedu:e involves testing two initial trials for 4 /%

as (4 P,), and (4 P,),. Using the 'restart job from th« end =¥ th= last increment' feature of

Program 'ABAQUS', two deviations for ¢, can v - .ained as (g,), ani (€,);. Assuming
that the deviation ¢, is a linear function of the triai 3 /-, t- - = trial vaiue can be found
as:

= ) (51)2
(A Py); =(4 Po), ~{(A P,), (4 P, }——=—— (4.1)

(81)2 _(Ey)]

This procedure is repeated until the new ¢, is close enough to zero. In most of the

analyses presented in this chapter, convergence of strain distribution required less than
four trials.
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4.3.5 Convergence Control of the Analysis

In this swdy, the modified Newton-Raphson iteration method is used. The
convergence is based on the increment of displacement. The criterion takes the form:

max{|o(4 U)|} <y, max{la U} 4.2)

in which max{|6(4 U)|} is the largest solution correction during iterations and

max{|A U|} is the largest corresponding incremental solution value. The notation ||
represents the absolute value of the data included in the notation. y, is the tolerance for

the displacement control.

In this study, y, is set to be 1% throughout except in ihe peak range where a

tolerance of 5% is used.

Within each increment of P, the convergence contrc! is also expected in
evaluating a correct 4 P, value. One measure of the convergence is that the strain on the

tensile face &, should be small compared with .t on the compression face ¢,. In this

study, the criterion is set as |¢, /.| < 0.01.

4.4 Results of Numerical Analysis and Discussions

4.4.1 Specimen V2

Specimen V2 has rectangular transverse ties spaced at 100mm. P is the only load
applied with a constant e: -entricity of 4Smm towards the left side of the cential line as

shown in Fig.4.1.

The numerical results of load P, are plotted against the strain on the compression
face in Fig.4.4, along with the test results. Fig.4.5 shows the position of the neutral axis
against the strain on the compression face. The specimen had an overall depth of 300mm:.
The stresses in the tie at the mid-span secticn are presented in Fig.4.6. Stress values are
given at Points A, B, C and D of the tie as shown in Fig. 4.3B. Points A and B are on the
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compression side, while Points C and D are on the tension side. It can be seen, from
Figs.4.4 and 4.5, that the results from numerical analysis are very close to those from the
test. Stirrup strains were not measured in the test.

The load P; versus strain on compression face curve (Fig. 4.4) is linear until the
longitudinal reinforcement yields. The non-linearity becomes significant when the cover of
the compression face shows strain-softening. Meanwhile, the position of the neutral axis
shifts into the cross section so that a small part of the concrete is in tension. With the
development of the strain-softening in the compression side, ties at the compression side
yield (as shown for Points A and B in Fig.4.6). Stresses in the tie at Points C and D arc
close to zero because there is little lateral deformation of concrete in the tension side.
Immediately after the yielding of the ties, the load P drops from the peak with increasing
strain on the compression face, and the column collapses.

The axial stress (parallel to Axis 2 shown in the figure} pattern at P; peak is
presented in Fig.4.7A for the outside view and in Fig.4.7B for the mid-plane view. The
stress values are represented by different colors changing from dark blue to green to
yellow and to red. Each color represents an equal stress increment except the dark blue
and red. For all the stress patterns pictures in this chapter, the dark blue color represents
the lowest stress value (the highest compression), while the red color represents the
highest stress value (the highest tension). The stresses on the surface of elements are
obtained using the '"ABAQUS' post-processor which extrapolates the stress values based
on the information at the integration points. Neglecting the part close to the end block
which may experience stress concentrations, the stress distribution has a smooth transition
from the tension face to the compression face. There is a little tension developed on the
tension side of the cross-section. On the other hand, part of the cover experiences the
strain-softening on the compression side. This is detected as the colors change from
yellow to green to blue and back to green on the compression side. The stress units in
Figs. 4.7,4.11,4.15, 4.20, 4.21 and 4.22 are all in MPa.

4.4.2 Specimen V7

Specimen V7 has rectangular transvers: . ::aced at 200mm. There are two
loads, P which is axial, and P, which is eccentr, .».-. .pplied to the specimen.
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Results from the numerical analysis are compared to the test results in Figs.4.8 and
4.9 for the moment about the neutral axis (about zero-strain face) and the total axial load
against the strain on the compression face. Because load P, is applied such that the strain
on the tension face is always zero, the neutral axis is always located along one edge of the
cross-section. Stresses in the tie at mid-span section are presented in Fig.4.10 for Points
A, B, C and D as shown in Fig. 4.3B. Points A and B are on the tension side, while Points
C and D are on the compression side, opposite to Fig. 4.6 because the direction of the
applied moment is opposite. It can be seen, from Figs.4.8 and 4.9, that the results from
numerical analysis are close to those from the test.

The relation between the moment about the neutral axis and the strain on the
compression face is linear until the longitudinal reinforcement starts to yield. It is
interesting to note that there is a delay of the increase in the stress in the tie at Points C
and D when the cover of the compression side shows strain-softening. Shortly after the
cover experiences the strain-softening, both the moment and the total load reach the
maximum. Meanwhile, stress in the ties increases dramatically at Points C and D and
reaches the yield point. As a result, the column collapses completely.

The axial stress patterns for specimen V7 at the maximum load capacity are
presented in Fig.4.11A for the outside view and in Fig.4.11B for the mid-plane view.
Since the element height used is 100mm, the spacing of ties (200mm) is modeled over two
elements. Clezrly, a very localized strain-softening pattern developed in the cover between
two ties on the compression side. This localized strain- »>%=inr-: pattern penetrates into
the core with increasing axial strain gradient after the n .vihur . load is reached. Excess
deformation results in the yielding of ties. Eventually the column collapses. At the peak
load point, the axial stress in a small part of the core on the mid-span section reaches over
88MPa, which is higher than the concrete strength (84.7MPa). This can be credited to the
triaxial effect provided by the ties in the section.

It can be concluded that for Specimen V7 with large tie spacing (200mm), the
collapse of the column is a result of the localized failure of concretc between ties. From
Fig.4.11A, it can be seen there is also a little strain-softening on the side face close to the
compression face. Outside the region of localized strain-softening, the stress distribution

pattern is quite uniform.
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4.4.3 Specimen V13

Specimen V13 has rectangular transverse ties spaced at 100mm. It is subjected to
an axial ivad P| and an eccentric load P,.

Results of the numerical analysis are presented in Figs.4.12 and 4.13 for the
moment about the neutral axis and total axial load against the strain on the compression
face respectively. Results from the test are also included in the same figures. Stresses in
the ties of mid-span cross section are presented in Fig.4.14 for the Points A, B, C and D
which are defined in the same way as for Specimen V7 (see Fig. 4.3B). It can be seen,
from Figs.4.12 and 4.13, that the agreement between the results from numerical analysis
and those from test is very good.

The moment versus axial strain gradient curve is linear until the longitudinal
reinforcement yields. Both the moment and load reach the peaks shortly after the
occurrence of strain-softening of the cover on the compression face. Unlike the case of the
Specimen V7, there is no delay of increase in the tie stress due to the strain-softening of
the cover. Instead, the increase is sharp and stresses in the tie at points C and D reach the
yield point immediately. Due to the axial stress redistribution over the cross-section,
stresses in the tie at points A and B also increase. It is interesting to note that there is a
plateau of moment and load in the post-peak range. This can be credited to the triaxial
confinement developed in the core by the ties. The triaxial effect weakens with the yielding
of ties. This results in a quick drop for moment and load.

The axial stress distribution patterns for Specimen V13 at the maximum moment
capacity are presented in Fig.4.15A for the outside view and in Fig.4.15B for the mid-
plane view. Spacing of ties (100mm) is modeled over one element height. A number of
strain-softening patterns have developed between ties over the compression face and the
side face. The triaxial state provided by the ties can be observed from Fig.4.15B. A small
part in the core has axial stress over 77MPa, which is higher than the compression
strength (72.5MPa). The axial stress between ties is lower than those at the tie levels.
Concrete between ties experiences strain-softening earlier than at the tie level because of
lower confinement.

It is interesting to look at the history of the axial stress over the cross-section. In
Fig.4.16, the variation of axial stress against the strain on the corpression face is plotted
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for five integration points. These points are at the same height closest to the mid-span.
Four of these points are in a line closest to the mid-plane with one in the compression face
cover, two in the core and one in the tension face cover. The fifth point is on the side
cover. In Fig.4.16, r is the ratio of the distance from the compression face to the total
height of cross-section. It can be seen from Fig.4.16 that the cover on the compression
side experiences unconfined strain-softening with raaximum stress very close to uniaxial
strength (72.5MPa). The core on the compression side and the side cover share almost the
same pre-peak behavior since both are subjected to the same axial strain (Both have
r=0.2806). The curves separate when the side cover, which is unconfined, shows s*rain-
softening behavior. Meanwhile, the core on the ,.\:,,w/ ~sion side has a maximum strength
(79MPa) which is higher than the uniaxial stre:.~¢ .« 2 of the triaxial effect. The axial
stress in the core also has a slower descending warct « ompared with the covers. Fig.4.16
also indicates that the core in tension side (r=0./1-+) and the cover on the tension side

(r=0.9694) are undamaged when the column collapses.

Although strain-softening patterns have developed over the ~over, the axial stress
value is still negative (in compression). This has been demonstrated in Fig.4.16. However,
Figs.4.15A and 4.15B show tension stress patterns over the cove:. This is simply because
of the inaccuracy of the 'ABAQUS' post-processor. The 'ABAQUS' post-processor
extrapolates stress values over the element surface based on the vzlues at the integration
point~ Unfortunately, the stress gradient over the cover is very dramatic so that high

ter -ess values are extrapolated but are not real.

4.4.4 Specimen V16

Specimen V16 has a tie spacing of 50mm and eight longitudinal bars. The
arrangement of ties consists of a rectangular tie and a diamond-shaped tie. It has a much
higher volumetric transverse steel ratio than the other specimens. The specimen is

subjected to an axial load P| and an eccentric load P,.

The moment about the neutral axis and the total axial load are plotted in Figs. 4.17
and 4.18 against the strain on the compression face frons the analysis, along with results
from the test. Stresses in the ties at the m,." ~»an cross section are presented in Fig.4.19
for Points A, B, C and D which are definz.. . .ne same way as for Specimen V7, and for
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diamond-shaped 'Tie E' and 'Tie F' as shown in Fig. 4.3B. Points A and B and 'Tie E' arc
on the tension side, while Point C and D and 'Tie F' are on the compression side. It can be
seen, from Figs.4.17 and 4.18, that the agreement betv - . ' e numerical analysis and the
test is very good.

The curves of moment and load versus axial strain on the compression face are
linear until the longitudinal bars start to yield. There is a kink in the moment and load
curves at the occurrence of strain-softening of cover. It is interesting to note that the
development of strain-softening in the cover does not result in any loss of load carrying
capacity for either moment or total axial force. Instead, a ductile behavior is observed over
a long range in the post-pcak regime. The strain-softening, however, results in a sharp
increase of stresses in the rectangular tie for Points C and D and the diamond-shaped 'Tie
F'. The rectangnlar tie yields over the compression side with increasing axial strain. There
is no immediate loss of load carrying capacity as a result of yielding of the rectangular ties.
This is because the diamond-shaped ties have not yielded and are still effective. The long
moment and load plat.;aus end when the diamond-shaped ties have yielded.

The axial stress distrib:tion patterns for Specimen V1¢ at maximum moment
capacity are i-esented in Fig.4.20A for the outside view and in +ig.4.20B for the mid-
plane view. Spacing of ties (50mm) is modeled over one element height. There are a
number of strain-softening patterns developed between ties over the compression face and
the side face. The triaxial state provided by ties can be observed from Fig.4.20B. The axial
stress value in the core over the compression side varies from 66 to 99MPa which is much
higher than the concrete strength (59.5MPa). This indicates that some parts in the core arc
subjected to a very high confinement. The highest triaxial states are held on in the corners
of the diamond-shaped ties. Because the column is very well confined with closely spaced
ties, the triaxial stress state patterns are developed even in regions between the ties.

4.5 A Study of the Failure Mechanism of Tied Columns

Based on the experimental observations (Ibrahim and MacGregor, 1994), the
ascending part of the loading history of the reinforced specimens was the same as that for
the plain concrete specimens. This indicates that the confinement has no effect on that part
of the loading history.
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The confinement, however, has a significant effect on the post-peak loading history
as demonstrated in this chapter.

Concrete in a tied column can be divided into two parts, the cover and the core.
The variation of stress distribution between these two parts is quite smooth in the early
stage of loading history. In Figs. 4.21 and 4.22 the transverse stresses on the core to cover
interface parallel to Axes 1 and 3, respectively, are shown at the onset of strain softening
of the cover for Specimen V13. The cover, primarily subjected to a uniaxial compressive
stress, 0, is the weakest part in the column. On the compression face, some parts of the
cover between ties may be subjected to a small tension in the lateral direction (e.g.
direction 1 in Fig.4.21). These small tensile stresses are thought to be a result of the non-
uniform lateral deformation within the specimen. The ties which compress the core at the
tie levels, cause tensile stresses which act to separate the core from the cover between ties
at the compression side. The first occurrence of strain-softening is usually lccated in these
areas due to the large axial strain and the nature of the stress state. At a late stage, the
strain-softening of cover extends to the side faces.

Because of the reduction of the axial stress value in the cover, the first peak of the
moment about the neutral axis is usually reached shortly after the strain-softening of the
cover. Based on the finite element analysis, the first moment peak usually relates to the
almost complete loss of axial stress o, in the cover of compression face. This can be
observed from Figs. 4.12 and 4.16 for Specimen V13. The instant of the inefficacy of the
cover is also called 'spalling' in engineering terms. For a very well confined column, a kink
of the load history curve is exhibited instead of the first moment peak. At spalling, the
axial stress in the core of the compression side reaches the critical stress level leading to a
significant increasing of lateral deformation. This increasing lateral deformation results in
an increase in the stress in the ties. The ties, on the other hand, react by confining the
concrete core. The core in the compression side is now subjected to a triaxial stress state
at the tie level. In between ties, the confinement is less significant depending on the
spacing and amount of ties. To demonstrate this point clearly, lateral stress (o, and o;;)

patterns on the surface of the core at the onset of strain-softening of cover are presented
in Figs. 4.21 and 4.22 for Specimen V13. As seen from Figs.4.21 and 4.22, a number of
triaxial stress state patterns are developed at the corners of ties. Based on the observation
of the confined cylinder test described in Chapter 2, triaxially loaded concrete will
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experience an increase of maximum axial strength and a delay of failure, compared with

unconfined concrete.

For well confined columns, distributed triaxial stress state patterns will be
developed in the core along the compression face. Confinement is also present for the part
of the core between ties. With increasing of the axial strain gradient, the axial stress
capacity in the core on the compression side increases due to the triaxial effect. This may
lead to higher values for moment and load to compensate for the loss caused by the
spalling of the cover. For a very well confined column, the second loading peak can be
higher than the first. On the other hand, the stress in the ties in the compression side
increases sharply to reach the yield point because of the excess lateral deformation of
concrete core. The confinement provided by the ties changes from passive to active with
the yielding of ties. Eventually, the previous axial stress level can not be held for the part
in the core of the compression side. This results in a decreasing of moment and load. The
column collapses. For columns with both rectangular and diamond-shaped ties, the passive
triaxial stress state can still be available for some parts in the core until yielding of the
diamond-shaped ties. The post-peak behavior for this case can be more ductile. The failure
mode for well confined columns consists of the spalling of covers along the height of the
compression face and a part of the side faces, and the failure of the core along the
compression face. The difference between the failure of the core and the failure of the
cover is that the cover experiences nearly unconfined strain-softening while the core
experiences confined strain-softening. At failure, the separation between the core and the

cover on the compression face is coniplete.

For poorly confined columns, such as Specimén V7, triaxial stress state patterns
are developed only at the tie level. For the parts between ties, the stress state is still close
to unconfined. Strain-softening of the cover between ties extends into the core, and there
is no increase of moment and load after the first peak. Instead, the load capacity drops
very fast with the failure of the core. The axial stress regained by the triaxial effect at the
tie level can not compensate the stress loss caused by the localized failure of core
concrete. The failure mode consists of a localized spalling of cover and a localized

collapse of core. The post-peak behavior is very brittle.



4.6 Summary

In this chapter. four specimens tested by Ibrahim and MacGregor (1994) with
different layouts of ties and loading conditions are modeled and analyzed using the
modified Pramono and Willam's finite element model. The finite element model
successfully captured the load-deformation behavior for these four specimens as compared
with the test results. This verifies the modified constitutive model and the mecthod of
analysis.

Examination of the stress patterns and stress history of the different points in the
finite element simulation provides insight into the behavior of the tied columns. It is
concluded that although the confinement has no effect on the pre-peak loading history, it
has a significant effect on the post-peak behavior. The failure mode for well confined
columns is distributed and the behavior is ductile. For poorly confined columns, a localized
failure mode and brittle post-peak behavior can be expected.
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Table 4.1

Details of rectangular specimens

Specimen V2 V7 VI3 V16
Width x depth (mm) 200x300 200x300 200x300 200x300
Compressive Strength (MPa) §2.8 84.7 72.5 59.3
Cover (mm) 14 14 14 14
Longitudinal Reinforcement 4#15 4#15 4#15 8#10
Tic Diameter (mm) 8 8 8 8
Tie Spacing (mm) 100 200 100 50
Ties Quter Dimension (mm) 172x272 1725272 172x272 172x272
Volumetric Ratio 0.01122 0.00561 0.01122 0.0387
Tic Arrangement Rectangular | Rectangular | Rectangular | Rectangular
+ Diamond
Text Metirod Constant Triangular Triangular Triangular

(Strain distribution)

ceeentricity
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Table 4.2 Material parameters used for modeling test specimens

Specimen V2 V7 V13 V1o
Concrete E (MPa) 28000 37500 34855 33000
£ (MPay* 82.8 84.7 72.5 59.3
£ (MPa)* 4.0 4,78 3.43 3.58
G‘{, (N/mm)* 0.188 0.197 0.161 0.166
A, 0.02142 | 0.002142 | 0.002142 | 0.002142
B, -0.032 -0.032 -0.032 -0.032
C, 0.0025 0.0025 0.0025 0.0025
A 24,0 16.0 16.0 16.0
,; -4.0 -4.0 -4.0 -4.0
Longitudinal E(hffPa) 188200 188200 188200 188500
Reinforcement ,*(MPa) 433.2 433.2 433.2 423.0
Transverse E(MPa) 216400 216400 216400 216400
Reinforcement [*(MPa) 401.0 401.0 401.0 401.0

* Measured values from control tests.
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Fig.4.3A A schematic representation for mesh divisions of Specimen V13
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Fig.4.3B Locations of points in ties of the mid-span cross-section
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Fig.4.8 Moment vs strain on compression face for Specimen V7
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Fig.4.9 Axial load vs strain on compression face for Specimen V7
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Fig.4.10 Stress in ties for Specimen V7
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CHAPTER FIVE

PARAMETRIC STUDY OF TIED HIGH STRENGTH CONCRETE COLUMNS

5.1 Introduction

In order to examine the performance of current design codes related to tied
concrete columns, it is important to understand the behavior of concrete columns with a
range of variables. Tied concrete columns involve a variety of parameters such as cross-
sectional dimension, concrete strength, strength and amount of longitudinal reinforcement,
and strength, amount and distribution of transverse reinforcement, etc. It is not realistic to
conduct a full-fledged experimental investigation with these different parameters because
of the expense. Instead, a parametric study using a verified finite element model becomes a

practical and alternative approach.

In this Chapter, a parametric study of a large number of tied high strength concrete
columns loaded eccentrically is presented. The study was conducted using the finite
element model described in Chapter 3. The model has been verified, in Chapter 4, against
the observed behavior of tied high strength concrete columns tested by Ibrahim and
MacGregor (1994).

This chapter starts with a brief review of the outline of ACI Code sections related
to tied concrete columns. The code provides guidelines in selecting parameters of tied
columns for the study presented here. Numerical results of the parametric study are then

presented and discussed.
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5.2 Outline of ACI Code Related to Tied Concrete Columns

The brittle behavior of high strength concrete in compression has been shown to
become much more ductile when it is effectively confined. Reinforced concrete columns
used in seismic active zones are usually provided with closely spaced ties. This provides
effective confinement and may allow the use of extremely high strength concrete.

The guidelines for seismic design of frame members subjected to bending and axial
load are addressed in Section 21.4 of ACI Building Code. In the following this code
section is outlined.

Cross-section

Clause 21.4.1.1 requires that the shortest cross-sectional dimension, measured on a
straight line passing through the geometric center, shall not be less than 12in. (304.8mm).
In addition, Clause 21.4.1.2 requires that the ratio of the shortest cross-sectional
dimension to the perpendicular dimension shall not be less than 0.4.

Longitudinal reinforcement

Clause 21.4.3.1 requires that the reinforcement ratio, Py shall not be iess than

0.01 and shall not exceed 0.06.
Minimum flexural strength of columns

Clause 21.4.2.1 requires that the flexural strength of any column proportioned to

resist a factored axial compressive force exceeding 4, /. /10 (in which A, is the gross

area of section, and £, is the concrete strength) shall satisfy:

IM, 2(6/5) 3 M, (5.1)

in which ;Me is the sum of moments, at the center of the joint, corresponding to the

design flexural strength of the columns framing into that joint, while ZMg is the sum of

moments, at the center of the joint, corresponding to the design flexural strength of the
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girders framing into that joint. If the above equation can not be satisfied at a joint, columns
supporting reactions from that joint shall be provided with closely spaced transverse
reinforcement (specified in the next paragraph) over their height. If it is satisfied, the
closely spaced transverse reinforcement is only required adjacent to hinging regions.

Transverse reinforcement

Clause 21.4.4.1 requires that the total cross-sectional area of rectangular hoop
reinforcement (single or overlapping hoops, or crossties) shall not be less than either of the

following two values:

Ay =0.3(sh f. / [ )l (A, 7 Ay) = 1] (ACI 318-89 Eq.21-2) (5.2)
Ay, =0.095h [, [, (ACI 318-89 Eq.21-3) (5.3)

in which A, is the cross-sectional area of a structural member measured out-to-out of the

transverse reinforcement, s is the spacing of transverse reinforcement measured along the
longitudinal axis of the structural member, 4, is the cross-sectional dimension of the

column core measured center-to-center of the confining reinforcement, and f, is the

specified yield strength of the transverse reinforcement.
To simplify the presentation, an equivalent transverse reinforcement ratio p, is

introduced as:

Aoy (5.4)

T

Equations 5.2 and 5.3 can be rearranged so that the equivalent transverse
reinforcement ratio p, should satisfy the following two conditions:

pi20.3[(A, Ay) ~1] (5.5)

p, 20.09 (5.6)
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In addition, Clause 21.4.4.2 requires that the transverse reinforcement shall be
spaced at distances not exceeding (a) one-quarter of the minimum member dimension and
(b) 4in. (102mm).

5.3 Parameters Involved and Design of the Parametric Study

Nine series of tied high strength concrete columns, denoted as Series PA, PB, PC,
PD, PE, PF, PG, PH and PV13, are studied here. These nine series include 21 different
analytical specimens with a variety of parameters involving tie configuration, tie size, yield
stregth of ties, uniaxial compressive strength of concrete, cover depth, amount of
longitudinal reinforcement, and cross-sectional dimension.

Except for Series PH and PV 13, all specimens have the cross-sectional dimension
of 350mm x 350mm, which satisfies the ACI Code Clause 21.4.1, and have a length of
960mm. The same specimen size was used by Ozcebe and Saatcioglu (1987) in an
experimental program. For Series PH, the cross-sectional dimension of the specimens is
700mm x 700mm and the length is 1920mm. Series PV13 is an extension of Specimen
V13 (discussed in Chapter 4) with various values of yield strength of ties. The cross-
sectional dimension for Series PV13 is 200mm x 300mm.

Except for Series PG, PH and PVI3, all specimens have a longitudinal
reinforcement arrangement consisting of 8 No.25M bars. The longitudinal reinforcement
ratio p, is 0.0326 which satisfies the ACI Code Clause 21.4.4. For Series PG, the

longitudinal reinforcement arrangement is 8 No.15M bars for Specimen PGl, and 8
No.20M bars for Specimen PG2. For Series PH, the longitudinal reinforcement
arrangement is 16 No.25M bars with 5 bars on each side. For Series PV13, the
arrangement is 4 No.15M bars, which is similar to that in Specimen V13.

Except for Series PD and PV13, all specimens have concrete uniaxial compressive
strength of 75MPa. For Series PD, the concrete strength is 37.5MPa for Specimen PDI,
and 50MPa for Specimen PD2. For Series PV13, all specimens have concrete uniaxial
compressive strength of 72.5MPa.
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Except for Series PF, PH and PV13, all specimens have concrete cover depth of
20mm. For Series PF, the cover depth is 20mm for Specimen PF1, 30mm for Specimen
PF2, and 40mm for Specimen PF3. The cover depth is 40mm for all specimens in Series
PH. For Series PV 13, all specimens have the cover depth of 14mm.

Except for Specimens PE1 and PE2 in Series PE and all three specimens in Series
PV13, all specimens are designed to satisfy the ACI Code seismic design requirement of

transverse reinforcement (Eqs.5.2 and 5.3).

The parameters for all series are summarized in Table 5.1. Special considerations
in the design of individual series are addressed in the following sections.

5.4 The Analytical Model

The finite element model and loading system are similar to those used in Chapter 4.
There are two vertical loads on the specimen, an axial load and an eccentric load. The
amount of the eccentric load is adjusted such that the strain on the tension face is zero.
Therefore, the neutral axis is located on the tension face of all the specimens in this
chapter. The loading strategy in the finite element analysis here is also the same as used in
Chapter 4. The analysis was carried out on a SUN SPARC IPX station using program
'ABAQUS' (Hibbitt et al. 1993) Version 5.2. The material model is user-defined as
described in Chapter 3.

Material parameters used for the finite element analysis here are included in Table
5.2. Determination of the material parameters is based on the constitutive tests discussed
in Chapter 2. For concrete with compressive strength of 7SMPa, the strain corresponding
to unconfined compressive strength is 0.0038 for the finite element analysis with the

chosen material parameters.
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8.5 Results and Discussions

In the following the results of the different series are presented and discussed.

In this chapter, the moment mentioned is about the center line instead of about the
neutral axis as used in Chapter 4. This is primarily for the convenience of comparing the
numerical results with the ACI predictions.

5.5.1 Series PA: Effect of Tie Configuration

Series PA is designed to study the effect of the tie configuration. There are four
specimens, PA1, PA2, PA3 and PAA4, in this group. The depth of cover to the surface of
the ties is 20mm which results in 0.3/(4,/4,) - 1] =0.0824. As indicated in Egs.5.5 and

5.6, the ACI Code requires that the equivalent transverse reinforcement ratio be p, 20.09.

Specimen PA1l is designed with No.l10M ties in a rectangular layout. The tie
spacing is chosen as 40mm such that p,=0.09. Based on the tie configuration of Specimen
PA1l, Specimen PA2 is designed with additional single crossties, Specimen PA3 with
additional double crossties, and Specimen PA4 with additional diamond-shaped ties. In
order to keep the equivalent transverse reinforcement ratio p, the same in the group,
Specimen PA2 is designed with tie spacing of 60mm, Specimens PA3 and PA4 are
designed with tie spacing of 80mm. Therefore, all specimens satisfy the minimum ACI
Code requirement of transverse reinforcement (Eq.5.6) exactly.

Results of the finite element analysis are presented in Figs.5.1 and 5.2 for the
moment and axial load versus the strain on the compression face.

As shown in Fig.5.1, all four specimens have a very similar pre-peak moment
behavior. The moment reaches its first peak immediately after the occurrence of strain-
softening of the cover on the compression face. However, the tie configuration has a
significant effect on the post-peak moment behavior. Although all four specimens have the
same equivalent transverse reinforcement ratio, specimens with small tie spacing have a
better post-peak moment performance than those with large tie spacing. For Specimens
PA3 and PA4 the yielding of ties takes place earlier than Specimens PAl and PA2,

108



partially because of excessive localized strain-softening developed between the ties.
Specimens PA3 and PA4 have almost the same post-peak moment behavior until the
yielding of the rectangular ties. For Specimen PA3, the moment capacity is reduced
significantly after the yielding of the rectangular ties. On the other hand, for Specimen
PAA4, the decrease of moment capacity is delayed until the yield of the diamond-shaped ties
at a compression face strain of 0.0056. This indicates that the additional diamond-shaped

ties provide more confinement than double crossties.

5.5.2 Series PB and PE: Effect of Tie Size

Series PB and Series PE are designed to study the effect of tie size. All specimens
of both series have the rectangular layout of ties similar to Specimen PA1. For Series PB,
Specimen PB2 is identical to Specimen PA1 with No.10M ties spaced at 40mm, Specimen
PB1 has No.8M ties spaced at 20mm, and Specimen PB3 has No.15M ties spaced at
80mm. Therefore, all specimens in Series PB have the equivalent transverse reinforcement
ratio p,=0.09, which is again the minimum ACI Code seismic design requirement.
Specimen PBI is designed for parametric study only as the spacing of 20mm is not

realistic in engineering practice.

All specimens of Series PE are designed with practical tie spacing of 80mm.
Specimen PE1 has No.8M ties, Specimen PE2 has No.10M ties, and Specimen PE3 has
No. 15M ties. The equivalent transverse reinforcement ratios p, for Specimens PE1, PE2
and PE3 are 0.0225, 0.045 and 0.09 respectively. Therefore, Specimens PE1 and PE2
meet the ACI Code requirement of transverse reinforcement for non-seismic design but
not the seismic design requirement. Specimen PE3 and Specimen PB3 are identical.

Resuits of the finite element analysis of Series PB are presented in Figs.5.3 and 5.4
for moment and axial load versus strain on the compression face. Results of the finite
element analysis of Series PE are presented in Figs.5.5 and 5.6 for the moment and axial
load versus strain on the compression face respectively.

As shown in Fig.5.3, all specimens in Series PB have almost the same pre-peak

moment behavior. In the post-peak regime, specimens with smaller tie size (i.e. with small
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tie spacing) have higher moment and load carrying capacity than ones with larger ties sizes
(i.e. with larger tie spacing). There is no direct relationship between ...e onset of yielding
of ties and the tie size as the tie spacing changes with the tie size to keep p, the same in

this group.

For Series PE, as shown in Figs.5.5 and 5.6, all specimens have the same pre-peak
moment and axial load behavior until the occurrence of strain softening of cover. As
expected, specimens with smaller tie sizes have lower moment and load carrying capacity
than ones with larger tie sizes. The yielding of ties also takes place earlier for specimens
with smaller tie sizes. For Specimens PE1 and PE2, which do not meet the seismic design
requirement of transverse reinforcement, the post-peak moment behavior is very brittle,
while the axial load is not maintained at maximum value. On the other hand, all of
specimens of Series PA, PB and Specimen PE3 maintained the maximum axial load while
the moment peaked and then reduced to zero. The amount of transverse reinforcement is
not sufficient for Specimens PE] and PE2 to maintain a triaxial stress state in the cores.
This indicates that the ACI Code requirement is necessary in order to avoid a poor post-
peak performance.

5.5.3 Series PC and PV13: Effect of Yield Strength of Ties

Series PC and Series PV13 are designed to study the effect of yield strength of the
ties. All specimens in Series PC have No.10M size ties in a rectangular layout similar to
Specimen PA1. Specimen PC1 is identical to Specimen PA1 with yield strength of ties of
400MPa and tie spacing of 40mm. Specimen PC2 has tie yield strength of 600MPa and tie
spacing of 60mm. Specimen PC3 has tie yield strength of 800MPa and tie spacing of
80mm. The tie spacing is adjusted with the variation of tie yield strength so that all
specimens in Series PC have an equivalent transverse reinforcement ratio p,=0.09. All
specimens in this group meet the ACI Code seismic design requirement of transverse
reinforcement. ‘

Series PV13 is an extension of Specimen V13, which has been tested by Ibrahim

and MacGregor (1994) and simulated in Chapter 4. Specimen V13 had tie yield strength
of 401MPa, Specimen V13A has ties strength of 600MPa, and Specimen V3B has a tie
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yield strength of 800MPa. All specimens in Series PV13 have No.8M ties spaced at
100mm in a rectangular layout. The equivalent transverse reinforcement ratios p, for
Specimens V13, V13A and V13B are 0.02, 0.04 and 0.06 respectively. Therefore, none of
the specimens in Series PV13 met the ACI Code seismic design requirement of transverse

reinforcement.

Results of the finite element analysis of Series PC are presented in Figs.5.7 and 5.8
for the moment and axial load versus strain on the compression face. Results of the finite
element analysis of Series PV13 are presented in Figs.5.9 and 5.10 for moment and axial

load versus strain on the compression face.

As shown in Fig.5.7, the pre-peak moment behavior is almost the same for all
specimens of Series PC. In the post-peak regime, specimens with lower tie yield strength
(i.e. with small tie spacing) have higher moment and axial load carrying capacity than ones
with higher tie yield strength (i.e. with large tie spacing). The yielding of ties takes place at
almost the same strain for all specimens of Series PC.

Since all specimens in Series PV13 are identical except for the tie yield strength,
they experience the same pre-peak and initial post peak moment and axial load behavior.
As shown in Figs.5.9 and 5.10, the differences become significant when ties of Specimen
V13 yield. As expected, the yielding of ties is delayed for specimens with higher tie yieid
strengths. This allows a higher moment and axial load carrying capacity for these
specimens in the post-peak regime. However, all specimens in this group have a brittle
post-peak moment behavior as compared with the specimens of Series PC. Because the
amount of transverse reinforcement is not sufficient, collapse of columns takes place
before the triaxial stress state in the core is sufficiently developed.

5.5.4 Series PD: Effect of Concrete Strength

Series PD is designed to study the effect of concrete strength. Specimen PD3 is
identical to Specimen PA1 with concrete strength of 75MPa. Specimen PDI1 is designed
with concrete strength of 37.5MPa, and Specimen PD2 with concrete strength of SOMPa.
Specimen PD1 has No.10M ties spaced at 80mm, Specimen PD2 has No.10M ties spaced
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at 60mm, and Specimen PD3 has No.10M ties spaced at 40mm. The rectangular layout of
transverse reinforcement is used for all specimens in this series. All the specimens are
designed with an equivalent transverse reinforcement ratio £,=0.09 so that the ACl Code

seismic design requirement of transverse reinforcement is met.

Results of the finite element analysis of Series PD are presented in Figs 5.11 and
5.12 for the moment and axial load versus strain on the compression face. Three different
sets of material parameters, as shown in Table 5.2, are used in the finite element analysis
of Series PD. The material parameters are chosen based on the material test results as
presented in Chapter 2.

As shown in Fig.5.11, each specimen has a different behavior in both the pre-peak
and the post-peak regimes. The difference in the pre-peak regime is primarily because of
different values of Young's modulus used in the analysis. The common feature is that the
moment reaches its first peak immediately after the strain-softening of the cover.
Specimens PD1 and PD2 have a very steady axial load capacity in the post-peak regime.

Although Specimen PD3 has concrete strength and amount of transverse
reinforcement twice as much as those of Specimen PDI, the increase of the moment
capacity is about 78%. This suggests that the increase of moment capacity is not
proportional to the concrete strength. The post-peak moment branch becomes slightly
steeper with increasing concrete strength. Generally speaking, however, the post-peak
performance for high strength concrete is acceptable if the ACI Code seismic design

requirement of ties is met.

5.5.5 Series PF: Effect of Cover Depth

Series PF is designed to study the effect of cover depth. Specimen PF! is identical
to Specimen PB3 with a cover depth of 20mm. Specimen PF2 is designed with the cover
depth of 30mm, while Specimen PF3 has a cover depth of 40mm. Since the value of 4, is
dependent on the cover depth, different amounts of the equivalent transverse
reinforcement ratios p, from Eq.5.5 are required in this group. In particular, Specimen

PF2 needs p, 20.137, and Specimen PF3 needs p, 20.204. To meet the ACI Code seismic
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design requirement of transverse reinforcement, Specimen PF2 is designed with 3 No.10M
ties spaced at 80mm (p,=0.145), and Specimen PF3 with 2 No.15M ties spaced at 80mm

(p,=0.209).

Results of the finite element analysis of Series PF are presented in Figs.5.13 and
5.14 for the moment and axial load versus the strain on the compression face.

As shown in Fig.5.13, the three specimens have almost the same pre-peak
behavior. This confirms the observation by Ibrahim and MacGregor (1994) who indicated
that the transverse reinforcement has no effect on the pre-peak moment behavior. In the
post-peak regime, both moment and axial load carrying capacities are reduced with
increasing cover depth as shown in Figs.5.13 and 5.14. Specimen PF3, which has the
largest cover depth of 40mm, fails before yielding of the ties. In fact, the effect of strain-
softening of the cover becomes more and more significant with increasing cover depth.
Generally speaking, the larger the depth of cover, the less the confined volume in the
columns, and the less the confined strength generated in the core to compensate the loss of
axial stress in the cover due to strain-softening. For columns with very large cover depth,
the losing of cover may result in column collapse before yielding of the ties. The use of
large amounts of transverse reinforcement in columns with small cores is not economical.

5.5.6 Series PG: Effect of Longitudinal Reinforcement

Series PG is designed to study the effect of longitudinal reinforcement. All three
specimens are same except the amount of longitudinal reinforcement. Specimen PG3 is
identical to Specimen PB3 with longitudinal reinforcement of 8 No.25M (p,=0.0326).

Specimen PG1 has longitudinal reinforcement of 8 No.15M (p,=0.013), and Specimen
PG2 has longitudinal reinforcement of 8 No.20M (0,=0.0196). All specimens fall within

the range of longitudinal reinforcement allowed by the ACI Code. All specimens are
designed with No.15M ties spaced at 80mm (p,=0.09).

Results of the finite element analysis of Series PG are presented in Figs.5.15 and
5.16 for the moment and axial load versus the strain on the compression face.
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As shown in Figs.5.15 and 5.16, the amount of the longitudinal reinforcement has
affected both the pre-peak and post-peak behavior of the column. As expected, the
moment and axial load carrying capacities increase with increasing amount of longitudinal
reinforcement. On the other hand, the decreasing slope of moment capacity in the post-
peak regime seems not affected by the longitudinal reinforcement.

58.5.7 Series PH: Columns with Practical Sizes

For Series PA to PG, the cross-sectional dimension is 350mm x 350mm. This
cross-sectional dimension is not very realistic in engineering practice. In order to study the
behavior of columns with practical sizes, Series PH is designed which has the cross-
sectional dimension of 700mm x 700mm and length of 1920mm. The cover depth is
40mm, and the longitudinal reinforcement arrangement is 16 No.25M with 5 rebars on

each side (p,=0.0163). Since the ACI Code requires the distance between tie legs in the

direction perpendicular to the longitudinal reinforcement to be less than 14in. (350mm),
both Specimens PH1 and PH2 are designed with rectangular tie layouts and additional
crossties to reduce this distance to 305mm. Specimen PH1 is designed with 3 No.10M ties
spaced at 80mm vertically, while Specimen PH2 with 3 No.15M ties spaced at 160mm
vertically.

Results of the finite element analysis of Series PH are presented in Figs.5.17 and
5.18 for the moment and axial load versus the strain on the compression face.

As shown in Fig. 5.17, both specimens have almost the same pre-peak moment
behavior. The moment reaches its peak when the cover starts strain-softening. In the post-
peak regime, Specimen PH1 with smaller tie size and tie spacing shows a much better
moment performance as compared with Specimen PH2. However, the difference of tie
size and tie spacing has little effect on the axial load carrying capacity as shown in
Fig.5.18.
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5.6 Summary

A parametric study consisting of nine series involving twenty-one specimens is

carried out in this chapter.

It is concluded that, although the pre-peak moment and axial load behavior may be
affected by concrete strength and amount of longitudinal reinforcement, they are not
sensitive to the cover depth and the amount of transverse reinforcement. On the other
hand, the cover depth and the amount of transverse reinforcement have a significant effect
on the post-peak behavior of columns. Generally speaking, the moment and axial load
carrying capacities are increased with increasing amount of transverse reinforcement if the
tie spacing is kept as a constant. However, if the same equivalent transverse reinforcement
ratio p, is used, columns with larger tie spacing usually show poorer moment and,

sometimes, poorer axial load performance in the post-peak regime.
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Table 5.1 Details of tied concrete columns for parametric study

Series | Speci~ P Cover | Longi- Transverse Reinforcement ACl
men tudinal Code
Reinf. Size Sh Spacing | Configuration
(MPa) | (mm) (MPa) | (mm)
PA PAl 75 20 8#25M | #10M 400 40 Square Yes
PA2 75 20 8#25M | #10M 400 60 Squarc +S.C. | Yes
PA3 75 20 8#25M | #10M 400 80 Squarc +D.C. | Yecs
PA4 75 20 8#25M | #10M 400 80 Squarc+ Dmd | Ycs
PB PBI 75 20 8#25M #8M 400 20 Square Yes
PB2 75 20 8#25M | #10M 400 40 Squarc Yes
PB3 75 20 8#25M | #15M 400 80 Square Yes
PC PC1 75 20 8#25M | #10M 400 40 Square Yes
PC2 75 20 8#25M | #10M 600 60 Squarc Ycs
PC3 75 20 8#25M | #10M 800 80 Square Ycs
PD PDI 37.5 20 8#25M | #10M 400 80 Squarc Ycs
PD2 50 20 8#25M | #10M 400 60 Square Yes
PD3 75 20 8#25M | #10M 400 40 Square Yes
PE PEI 75 20 8#25M #38M 400 80 Squarc No
PE2 75 20 8#25M | #10M 400 80 Square No
PE3 75 20 8#25M | #15M 400 80 Squarc Yes
PF PF1 75 20 8#25M | #15M 400 80 Square Yes
PF2 75 30 8#25M | 3#10M | 400 80 Squarc Yes
PF3 75 40 8#25M | 2#15M | 400 80 Square Yes
PG PGl 75 20 8#15M | #15M 400 80 Squarc Yes
PG2 75 20 8#20M | #15M 400 80 Square Yes
PG3 75 20 8#25M | #I15M 400 80 Square Yes
PH PHI 75 40 16#25M | 3#10M | 400 80 Square + M.C. | Yes
PH2 75 40 16#25M | 3#15M | 400 160 Squarc + M.C. | Yecs
PVI3 | VI3 | 725 14 4#15M #8M 401 100 { Rectangular No
VI3A | 72.5 14 4#15M #8M 600 100 | Rectangular No
VI3B | 72.5 14 4#15M #8M 800 100 | Rectangular No
Note:

S.C.: single crossties: D.C.: double crossties. M.C.: multiple crosstics;

For Series PA to PG:
(1) The cross-sections are 350mm x 350mm;
(2) Specimens PA1. PB2, PC1 and PD3 are identical;
(3) Specimens PB3. PE3. PF1 and PG3 are identical.

For Series PH:
(1) The cross-sections are 700mm x 700mm.

For Series PV13:
(1) The cross-sections are 200mm x 300mm.
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Table 5.2 Material parameters used for parametric study

Specimen All series but | Specimen | Specimen Series
PD and PV13 PDI PD2 PV13
Concrete E (MPa) 28480 20871 23713 34855
£ (MPa) 75 375 50 725
£ (MPa) 5.6 33 4.25 3.43
G’ (N/mm) 0.261 0.153 0.198 0.161
A, 0.02142 0.002142 | 0.002142 | 0.002142
B, -0.032 -0.032 -0.032 -0.032
C, 0.0025 0.0025 0.0025 0.0025
A 24.0 24.0 240 16.0
BJ -4.0 -4.0 -4.0 -4.0
Longitudinal E (MSPa) 200000 200000 200000 188200
Reinforcement £, (MPa) 400.0 400.0 400.0 433.2
Transverse E (MPa) 200000 200000 200000 216400
Reinforcement /. (MPa) 6004(0;)(:2) 400 400 6‘})% 1 ({,\;; 2)
800 (PC3) 800 (VI3B)
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Fig.5.1 Moment vs strain on compression face for Series PA
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Axial load P (kN)
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Fig.5.2 Axial load vs strain on compression face for Series PA
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Fig.5.3 Moment vs strain on compression face for Series PB
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Fig.5.4 Axial load vs strain on compression face for Series PB
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Fig.5.5 Moment vs strain on compression face for Series PE
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Fig.5.6 Axial load vs strain on compression face for Series PE
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124



Axial load P (kN)
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Fig.5.8 Axial load vs strain on compression face for Series PC
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Fig.5.9 Moment vs strain on compression face for Series PV13
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Fig.5.10 Axial load vs strain on compression face for Series PV13
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Fig.5.11 Moment vs strain on compression face for Series PD
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Fig.5.12 Axial load vs strain on compression face for Series PD
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Fig.5.13 Moment vs strain on compression face for Series PF
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Fig.5.14 Axial load vs strain on compression face for Series PF
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Fig.5.15 Moment vs strain on compression face for Series PG
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Fig.5.16 Axial load vs strain on compression face for Series PG
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Fig.5.17 Moment vs strain on compression face for Series PH
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Fig.5.18 Axial load vs strain on compression face for Series PH
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CHAPTER SIX

EXAMINATION OF ACI DESIGN CODE FOR CONCRETE COLUMNS

6.1 Introduction

The outline of the ACI Code sections related to seismic design of tied concrete
columns has been reviewed in Chapter 5. The existing codes were based on experiments
and engineering practice for low and medium strength concrete. Therefore, more research
is needed to study the applicability of the codes to high strength concrete members. For
instance, a rectangular stress block is recommended for the flexural strength design of
concrete members by most current design codes (e.g. US Code ACI 318-89 and Canadian
Code CAN3-A23.3-M84). The validity of the assumed rectangular stress block is
questioned as it was based on the stress-strain response of low and medium strength
concrete.

A parametric study of tied high strength concrete columns has been conducted in
Chapter 5. The behavior of concrete columns with variable parameters has been
qualitatively discussed in the same chapter. The results of the parametric study provide a
background for examining the performance of existing design code guidelines related to
tied high strength concrete columns.

This chapter starts with a review of the ACI assumed stress block and interaction
diagrams for the strength design of concrete columns. The moment versus axial load
response curves from the parametric study are presented, along with moment versus axial
load interaction curves predicted by the code. A comprehensive discussion of the
numerical results is carried out to examine the performance of the design codes.
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6.2 ACI Stress Block and Interaction Diagrams

The ACI Code sections related to seismic design for tied concrete columns has
been reviewed in Chapter 5, including the distribution of longitudinal reinforcement and
the distribution of transverse reinforcement. Most design codes use an assumed
rectangular stress block involving a number of stress block parameters (e.g. X;, K, and

K ) in the assessment of the flexural strength. A schematic representation of the stress
block is shown in Fig.6.1(c). As shown in the figure, the parameter K, is defined as the

ratio of the average compressive stress to the maximum compressive stress. The
parameter K, is the ratio of distance between the extreme fiber and the resultant of

compressive stress to distance between the extreme fiber and the neutral axis. The
parameter K ; is the ratio of the maximum compressive stress to the cylinder strength.

The ACI 318-89 and the CAN3-A23.3-M84 Codes use a simplified set of stress
block parameters based on the rectangular stress block. By keeping the resultant of the
forces in the middle of the assumed rectangular stress block, the rectangular stress block is
defined by two parameters only K, and K ;. Here X is equal to K,/2.

In the codes, the parameter K is assumed to have a constant value of 0.85. The

parameter K, is equal to 0.85 for concrete uniaxial compressive strengths, fc', up to 30

MPa and is reduced continuously at a rate of 0.08 for each 10 MPa of strength in excess
of 30 MPa. The parameter K, is not taken less than 0.65. The codes also assume a

constant value of 0.003 for the limiting compressive strain &,.

From the equilibrium of the external and internal loads, the axial load and the
moment about the central line of an unreinforced column with zero strain on one face can
be determined as:

P=C=KK,f.bh (6.1)

M =P(0.5~K)h (6.2)

in which 4 is the width of cross-section, and 4 is the height of the compression zone.
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For a concrete column subjected to an axial load and a bending moment, an
interaction diagram for the cross-section can be generated based on the strain
compatibility assumption. The procedure involves assuming a series of strain distributions,
each corresponding to a particular point on the interaction diagram, and computing the
corresponding values of the axial load P and moment M. Once enough such points have
been computed, the results are summarized in an interaction diagram. Details of the
computing procedure are given by MacGregor (1992).

The interaction diagrams used in the following discussions are generated based on
the strain compatibility assumption and are noted as the ACI predi tions.

6.3 Interaction Diagrams: Numerical Results and ACI Predictions

The moment versus axial load response curves from the parametric study are
presented in Figs.6.2 to 6.10 for Series PA, PB, PE, PC, PV13, PD, PF, PG and PH
respectively. The interaction curves of the ACI predictions are also included in all figures.

The response curves have a similar shape for most specimens in the parametric
study. The moment versus axial load response curve starts with a linear part, indicating
that the column is primarily subjected to a nearly constant eccentric load at the beginning,
Because of the special loading strategy used, which imposes a triangular axial strain
distribution with zero strain on the tension face, the height of the compression zone is held
equal to the height of the cross-section. With increases in the axial strain, the stress
distribution over the cross-section changes from a linear triangle to a non-linear variation.
As the cover experiences strain-softening, the maximum compressive stress in the
nonlinear stress distribution shifts from the extreme fiber to a point inside the core.
Therefore, the numerical moment versus load response curve bends upwards instead of
downwards as usually displayed for slender columns under an eccentric load where
deflections cause an increase in moments. The moment peak occurs ahead of the axial load
peak. In the post-peak regime of moment, the axial load is generally quite steady with
decreasing moment.

Although the ACI prediction is based on the failure of the cross-section, it does
not enclose the response curves generated numerically except for Series PV13. The ACI
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approach represents the point at the moment peak with the limit strain £, assumed to be
0.003. The moment versus axial load response curve from the finite element analysis
represents a complete moment versus axial load response with the strain on the
compression face varying from 0.0038 at the moment peak to 0.007 in the post-peak
regime. This allows a triaxial stress state redistribution over the cross-section if the
column is well confined. The stress redistribution usually results in a lower moment
capacity and at the same time a higher axial load capacity. This did not occur for Series
PV13 due to the poor confinement. The response curves, in this case, fall inside the ACI

predicted interaction curve.

6.4 Numerical Results Compared with Code Predictions

A schematic representation of the moment versus axial load response curves and
interaction curves are schematically represented in Fig.6.11, in which the solid curve is the
finite element analysis result, the dashed curve is the ACI prediction. As mentioned in
Section 6.2, the ACI interaction curve was obtained by assuming different linear axial
strain distributions with the strain on the compression face always equal to 0.003. Hence,
there is only one point (denoted as Point C) in the ACI interaction curve that has the strain
on the compression face equal to 0.003, while the strain on the tension face is equal to
zero. Since all specimens of the parametric study are subjected to a linear triangular strain
distribution, the Point C (with moment of M, and axial load of F.) can be used as the ACI

predicted failure point.

Discussion of the behavior of a concrete column is usually made on two aspects,

the strength and the ductility.

For the discussion of column strength, two points (Point 1 and Point 3) are of
interest. Point 1 (with moment M, and axial load P;) has the maximum moment capacity,

while Point 3 (with moment M; and axial load P;) has the maximum axial load capacity.
Therefore, M, is the maximum moment capacity and P; is the maximum axial load

capacity for a column.

139



In order to discuss the ductility of a column, Point 2 is introduced which has a
moment M, equal to 50% of the maximum moment capacity Af,. The ratio of the axial

load at Point 2 to the axial load at Point 1, P,/F,, can be used as an indicator of the

ductility behavior.

Another ductility measure is the energy absorbed over the failed cross-section
before a complete collapse of a column. The instant of a complete collapse can be thought
of as the point at which the moment capacity drops to zero. The strain at the compression
face related to that point is noted as £, in Fig. 6.12A.

Figs.6.12A and 6.12B are schematic representations of moment and axial ioad

response versus the strain on the compression face. The energy absorbed can be divided

into two parts, the moment energy absorbed, W,,, and the axial load energy absorbed, W,

These two parts can be computed using numerical integration:

_ ] Ey .
w, =7 .[a Mde, (per unit length) (6.3)

_ 1 &g . .
W, = EJ-o Pde, (per unit length) (6.4)

in which d is the depth of the cross-section and &, is the strain on the compression face.

The total energy absorbed can be computed by:

W

otal

=W, +W, (6.5)

The moment and axial load values at Points 1, 2 and 3 of the parametric study are
presented in Table 6.1 with the ACI predictions M, and P. as references. The energies
absorbed, W, and W, are 2'so included in the same table.

The results will also be presented graphically in order to reach a better

understanding of the problem.
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Series PA, PB, PC and PD

For Series PA, PB, PC and PD, the parameters involved are tie configuration, tie
size, tie yield strength and concrete strength. The tie spacing is adjusted from ZUmm to
80mm such that the equivalent transverse reinforcement ratio p, is a constant. Therefore,
the results of these four series can be presented in the same figure with the tie spacing as
the variable. The values of M,/M,, P,/P., P;/P., P,/P, and W,,, are presented in
Figs.6.13, 6.14, 6.15, 6.16 and 6.17 respectively. The data point for Specimen PA3 is
plotted at tie spacing 80mm, and for Specimen PA4 at 8 1mm (80mm in real) to distinguish

between them.

As shown in Figs.6.13 and 6.14, all but Specimen PD1 (with concrete strength of
37.5 MPa) have the peak moment lower than the ACI predicted value. The ratio M, /M,
varies from 0.897 to 0.922 with exception of 1.061 for Specimen PD1 and 0.939 for
Specimen PD2. Not withstarding the constraints on load path, this suggests that although
the current ACI Code interaction diagrams work well for low strength concrete columns,
they may be unconservative for high strength concrete columns. A different series with
constant eccentricity may be necessary to test this statement.

For Series PA, PB and PC. the peak moment decreases only slightly with
incryasiag spacing of ties with eveertion of Specimen PA4. The values of M, /M, are
betwzen 0.897 and 0.922. The .owesi velue belongs to Specimen PA3 which has the
poorest tie configuration among this group. As discussed in Chapter 4, columns with
larger tie spacing may experience the sirain-softening of the cover a little earlier due to the
fact that the strain-softening pattern is usually developed between ties at the beginning.
But generally speaking, the effect of transverse reinforcement on the pre-peak moment

behavior and moment peak is very minor.

As shown in Fig.6.15, the peak axial load value decreases with increasing spacing
of ties with exception of Specimen PA4. For columns with larger tie spacing, the strain-
softening pattern between ties may penetrate a little further into the core than ones with
smaller tie spacing. This results in a reduction of axial load capacity for columns with large
tie spacing. For most specimens, the axial load peak is related to the near zero moment.
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From Figs.6.16 and 6.17, both P,/P, and W,,, values decrease with increasing

spacing of ties except for Specimen PA4. This suggests that columns with large tie spacing
may experience poorer ductility behavior in the post-peak regime.

Specimen PA4, with rectangular and diamond-shaped ties, has higher A/, /A, and
P, /P, values than Specimens PA2 and PA3 and higher W, value than Specimen PA3.

This suggests that the tie configuration for Specimen PA4 is approaching an optimum.
The 20mm tie spacing of Specimen PB1 is considered impractical.

Series PE

For Series PE, the tie spacing is kept constant at 80mm, while the tie size is the
only variable which changes from 50 to 200mm?2. As discussed in Chapter 5, Specimens
PE]l and PE2 do not meet the ACI Code seismic design requirement of transverse
reinforcement. The values of M,/M_, P,/P., P;/P. and P,/P, are presented in Fig.6.18.

The energies absorbed, W,,, W, and W,,,,, are presented in Fig.6.19.

As shown in Fig.6.18, the M, /M_, P,/P. values are almost the same for all three
specimens in this series. This suggests that the tie size has little effect on the first moment
peak if the tie spacing is maintained as a constant. The ACI code prediction is
unconservative as the M, /M, value is under 1.0.

On the other hand, as expected, the values of P;/F.,, P,/P,and W, decrease
with decreasing tie size. If the ACI Code seismic requirement of transverse reinforcement
is not met, the ductility of concrete columns in the post-peak regime is the main concern in
the structural design.

It is interesting to note that the peak of axial load for Specimens PEI and PE2

(Fig. 6.4) is not related to the near zero moment. These two specimens collapse before a
complete stress redistribution is achieved due to the low degree of confinement.
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Series PI

For Series PF, the tie spacing is a constant of 80mm, while the cover depth is the
only variable which changes from 20 to 40mm with the equivalent transverse
reinforcement ratio maintained as a constant. The values of M;/M,, P,/I,, P;/F, and

P,/ P, are presented in Fig.6.20. The energies absorbed, W,,, W, and W,,,, are presented
in Fig.6.21.

As shown in Fig.6.20, the M,/M_, P,/P. values are almost the same for all three
specimens in this series. This suggests that the cover depth has little effect on the first
moment peak. The ACI code prediction is unconservative as the M,;/M, value is under
1.0. However, the values of P,/P., P,/P,and W,,, decrease with increasing cover depth.
Columns with larger depth of cover usually have a smaller confined volume of the core.
The behavior of the columns becomes brittle when the cover is lost in the post-peak

regime.

According to Yong's (1988) observation, the axial load capacity and the ductility
were not affected by cover depth as all specimens failed with a single shear failure plane.
Yong's tests were on the concentrically loaded concrete columns with unconfined or
poorly confined conditions (lateral steel volume ratio was from zero to 0.0164). The
parametric study here involved eccentrically loaded columns with well confined conditions
(the lateral steel volume ratio was around 0.0333). The failure of columns here seems to
be related to the spalling of cover and yielding of ties. More research is needed on the
changing of failure mode with increasing cover depths.

Series PG

For Series PG, the tie spacing is a constant of 80mm, while the amount of
longitudinal reinforcement is the only variable which changes from 1500 to 4000mm2. The
values of M;/M., P,/P., P;/P. and P,/P, are presented in Fig.6.22. The energies

absorbed, W,,. W, and W, are presented in Fig.6.23.
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As shown in Figs.6.22 and 6.23, there is only a small variation of M, /M., P,/P.
and P,/P, values with increasing amounts of longitudinal reinforcement. The changing of
W, 1s also not significant. Since the M,, P, values are different for all three specimens,

the ACI code prediction is very consistent for this series with different layouts of
longitudinal reinforcement.

The distribution of longitucnal bars was constant in this series. Also, the flexural
stiffness of longitudinal bars was not included in the analytical model. Therefore, the study
here could not confirm Yong's (1988) observation on axially loaded columns that
increasing the number of longitudinal bars and distributing them around the core perimeter
increased the effectiveness of the confinement of the concrete core.

Series PV13

For Series PV13, the tie spacing is a constant of 100mm, while the yield strength
of the ties is the only variable which changes from 401 to 800MPa. All specimens in this
series do not meet the ACI Code seismic design requirement of transverse reinforcement.
The values of M,/M_, P,/P., P;/F. and P,/FP, are presented in Fig.6.24. The energies

absorbed, W,, ¥, and W, are presented in Fig.6.25.

As shown in Figs.6.24 and 6.25, the strength of ties has no effect on the moment
peak values M,;/M_ and P,/P, as the tie has not yielded then. Because it had the lowest
equivalent transverse reinforcement ratios, this series had the lowest M,/M_ value among
all analyzed specimens. The strength of ties has an effect only on the post-peak behavior
of columns. The values of P /P., P,/P, and W,,, increase with increasing strength of
ties. Therefore, an increase in the yield strength of ties with everything else held constant
improves the ductility behavior of columns.

It is interesting to note that some of Cusson et al. (1994) tests on axially loaded
columns had the yielding of ties before or near the occurrence of strain-softening of
covers. Under this kind of circumstances, the yield strength of ties could affect both the
strength and ductility if the cclumn is well confined.
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Series PH

There are only two specimens in Series PH. The results can be readily observed in
Table 6.1 and are not presented graphically. The behavior of the two specimicas is almost
the same except for the post-peak regime. Specimen PH2 has lower values of P;/F,,
P,/P, and W,,, than Specimen PHI. The increase in the tie spacing led to poorer post-
peak ductility performance. The ACI prediction of moment capacity is unconservative for
Series PH. The M, /M, value is 0.896, the lowest among all specimens except for Series

PV13.

6.5 Examination of ACI Stress Blocks

The ACI assumed stress block was suggested based on experiments and
engineering practice for low and medium strength concrete members. Questions may arise
for the applicability of the stress block to high strength concrete members since the ACI
code prediction tends to be unconservative as demonstrated in Section 6.4.

The behavior of low and high strength concretes differs in both the pre-peak and
the post-peak uniaxial compression response. Usually, high strength concrete has less
plastic strain in the pre-peak regime. Therefore, the pre-peak uniaxial compression stress
versus strain curve is more linear for high strength concrete. Also, high strength concrete
has a steeper descending behavior in the post-peak regime.

As observed in the finite element analysis, the moment peak is usually reached
when the cover starts to experience strain-softening. The distribution of axial stress at the
moment peak (Point 1) is crucial in examining the authenticity of the assumed stress block.
On the other hand, the development of strain-softening of the cover is very fast for high
strength concrete members. It is also very important to understand the stress distribution
in the post-peak regime. Point 2, which has a moment equal to M,/2, can be used to

examine the post-peak behavior.

The stress patterns for three specimens of Series PD are discussed here. These
three specimens, PD1, PD2 and PD3, represent low, medium and high strength concrete
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columns respectively. The ties were selected to satisfy the ACI Code requirement for
seismic columns.

Fig.6.26 shows the axial stress patterns at Point 1 for Specimens PD1, PD2 and
PD3, while Fig.6.27 shows the axial stress patterns at Point 2 for these specimens
respectively. The stress values are given from four lines of integration points located at
varying distances from the vertical mid-plane, at the height nearest to the mid-span
section. The line at 162.5 mm from the mid-plane was in the side cover.

As shown in Fig. 6.26, the stress distribution pattern at the moment peak (Point 1)
varies with increasing concrete strength. The common feature is that at the moment peak,
the cover on the compression face starts to experience strain-softening. For Specimen

PD3 with f,=75MPa, the development of strain-softening of cover is relatively fast. In

contrast, for Specimen PD1 with fc'=37.5MPa, the reduction of axial stress in the cover

due to strain-softening is less significant at the moment peak.

Another important observation is that for high strength concrete specimens (e.g.
PD3), the stress redistribution is relatively more linear from the tension face to the peak
point along the compression side of the core. Since the strain distribution imposed is
triangular and the triaxial stress state is yet not developed in the pre-peak regime, the
stress distribution pattern at the maximum moment reflects the pre-peak uniaxial stress
versus strain curve. The lower plastic strain of the material in the pre-peak regime is the
main reason for the more linear stress distribution pattern for the high strength concrete
member.

In the post-peak regime, however, the stress distribution patterns are more
complicated as shown in Fig. 6.27. The cover on the compression side has almost
completely fallen off at the stage of Point 2. The side cover has also experienced a severe
loss of axial stress due to strain-softening. Meanwhile, a triaxial stress state has developed
inside the core. As a result, the axial strzss value in some parts of the core is higher than
the uniaxial strength. The stress redistribution pattern for Specimen PD1 is relatively
uniform within the core zone, as compared with Specimen PD3.

The stress distribution at the moment peak confirms that the height of the assumed
rectangular stress block should be reduced with increasing concrete strength. This factor
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has been accounted for in the current ACI Code by reducing the K, value with increasing
concrete strength. Fig.6.28 shows the K, K; values from some selected tests (represented
by solid symbols) and from this finite element analysis (represented by small circle
symbols), along with the ACI Code 318-89 prediction. The finite element predictions were
obtained from Eqs. 6.1 and 6.2 with M and P values substituted by M, and F,. It can be
seen that the ACI Code prediction of K, K, is generally lower than the results of tests and

analysis, and therefore is on the safe side for the axial load at moment peak.

On the other hand, the ACI Code prediction of the moment capacity is not on the
safe side. This is demonstrated by the K, values in Fig.6.29 with the solid symbols

representing test results, small circle symbols representing the finite element analysis, and a

dashed line representing the ACI Code prediction. By falling below the test data, the ACI
Code predicts values of K, which are too small. These lead to over-estimates of the lever

arm and hence the moment capacity for high strength concretes. The K, value should be
about 0.333 if the axial stress distribution is very close to a triangle. For high strength

concrete members, the axial stress in the cover is reduced due to strain-softening at the
moment peak. This suggests that the K, value should be no less than 0.333 for high

strength concrete members. However, in the current ACI Code, the equation K,=K,/2 is

used, based on the assumption that the rectangular stress block starts from the
compression face. This leads to K,=0.325 if the concrete strength is 75 MPa as used in

the parametric study. Therefore, the current ACI Code over-estimates the lever arm of the

resultant for high strength concrete sections.

In fact, the equation K,=K,/2 is not necessary as the assumption of the

rectangular stress block starting from the compression face is not necessary. In this study,
it is suggested that the K, value be determined independently from K, value. The

proposed equation for K, takes the form:

K,=0.425 for f. <30MPa (6.6A)
K, =0.457-0.00107 f, for 30MPa < f, <100MPa (6.6B)
K,=0.35 for f, >100MPa (6.6C)

This proposed equation is represented by a solid line in Fig.6.29.
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The predicted moment and axial load values at moment peak using Eq.6.6 are
denoted by M, and P.. Values of M, /M, and P, - P are computed for some selected
tests of Ibrahim and MacGregor (1994) and the finite element analysis here, and are
presented in Figs.6.30 and 6.31 respectively. It can be seen that the predicted moment
value based on Eq.6.6 is now on the safe side.

6.6 Comments on the Performance of ACI Code

Some comments on the performance of ACI Code sections related to tied columns
are made based on the observation in the preceding sections.

(1) Generally speaking, the effect of transverse reinforcement on the pre-peak
moment behavior and the moment peak is not significant.

(2) Transverse reinforcement has a significant effect on the post-peak moment
behavior. The amount of transverse reinforcement required for seismic design in the ACI
Code is necessary and also sufficient to ensure a ductile post-peak performance.

(3) The ACI code stress block for the flexural strength design of tied columns is
unconservative for high strength concrete members. The assumed rectangular stress block
is not realistic for high strength concrete sections. The lever arm of the resultant should be
reduced for high strength concrete members if the rectangular stress block is used.

(4) There should be a minimum size limit for a given cover depth in the design of
tied columns. Columns with small ratios of core area to gross area should not be
proportioned as their post-peak behavior is very poor. There is no need to increase the
amount of transverse reinforcement for columns with small core zones. Failure of such
columns is usually related to the loss of the cover due to strain-softening before the
yielding of ties.
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Table 6.1 Results of parametric study

ACI approach Point | Point 2 Point 3 Energy absorbed
Series | Speci- 23
men x“ (:}3 MI Pl M, P, A‘/_; P3 i’/]:]n WP
(. "1) . ) ——— — —— — — —_— ( . ) (kN)
Mc Pc Mc Pc Mc Pc
PA PAI 368 5940 | 0918 | 1.126 | 0459 | 1.489 | 0.048 | 1.652 | 4.793 | 26.39

PA2 368 5940 | 0.907 | 1.149 | 0454 | 1.400 | 0049 | 1.543 | 4.701 | 23.89
PA3 368 5940 | 0.897 | 1.153 | 0.447 | 1.356 | 0.000 | 1.460 [ 3.756 | 18.61
PA4 368 5940 | 0.916 | 1.126 | 0458 | 1473 | 0.150 | 1518 | 4.188 | 21.58
PB PBI 368 5940 | 0922 | 1.126 | 0461 | 1.573 | 0033 | 1.703 | 5.317 | 32.18
PB2 368 5940 | 0918 | 1.126 | 0.459 { 1.489 | 0.048 | 1652 | 4.793 | 26.39
PB3 368 5940 | 0914 { 1.127 ! 0457 | 1.370 | 0.012 | 1.503 | 3.929 | 20.98
PC PCl 3o8 5940 | 0918 | 1.126 | 0459 | 1.489 | 0048 | 1.652 | 4.793 | 26.39
PC2 368 5940 | 0.918 | 1.152 | 0.459 | 1.464 | 0.095 | 1.565 | 4.447 | 23.57
PC3 3608 5940 | 0.902 | 1.146 | 0451 | 1.329 | 0.029 | 1493 | 4.139 | 21.56
PD PDI 181 3980 | 1.061 | 1.044 | 0531 | 1.314 | 0.022 | 1.351 | 2.300 | 11.60
PD2 257 4490 | 0.939 | 1.107 | 0470 | 1.442 | 0.014 | 1.527 | 3.395 | 17.37
PD3 368 5940 | 0918 | 1.126 | 0459 | 1489 | 0048 | 1.652 | 4.793 | 26.39

PE PE! 368 5940 | 0.902 | 1.151 | 0451 | 1.284 | 0.308 | 1.316 | 3.603 | 15.59
PE2 368 5940 | 0.907 | 1.150 | 0454 | 1.337 | 0285 | 1414 | 3.744 | 17.i0
PE3 368 5940 | 0.914 | 1.127 | 0457 ] 1.370 | 0.012 | 1.503 | 3.929 | 2v.Y8

rr PF1 368 5940 { 0914 | 1.127 | 0457 | 1.370 | 0.012 | 1.503 | 3.929 } 20.98

PF2 361 5960 | 0912 | 1.143 | 0456 | 1274 | 0.048 | 1.397 | 3.371 17.20

PF3 353 5990 | 0.911 | 1.149 | 0456 [ 1.237 | 0.098 | 1.297 | 2.946 | 12.40

PG PGl 334 5420 | 0.881 | 1.141 | 0441 { 1.397 [ 0.044 | 1.525 | 3.520 | 18.40

PG2 345 5590 | 0.903 | 1.130 | 0452 | 1.391 | 0048 | 1.516 | 3.528 | 18.88

PG3 368 5940 | 0914 | 1.127 | 0457 | 1.370 | 0012 | 1.503 | 3.929 | 20.98

PH PHI 2850 | 22900 | 0.896 ; 1.128 ]| 0.448 | 1.656 | 0.055 | 1.682 | 23.69 | 1287

PH2 2850 | 22900 | 0.896 | 1.128 | 0.448 | 1.518 | 0.000 { 1.649 | 1848 | 102.6

PVI13 Vi3 140 2590 | 0.84] 1.053 | 0421 1.058 | 0.266 | 1.087 | 1.327 6.00

VI13A 140 2590 | 0.841 | 1.053 | 0421 [ 1.098 | 0.383 | 1.134 | 1407 7.03

V138 140 2590 | 0.841 1.053 | 0.421 1.147 ] 0244 | 1.155 | 1.533 7.40
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CHAPTER SEVEN

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary

This study started with a material test program to define the mechanical properties
of three high strength concretes containing silica fume. The test program consisted of nine
uniaxial compression tests, nine split cylinder tests, nine notched beam tests, and 33
triaxial compression tests. The concrete was designed to have compressive strergth of 60,
90 and 120 MPa.

Based on the results of the material tests, a fracture energy-based non-associated
plastic model originally proposed by Pramono and Willam (1989) was modified and
calibrated for high strength concrete. The model was extended to have the capacity for
three-dimensional stress analysis of concrete structures.

Verification of the model was made by analyzing four tied high strength concrete
columns tested by Ibrahim and MacGregor (1994). The finite element analysis has
successfully captured the load-deformation response, along with important features such
as the strain sofiening and spalling of the cover, the development of triaxial stress state of
concrete in the column core, and the yielding of ties. The failure mechanism of tied high

strength concrete columns was discussed.

A parametric study on tied high strength concrete columns subjected to eccentric
loading was conducted. A total of 21 specimens forming nine series were analyzed. The
parameters involved were the configuration, size and yielding strength of the ties, concrete
strength, depth of cover, and amount of longitudinal reinforcement. The behavior of these
specimens in both pre-peak and post-peak regimes was discussed.
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Results of the parametric study were used to examine the performance of the

related current ACI Code sections. Suggestions were made on the amendment of the

parameters defining the ACI rectangular stress block.

7.2 Conclusions

(1) Based on the results of the material test, it was concluded that although the tensile

(2)

3)

4)

strength and fracture energy increase with increasing compressive strength, high
strength concrete is less ductile than normal concrete in both tension and
compression. This conclusion has been reached by a number of investigators. It was
also concluded that confinement of the concrete will increase the maximum and
residual compressive strength significantly and also improve the ductility of the
concrete. A relationship between compressive strength and confining pressure was
proposed in Eq. 2.5. The confinement was found to be more effective than reported

in the literature.

Analysis of four of the tied high strength concrete columns tested by Ibrahim and
MacGregor (1994) provided a theoretical insight into the failure mechanism. It was
found that the failure mode of tied high strength concrete columns varies with the
amount of confinement provided by the ties. For poorly confined columns, the post-
peak behavior is brittle with the formation of a localized damage zone. For well
confined columns, the damage zones are distributed and the post-peak behavior is

ductile.

Based on the results of the parametric study, it was found that the ties have no effect
on the peak moment and pre-peak behavior. However, the post-peak performance of
tied columns is affected by the amount of transverse reinforcement. Increasing the
cover depth, reducing the amount of transverse reinforcement, and the use of
improper tie configurations are responsible for poor ductility behavior and poor

post-peak performance.
It was found that minimum requirement for transverse reinforcement in columns in

seismic zones in the ACI Code is sufficient and necessary in order to ensure a non-
brittle performance of tied high strength concrete columns. However, the ACI
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rectangular stress block over-estimates the moment capacity of tied high strength
concrete columns. It was suggested that the lever arm of the resultant of the ACl
assumed rectangular stress block be reduced for high strength concrete members.

7.3 Recommendations for Future Study
7.3.1 Material Test

Mechanical properties of high strength concrete vary with material mixes and test
conditions. More tests are needed to reach a conclusive understanding of the new material,
in particular in the presence of small lateral tensile stresses. Future work on triaxial
compressive behavior of high strength concrete is also advised to monitor the volumetric
strain. This information would allow a better definition of the stresses in the transverse

reinforcement.

7.3.2 Performance of Tied High Strength Concrete Columns under Cyclic Loading

Tests of tied low and medium strength concrete columns under cyclic loading have
been done by a number of investigators (e.g. Ozcebe et al. (1987)). Experimental and
analytical investigations are needed to reach a better understanding of the behavior of tied
high strength concrete columns subjected to seismic loading and factors affecting such
response. The study will provide a background for examining the seismic design codes
related to tied high strength concrete columns.

7.3.3 A More Realistic Representation of Longitudinal Reinforcement

Based on experiments of tied concrete columns, Yong et al. (1988) concluded that
increasing the number of longitudinal bars and distributing them around the core perimeter
increased the effectiveness of the confinement of the concrete core. Ibrahim and
MacGregor (1994) concluded that rectangular specimens with very light confinement
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reinforcement failed when the concrete cover spalled off with buckling of longitudinal bars
near the compression face. These findings suggest that the flexural stiffness of longitudinal
reinforcement could be a factor affecting the concrete performance. To include this
consideration into the analysis, the longitudinal reinforcement has to be modeled with
three dimensional beam-column elements. The material model for reinforcement must
include an elastic-plastic-strain hardening behavior with strain reversal provisions. There
has been only limited published research in this field. Mau et al. (1989) developed a special
beam-column element for modeling the reinforcement. The work was done on a
theoretical basis and was not extended to practical problems.

Perhaps the most difficult part is the modeling of the interface between the
reinforcement and concrete. Initially well embedded in concrete, longitudinal bars provide
some confinement to the core like ties do. Upon spalling of the cover, the adjacent
longitudinal bars are partially exposed to air and can separate from the core. It will be
helpful to verify the required theoretical background before a finite element analysis of the

complete problem is conducted.
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