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Abstract

Previous investigations, available design methods, and
code requirements forvplain and reinforced concrete block
masonry co]umné are reviewed.

The experimenta1 study investigates the behavior of
reinforced concrete block masonry columns subject to axial
concentrié compression, and combined bending and axial
compression. A total of forty-three concentrically loaded
columns, sixteen eccentrically loaded columns, and
forty-seven prisms were manufactured and tested to failure.
Fabrication and test variables included percentage and grade
of vertical reinforcement, grout compressive Strength and
slump, lateral tie details, and eccentricity of load. The
behavior of the test specimens was observed by measurements
of load, vertical and lateral strain, and lateral
deflections.

On the basis of a study of the assumptions of inelastic
design of reinforced concrete columns, and on the basis of
data gathered from tests conducted herein, theories and
empirical equations for the prediction of masonry column and
prism behavior are developed. Consideration is given 1o
“masonry failure mode, ultimate strength, vertical and
lateral failure strains, cracking stresses, and elastic

modulus as a function of the fabrication and test variables.
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1. INTRODUCTION

1.1 General Remarks

Reinforced masonry columns are common structural -
elements which are used to support compressive vertical
loads as well as provide lateral support to masonry walls.

A limited nuhber of studies have been carried out for
the purpose of developing strength design procedures for
brick hasonry columns, and even fewer studies have explored
concrete block masonry columns. Although it has been
proposed that reinforced brick masonry columns may be
designed using the Ultimate Strength Design Method for
concrete, the lack of information has necessitated most
masonry building codes to retain service load design
equations. As more information is gained, better predictions
of strength and behavior can be made. These may evolve into
deéign procedures which more closely reflect material
properties and structural element strength and behavior.

The designer must be able to predict with confidence,
material properties and structural behavior before load
factors and performance factors may be assessed for use in a
Limit States besign procedure. Economy of design would
result because of a better understanding of the material.

Detailing of reinforcement, grout strength, and
core-block shell interaction are important factors affecting
the strength’and behavior of reinforced concrete block

masonry columns. Present codes for reinforced masonry



parallel codes for reinforced concrete in the detailing of
reinforcement. However, there is some question whether
detailing of reinforcement for concrete columns is strictly
applicable to certain types of masonry columns. The question
‘of whether reinforced concrete ultimate strength equations
for concentrically and eccentrically loaded columns are
applicable to reinforced concrete block masonry\columns has
not been answered, nor are the effects of the contribution
of a masonry shell to the column at all understood. Research
is needed to confirm, extend, or adapt existing theory and
procedures.

The Second Progress Report of the Canadian Masonry
Research Council (1977) considers studies and tests of
structural design topics leading to safer and more
economical design in masonry to be of high to very high

priority.

1.2 Object and Scope
The objectives of this study are:

1. To briefly review and present our current understanding
of the behavior of reinforced concrete block masonry
columns.

9. To examine the effect of concrete core strength and
slump on the strength and behavior bf concentrically
loaded reinforced concrete block masonry'coluMns.

3. To determine the effects of vertical and lateral

reinforcement detailing on the strength and behavior of



concentrically loaded reinforced concrete block masonry
columns. |

To examine the behavior of eccentrically loaded
reinforced concrete block masonry co]umné.

To determine behavioral and strength relationships
between small-scale prism test data, and full-scale
cofumn test data.

To develop or extend existing analyses for predicting
the strength of reinforced concrete block masonry
columns subject to axial compression or combined bending

and axial compression.



2. REVIEW OF PREVIOUS INVESTIGATIONS, STRENGTH ANALYSIS, AND
CODE DESIGN PROCEDURE

2.1 Introduction

This chapter provides a review of previous concrete
column and masonry column studies, and briefly describes
what is Known about the behavior and strength of plain and
reinforced brick columns, concrete block columns, and
concrete columns subjected to concentric and eccentric axial
loads. In addition, the available design theories for plain
and reinforced concrete and concrete block masonry columns
are presented, and the design criteria for concrete block
masonry columns as specified by CSA-5304-1877,4° the current

Canadian masonry design code, are examined.

2.2 Review of Previous Investigations
2.2.1 Brick Masonry Columns

Previous to 1900, attempts were made to establish a

relationship between the compressive strength of hollow and

_so]id, plain brick piers, and the compressive strength of
the brick unit. Variables considered Were_column height,
cross-sectional area, and mortar type. Tests as early as
1882 are reported, and by 1886, the strength 6f a brick
column was considered to be inversely proportional to its
height to thickness ratio. Variations in column height,
cross-sectional area, and mortar type produced ratios of

masonry strength to brick strength between 6.1% and 60.9%."°

[



By 1906, it had been established that column strength
increased considerably with age and also increased with
higher mortar strengths.

The first investigation into the effects of horizontal
reinforcement in brickwork piers was made at Cornell
University in 1900.' Further tests were conducted at the
Bureau of Standards in Pittsburg in 1915.° Both studies
showed that through the placement of wire netting or mesh in
every joint, the compressive strength of brick piers could
be substantially increased.

Researchers at the University of I1linois,' in 1908,
were the first to study the effects of workmanship and
mortar type on the compressive strength and elastic modulus
of brick columns. Generally, it was found that both these
properties decreased with decreased brick unit stfength,
decreased with decreasing mortar strength, and decreased
with poorly laid mortar.

In 1916, researchers at the Swedish Technical
Institute! studied eccentrica]]y'loaded brick piers, and
resulfs indicated an accompanying strength decrease.

In 1930, Shank and Foster? attempted to duplicate in
the laboratory, the eccentric loading conditions encountered
in plain brick pilasters under actual service cohditions.
The tests showed that pilaster strength under eccentric load
is less than that under uniform concentric load, and that
the relation between these strengths depends on the column

stiffness and the column’s ability to absorb the load.



However, no design expressions were derived from these
tests.

Lyse,! in 1933, was the first to investigate the effect
of vertical reinforcement in brick piers. In this study,
thirty-three columns, all 10 feet in height and all with a
12-1/2 inch square cross-section, were tested in vertical
compression. Three brick types, and five mortar types were
used. Vertical and lateral reinforcement percentages ranged
between 0 and 2%, and 0 and 0.8%, respectively.

As did his predecessors, Lyse found that, in general,
the stronger the mortar or brick used, the stronger the
column, and that workmanship of the mason affected column
strength to a non-quéntifiable degree. Furthermore, an
increased thickness of mortar joint was observed to decrease
column strength. Lyse concluded that the strength of a
reinforced brick column, having what is termed, "sufficient’
lateral reinforcement to prevent buckling of the vertical
bars, is a function of the effective strength of the brick
plus the yield strength of the longitudinal reinforcement.
The former is affected by brick type, mortar type,
workmanship, height to thickness ratio of the column,
thickness of the mortar joint, and curing time. The strength
is therefore:

S = A(KF,

b+ p‘FS) ..... e e e e e e e e e e

where

S = column strength




A = column area

p = ratio of longitudinal steel

area to column cross-sectional area
fi= ultimate brick strength |
K effectiveness ratio of brick masonry

ratio of masonry strength to brick
unit strength

fg= yield point of longitudinal steel
Lyse recommended that K be determined experimentally by
testing small brick prisms constructed of similar materials
and under similar conditions.to the columns in the actual
structure.

Withey,3 in 1934, conducted concentric compression
tests on thirty-two reinforced brick columns, 6 feet in
height, and 12-1/2 inches square in cross-section. The
percentages of longitudinal reinforcement, and hooped,
lateral joint reinforcement were varied frdm 0 to 4% and 0O
to 1.5%, respectively. As well, two mortar types and two
brick types were employed. Results suggested that column
stféngth varied directly with the plain masonry strength and
the percentage of vertical steel reinforcement, and could be
further increased with the use of lateral joint |
reinforcement. These observations are expressed in the
following equation presented by Withey for use in the
calculation of the maximum load carried by reinforced brick

columns:
Prof(1-p) # of +Kp'f
A b S s

where



P = maximum load
A = gross area of cross-section
fy= unit stress for plain brick column

P = longitudinal steel ratio in terms
of gross area

p'= lateral steel ratio in terms of .
gross area

fs= yield point of longitudinal steel

f¢= yield point of lateral hoop reinforcement

K = constant assumed to depend on the

ratio of gross area to core area,
and possibly on brick type

Davey and Thomas* (1950), carbied out concentric and
eccentric compression tests on plain brick piers. Variables
considered were mortar type, brick type, cross-sectional
area, and column height; the latter being varied from 1 ft.
to 12 ft. in order to study slenderness effects.
Eccentricities ranged from t/12 to t/3. Results showed that
the effects of slenderness are not independent of the
eccentricity of loading. Concentric and eccentric
compression tests were also condUcted on reinforced brick
columns, 9 feet in height, and with varied cross-sections.
Percentages of vertical reinforcement were small, ranging
from only 0.1 to 0.2%. Unfortunately, a failure theory or
design method was not developed by Davey and Thomas for
either the plain or the reinforced brick columns.

Anderson and Hoffman® (1967) proposed an ultimate
strength design procedure for reinforced brick masonry

columns based on the American Concrete Institute USD method



(ACI 318-63)Ifor reinforced concrete columns. Moreover,
exploratory tests were conducted on eccentrically loaded,
reinforced brick masonry columns each having a length of 10
ft.-2 inches, and a 12 by 16 in. cross-section.
Eccentricities varied between 0 and 34% of the column depth.
Ultimate loads calculated by the USD method for short
reinforced concrete columns compared very favourably with
the ultimate test loads; the latter varied between 0.37 and
1.11 of the former. Anderson and Hoffman concluded that the
ACI USD method for reinforced concrete columns could be
applicable for reinforced brick masonry columns provided

- more reliable data could be obtained concerning the shape of
the compression stress-strain curve for brick masonry, the
ultimate strain of the masonry, and the effect of different
percentages of vertical reinforcement on the behavior of the
masonry .

In 1969, Brettle® proposed a rapid, computer aided
ultimate strength design procedure for proportioning‘
reinforced brickwork piers subjected to compression and
biaxial bending. A comparison with the test results of Davey
and Thomas indicated that the experimental failure loads for
unreinforced brick columns were, on the average, 30% higher
than those computed using the proposed theory, but for

reinforced columns, were only 4% lower.

2.2.2 Concrete Block Masonry Columns

In 1931, Shank and Foster? studied the behavior of
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plain concrete block pilasters when subjected to eccentric
loads. These tests were similar to those previously
conducted on plain brick piers. Program variables included
block type, cross-sectional area, and pilaster height. It
was found that the ultimate compressive strength of the
masonry was about half of that of the unit. Furthermoré,
pier strengths were inversely proportional to block
absorption and in direct relationship with moduli of
elasticity.

The first tests of reinforced concrete block masonry
columns were conducted by Feeg,® in 1978, at the University
of Alberta. Specifically, this program was undertaken to
determine the effects of refnforcement detailing on the
strength and behavior of these columns under compressive
loads. The load was applied concentrically to the columns
through pinned ends. Short columns were studied so that
slenderness effects could be neglected.

A1l columns were 64 inches high and all had a nohinal
16 inch square cross-section. Of the thirty-seven columns
tested, thirty-four were constructed with 8 x 8 x 16 in.,
lightweight, plain corner block (2 oval core, 59% net area),
with an average unit net area strength of 2470 psi. The
column cross-section consisted of two such units laid in
running bond. The remaining three columns employed 16 inch
single core, lightweight, autoclaved pilaster units (16 x 16
X 8 in., 39% net area, 2450 psi net area). These columns

consisted of a single unit laid in stacked bond. Face shell
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bedding was used throughout, and a joint thickness of 3/8
'inch was maintained. All columns were constructed with type
S mortar having volume proportions of 1:1/2:4 (C:L:S), and
an average 28 day compressive strength determined from tests
on standard mortar cubes of 1860 psi when cured under wet
burlép, and 650 psi when cured under laboratory conditions.
Columns were filled with a grout having volume proportions
of 1:3:2 (C:S:A)J and an average compressive strength of
2680 psi determined from tests on standard moist cured
cylinders.

A1l vertical reinforcement was placed coincident with a
core centroid. Block unit shape restricted the placement of
all tie reinforcement to the joints between courses;
consequently, an 8 inch vertical spacing was maintained.

Variables investigated in this study were:

1. Tie diameter and tie location within the column
‘cross-section. Tie diameters of 0.1483 in., 0.1875 in.,
and 0.25 in. were used. Ties were positioned either in
the mortar joint between the outer face shells of the
units, or in direct contact with the vertical
reinforcement.

2. The amount of vertical reinforcement. Reinforcement
areas varied between 0.7 and 1.3% of the total column
cross-sectional area.

3. Vertical reinforcement distribution. Columns with
identical percentages of vertical reinforcement, but

employing differing bar sizes, were compared.

4, Gréde of vertical reinforcement. Grade 40 and Grade 60
(ksi) steels were used. '

A1l columns exhibited elastic behavior to about 75% of
their ultimate load. The average elastic modulus was found

to be about 800 times the masonry prism strength. The
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average ultimate strain was observed to increase with the
addition of grout, and increased tie diameter, but showed no
deffnite trends with varied percentages of vertical
reinforcement.

Increasing tie diameter resulted in increased column
strength, accompanied with a decreased amount of vertical
cracking at failure. No significant difference in strength
was observed between columns having ties in contact with the
vertical reinforcement and those which did not. However, it
was considered that the former provided greater restraint
against buckling of the vertical reinforcement. The column
strength, for a given percentage of vertical reinforcement,
decreased with increasing bar diameter. This was expected,
since it is generally kKnown that stresses developed in
masonry surrounding rebar increase with increased bar
diameter and larger differences in Poisson’s ratio between
the two materials. The ability of the vertical reinforcement
to reach yield’depended on the strength developed by the
masonry.

.It was further observed that failure to rémove morfar
droppings from the interior base of a column through
clean-out holes considerably lowers column strength, and
that the use of a high élump grout in columns constructed
with pilaster units results in excessive shrinkage and
interface cracking between the block and fill which is
detrimental to their strength and behavior.

Unfortunately, equations predicting ultimate load or
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deformations were not presented by Feeg.

2.2.3 Reinforced Concrete Columns

In contrast with reinforced masonry columns, a
comparatively large number of studies have been directed at
establishing ultimate strength design criteria and
behavioral aspects of reinforced concrete columns subjected
fo both concentric and eccentric loadings. Consequently,
many aspects of column design and reinforcement detailing in
CSA?S304, "Masonry Design and Construction for Buildings”,
aEe taken directly, or adapted from CAN3-A23.3, "Code for
the Design of Concrete Structures for Buildings", or from
the older working stress design codes. Because every
structural engineer is familiar with ultimate strength and
working stress design procedures and the behavior of
reinforced concrete columns, only a very brief survey of
previous studies to trace the development of USD procedures
related to short reinforced columns, will be presented.

Ultimate strength concepts in concrete are not recent
developments. They can be shown to date back to Thullies’
flexural theory of 1897, and Ritter’'s parabolic stress
distribution in 1899. Nevertheless, at the turn of the
century, Coignet’s and Tedesco's straight line theory gained
rapid acceptance, since it was accurate enough for design
purposes and commanded mathematical simplicity. The first
Joint Committee on Standard Specifications for Concrete and

Reinforced Concrete adopted the straight line theory in
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1909.

Beam tests by Lyse and Slater,® and their éubsequent
safety factor study, and McMillan’s report'® on creep stress
in columns in the early 1920's, re-emphasized the actual
inelastic behavior of concrete and questioned the use of
allowable stress design. In 1930, these reports led to an
extensive investigation of reinforced concrete columns by
Lyse and Slater at Lehigh University, and Richart at the
University of I1linois, in cooperation with the American
Concrete Institute.'1’ 12/ 13714/ 15 Particular attention was
given to column size, concrete strength, grade and amount of
longitudinal and spiral reinforcement, rate of load
application, and shrinkage and creep under sustained loads.
This study developed the first rational equations for the
strength of concentrically loaded, short, reinforced
concrete columns. The failure load of tied columns was
determined to be the sum of the strengths of the concrete
core and shell, plus the yield point strength of the
vertical reinforcement. The failure load of spirally
reinforced columns was composed of the concrete core
strength, the yield\point strength of the vertical bars, and
a contribution by the spiral reinforcement.

During the late 1330's, Whitney'¢' 17’ '8 proposed and
extended the use of a rectangular compressive stress block
for ultimate flexural strength computations, to replace the
approximately parabolic stress distribution actually

exhibited by concrete. This afforded the designer with a
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simple, yet accurate method in which basic static
equilibrium is used to predict failure loads of members when .
subjected to flexure alone, such as in a beam, or in
combination wiih direct load, as in an eccentrically loaded
column. This concept forms the basis for state-of-the-art
uftimate strength design of reinforced concrete beams and
columns, since it is applicable to the entire range of
concrete and steel strengths used in practice.

Subsequent inelastic flexural studies by Jensen!'?®
(1943), and Hognestad2° (13951), primarily assisted Whitney’'s
stress block concept by lending further credibility to the
constants selected by Whitney which defined the rectangular
"dimensions" of the stress block. Both experimental and
analytical investigations continued to support the use of
the equivalent rectangular stress block.'1/ 127 13/ 147157 18/
20/ 21422/ 23/ 24 Based on these studies, the ASCE-ACI Joint
Committee, 25 in 1955, presented recommendations and formulas
for the design of reinforced concrete structures by
Whitney’'s ultimate strength theory. This concept became
widely used in design practice with its appearance in the
1956 ACI Building Code.

Hognestad et al26 (1961) derived design strength
equations for members subjected to flexure alone, or in
combination with axial load, for a vériety of cross-sections
based on the rectangular stress block. Thése equations are
currently used in design. |

Ultimate strength interaction diagrams for axial
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compression and bending about one axis for reinforced

concrete columns have been well established by Hognestad et 3

al20 (1951) and Pfrang et al2? (1964). o
The investigation and design of rectangular sections

subjected to axial compression and biaxial bending has been

given particular attention by Bresler2® (1960), and Parme2?®

(1966) .

2.2.4 Deformations of Concrete Block and Concrete Block
Masonry |

Elements and materials in a building are not inert. All
materials will expand and contract with temperature changes.
A1l materials change dimensions with applied stress. Some
materials flow plastically under sustained loads, and some
move with changes in moisture content.

The five basic deformational characteristics of
concrete block and concrete block masonry are, or are
defined by:

1. shrinkage
coefficient of thermal expansion
elastic modulus |

shear modu lus

(&2 BN - V% B

creep

Because this report is concerned with the performance
of concrete block columns under short term loading, only a
brief review of our current understanding of elastic modulus

of concrete block masonry will be presented. Important data
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are lacking for the modulus of elasticity of concrete block
and concrete block masonry,; it has only been defined by
relating it to material strength and/or block density. These
relationships are strictly empirical, and are jirrelevant

from a theoretical standpoint.

2.2.4.1 The Block Unit
Richart, Moorman and Woodworth3° (1932) have reported
an approximate relationship between elastic modulus and

block strength of:

Eb = 1000 fB ................... 2.3
where

fy = block compressive strength, psi

Pauw?' (1960) showed that for cast-in-place concretes:

Ec = 33 w“zﬁg ........... e .. 2.4

where .

W = unit weight of concrete, 1b./cu. ft.

fo= compressive strength of concrete, psi _
Presently, this is the equation accepted by ACI 318-77,
"Building Code Requirements for Reinforced Concrete”.

Tests carried out by Holm3?2 (1976) on 8 x 8 x 16 in., 2
core block, have permitted derivation of an equivalent

formula for the elastic modulus of block concrete:

Eb = 22 W32 /FE ................. 2.5
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where

Ep= block elastic modulus, psi

W = air dry block density, 1b./cu. ft.

fi = block compressive strength, psi
Unfortunately, Holm provides no statistical data which
assess the reliability of this equation, nor experimental
results permitting such calculations.

However, Sturgeon3®® (1978) placed Holm's equation over
data reported by Richart et al3°, and showed that the
equation provides somewhat low estimates of elast{c modu lus.
This suggests that the appropriate constant in Eq. 2.5 lies
between 22 and 33. One expects a value less than 33 (for
cast-in-place concrete) because of the high void content of
machine moulded, zero slump concrete. Sturgeon33 (1978)

suggests:

Eb=25w3’2/Ft’)‘ Y -

2.2.4.2 Concrete Block Masonry
The modulus of elasticity of masonry is affected by the
moduli of both the block and mortar. Sahlin34 (1971) derived

the following theoretical equation:

where

Ey= elastic modulus of the masonry
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Ej= the elastic modulus of the joint, (mortar)
Ep= the elastic modulus of the block unit

and

where

Tb= the block height

Tj= the joint thickness

Work by Turkstra et al3s (1975) consisted of reviewing
masonry prism and wall test data previously presented by
Read and Clements3® (1972) and Richart et al®° (1832), and
éstablishing a regression equation to predict the initial
tangent modulus. It was found to correlate best with masonry
strength alone. This relationship was based on net area, and

found to be:

E = 731,000 + 440.0 f' . . . . ... o 2.9
m m

where

fh= ultimate uniaxial masonry compressive
strength, psi

Dispersion of data about this line is considerable.
The Building Research Station3? (1972) reported an

approximate relationship of:

E =850 Fl L. 2.10

The same relationship was reported by Fattal and Cattaneo?d?®
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(1977). Hatzinikolas, Longworth, and Warwaruk3® (1978)

recommended:

Em = 750 fﬁ ................... 2.11

based on their wall tests. Feeg et al® (1979), in his study

of reinforced block columns, suggested:

Eo= 800 ffy oo e e e 2.12

CSA Standard S$S304-19774° recommends:

E, - 1000 £1 5 3.0 x 109 pSi .+ v o b oo oo 2.13

Research clearly indicates that the Canadian Masonry
Code over-estimates Eg, in general, by some 15 to 25
percent. |

Equation 2.7 indicates that modulus of elasticfty will
decrease with increasing joint thickness and will increase
with the compressive strength of the mortar. As well, it has
been shown that ful]lmortar bedding will increase the |
elastic modulus from 0 to 15 percent over face-she}l
bedding, other factors being equal.

It is well accepted that, due to the linear nature of
the stress-strain curves of concrete masonry in the Tower to
middle range, the initial tangent modulus is well

representative of the elastic modulus at working stresses.
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2.3 Strength Analysis Procedures

2.3.1 General

In Canada, masonry is presently designed by worKing
stress analysis. However, it is anticipated that a limit
states code will be introduced shortly. Masonry columns must
have sufficient structural capacity to resist safely and
effectively, certain specified service loads which act upon
them. These loads may be considered individually, or in
combination, and include dead loads, live loads, wind and
earthquake effects, and loads resultihg from contraction or
expansion of materials due to temperature changes,
shrinkage, creep and differential movement. As with columns
of other materials, the net effect is to subject the member
to end moments, lateral loads and concentric or eccentric
axial loads. A masonry column is thus designed such that the
stresses resulting from these applied service 10ads, and
based on elastic fheory, do not exceed the allowable
stresses specified by the Code. These allowable values are
some fraction of the ultimate compressive strength of the
masonry, whicﬁ may be established by prism tests or from the
independent unit and mortar strengths.

The decision to use plain or reinforced masonry must be
based on several considerations, which include:
1. the magnitude of the loads and necessary resistance;

2. masonry cracking due to moisture and temperature
variations, and;

3. ductility.

Reinforcement has a favourable effect on each of these.
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2.3.2 Elastic Analysis of Eccentrically Loaded Plain Masonry
Columns

In working stress or straight line analysis, where all
stresses are in the elastic range, five assumptions are made
for plain masonry:

1. Plane sections before bending remain plane after
bending.

2. Stress is proportional to strain, which in turn, is
proportional to the distance from the neutral axis.

3. Masonry provides no tensile resistance.
4, Elastic modulus is constant in the member.

5. Masonry elements (block and grout) form a homogeneous
material.

The stress distribution in a plain masonry column
subjected to an eccentric load is shown in Fig. 2.1 for
various combinations of load and moment. In order to
construct these distributions, the stress-strain relation
and the tensile.and compressive strengths of the masonry
must be known. Failure in the masonry occurs when, at the
extreme fiber, either the compressive or tensile strength is
attained. The distribution of Fig 2.1(d) shows that the
modulus of rupture of the masonry has been exceeded over
part of the cross-section, thus creating cracking in this
region. Since this condition will clearly not satisfy
serviceability requirements for plain masonry, it will not
be considered in the following analysis.

Basic mechanics can be used to obtain the stresses at

the extreme fibers of a cross-section, with the
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superposition of stresses created by axial and flexural

loads:

f= P M .. t.fl e e e .l e e e e e e 2.14
Kh 21n
where

f = outer fiber stresses

‘P = applied load

= net area of masonry cross-section
(Ap=A for solid rectangular sections)

>
>
i

M = applied moment
t = thickness of masonry cross-section
I,= moment of inertia of the net
cross-section about the centroidal axis
(In=1 for solid rectangular sections)
In the case where flexural stresses result from the

éccentricity of the applied load, M = Pe, where:

e = eccentricity of the applied load
measured from mid-depth of the section

Since masonry is assumed to carry no tensile stresses,
Eg. 2.14 is valid only when the eccentricity of the applied
load does not exceed the kern eccentricity. For an
eccentricity equal to the kern eccentricity, the stress at
the most distant fiber is zero. Wfth a larger eccentricity,
tensile stresses will develop. |

For rectangular solid sections with width b, and
thickness t, the kern eccentricity may be calculated using

Eq. 2.14:

- Pet

0 = P
R 2
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235 =

bt?
12
k At bt)t

Equation 2.14 may be expressed in the simpler form of:

f = P + Pet = P + 6Pe = P {1+ 6e
max A bt? bt bt? A t

2712
2.15
£ =P[1-6e] .............. . 2.6
min A 'E~
where
fmax = maximum stress at the outer fiber
(compression fiber)
fmin = minimum stress at the outer fiber

(tension fiber)
The stress distribution for a member subjected to an
axial load with an eccentricity greater than eg is shown in
Fig. 2.2. Consider a column of width b, and thickness t.

Force equilibrium requires:

P = 1F =
7 Tnax xb %-fmax x(%)
X = 2Pt ... .. e e e e e e e e e e e 2.17
Af
max

Moment equilibrium about point O requires:

Ple + x - t/2) = 2 x(1/2)f _xb = 2 x(1/2
3 max T max” 'y

Substitution of Eq. 2.17 into Egq. 2.18 gives:
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Ple+ 2Pt -t) = 1 -4pP°t% . Af
Af 2 3 NMF 2t ™
max max
e+2Pt -t = 4 Pt
AT 2 3 K
max max
-(e-t) = 2. Pt
2 3R
max
foo= Pl @3t | oo 2.19
max A[e - t/2]

Equation 2.19 defines the maximum stress for a solid
rectangular section with no tensile stress considerations,
under an axial load P, with eccentricity exceeding eg. It
mﬁst be re-emphasized that Egs. 2.14 and 2.19 apply to

uncracked, plain masonry sections.

2.3.3 Elastic Analysis of Eccentrically Loaded Reinforced
Masonry Columns

2.3.3;1 General

The benefits of placing reinforcement in masonry
columns have been previously considered. The same
assumptions of elastic analysis for plain columns apply to
reinforced columns. However, reinforcement is present to
resist any flexural tensile forces in the column. Tension
may or may not exist, depending on the magnitude of the
eccentricity of load. Thus, %n analyzing reinforced columns
by the elastic theory, two cases must be considered:
firstly, when the applied moment (or eccentricity) is

sufficiently small, and compression exists over the whole
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section: and secondly, when the eccentricity is large, and
tensile stress exists over a portion of the section which is
then assumed to be cracked. |

The elastic theory approach employs transformed section
theory, in which the steel of area Ag is transformed into an
equivalent masonry area EgAg/E, and the "all masonry"
section is analyzed by conventional methods, assuming the

section to be homogeneous.

2.3.3.2 Compression Over Entire Section
The masonry stresses in a short column with uniaxial
bending due to a load P acting at an eccentricity e from the

centroid of the transformed section are given by:

f = + Pey ..o oo e e e 2.20

P
A I
y = distance from the centroid of the transformed
section to the fiber under consideration

A = area of the transformed section

I = moment of inertia of the transformed
section about the centroidal axis

In order to calculate e, I, and A, the position of the
centroidal axis must be found by taking moments about a
convenient point on the cross-section. The centroidal axis

for a symmetrically reinforced section is at mid-depth.

2.3.3.3 Tension Over Part of the Section

The stress and strain diagrams for a reinforced column
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subjected to a sufficiently large moment to cause crackKing
are shown in Fig. 2.3.
The position of the neutral axis may be calculated from

internal moment and force considerations:

n = E/E

S m
£om kd=d' mf e 2.21
s ka - m
L T S 1 A 2.22
S “—k.”“ m

Summing forces:

P = 1fbkd + F'A' - fA . .. o 2.23
7 m s st s st

‘Summing moments about the section mid-depth:

pe' = 1 f bkd(h - kd) + f;A d')

st(g--

~d') ..., 2.24

Substitution of Egs. 2.21 and 2.22 into Eq.'2.24 results in
a cubic equation which may be solved to obtain the neutral
axis depth kd. By means of back-substitution of kd into Egs.
2.21, 2.22, and 2.23, the values of f,, fg, and f's are
found.

The flexural properties of the cracked section can now
be calculated, and the stresses may then be checked by

applying Eq. 2.20. Thus;

A = kbd + ASt + Ast'
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and

Z = 6B = (kd)?b/2 + Ast(d) + Ast'(d')
A

where

Z = the distance from the compression face to
the centroid of the effective section

I = b(kd)® + bkd(Z - kd)? + A
1z 2 °

2= 42 4 A (T - )

The true eccentricity with respect to the centroid of the

effective section is:

2.3.4 Ultimate Strength Analysis

2.3.4.1 General

The principles of reinforced concrete ultimate strength
design have been, and currently are being used by designers
to evaluate failure loads for masonry columns. Of course, a
prime concern of this report is to investigate the validity
of fhis assumption since, to date, experimental evidence has
neither confirmed nor denied the use of this practice. The
following discussioh of ultimate strength analysis of
reinforced concrete is restricted to rectangular, tied
columns, which are those most commonly encountered in
masonry structures.

The following general assumptions are made in ultimate
strength design:

1. At ultimate strength, a concrete stress of intensity
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0.85 times the compressive strength of a standard moist
cured cylinder is assumed to act over the width of the
member, and from the region of maximum compressive
strain to a depth Byjc. The distance ¢ is the depth to
the neutral axis from the region of maximum compressive
strain, and B} is taken as 0.85 for concrete cylinder
strengths below 4.0 ksi, and is reduced linearly at a
rate of 0.05 for each 1.0 ksi in excess of 4.0 ksi, with
a lower limit of 0.65. This basically defines Whitney's

rectangular stress block.
2. Tensile strength of the concrete is assumed to be zero.

3. A linear strain distribution is present in the concrete,
even at ultimate load.

4. The maximum strain at the compression face of the member
is, for the most part, independent of compressive
strength, and is conservatively assumed equal to 0.003.
Average ¢, values of 0.0034 to 0.0038 have been reported
in tests.20’21'22

5. Strain hardening of reinforcement steel above yield
stress is neglected. Consequently, for steel strains
above yield point strain, the reinforcement stress is
considered equal to yield point stress.

2.3.4.2 Concentrically Loaded Short Columns

It is assumed that the entire column cross-section is
stressed to an intehsity of 0.85 of the concrete cylinder
strength, and uniformly strained to 0.003 in./in.

Furthermore, it is assumed that sufficient lateral ties are

provided to enable the vertical reinforcement to yield

before buckling. The ultimate strength as determined by Lyse

‘et alt1' 12/ 13 and Richart et al'*' 15, is given by:

P = 0.85f (A -

o . ( q AS) + fyAS ......... 2.25
where

0> ultimate load for a tied column

P
Ag= gross cross-sectional area of column
- perpendicular to the applied load
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= standard concrete cylinder strength

f
A; = cross-sectional area of longitudinal
reinforcement

f,= yield stress of longitudinal
reinforcement

It seems reasonable to consider that the compressive
strength of the concrete in a column is 0.85 times that in a
standard cylinder, since there is a difference in size and
shape between a column and a test cylinder, and since
bleeding and segregation within the concrete is more

pronounced in the column than in the cylinder.

2.3.4.3 Eccentrically Loaded Short Columns--Combined Bending
.and Axial Load |

For reinforced concrete sections resisting flexural and
axial loads, there are five possible failure modes:

1. A balanced condition where, at the ultimate load, the
tension reinforcement reaches yielding simultaneously
with the concrete failing at the compression edge.

2. Failure by excessive concrete compressive strains before
the tension steel reaches yielding.

3. A failure initiated by yielding of the tension steel at
the yield point with a subsequent shift of the neutral
axis, leading to excessive concrete strains.

4. Compression failure of the concrete with tension steel
stresses in excess of yield point. Since the effect of
strain hardening is not considered, this case is
associated with failure mode 3.

5. Rupture of the tension steel following tension crack
formation in the concrete. This is a brittle failure
mode which only occurs with small percentages of
reinforcement and is therefore not important in
practical considerations.

1. Balanced Failure
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This loading condition produces a compressive strain
of ¢, = 0.003 in the extreme concrete fiber simultaneous
with the strain €y at the first yield in the tension steel.

Referring to Fig. 2.4, considering equilibrium
"conditions, and assuming yield in the compression
- reinforcement:

c = 0.003
d 0.003 + f /E
VA

c = 0.003d = 87,000d
0.003 + (f /29 x 10°%) f + 87,000
y y

a = B]c

P = C +C -T

u C. S

P = 0.8f'ab + A'(f - 0.85f') - Af . e e . 2.26

u (o Sy C Sy

The eccentricity e is measured from the plastic centroid

whose location is defined by:

d" = 0.85f'bh(d - d') + A'f'(d - d')
C 5 Sy
0.8f'bh + A'f' + Af

c Sy Sy

Note that for symmetrical sections, the plastic centroid and

mid-depth coincide.

Pe = C(d-a-4d") + C(d-d'-d") + Td"
u C 7 S

o
4]
i}

M = 0.85f'ab(d - a - d") + A'(f - 0.85f') -
c 5 s Yy c

(d -d' -d") + AFfd" .. 2.27
_ >y
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For symmetrical sections, Egs. 2.26 and 2.27 may be

simplified to:

P = 0.8f'ab - 0.85f'A’
u C cCSs
P = 0.85f'(ab-A') . .. . .. ..o 2.28
u o} S
and
Pe= 0.425f'ab(h - a) + A'(2f - 0.85f')(h - d')
u C S’y cC 7
Pe= 0.425f'ab(h - a) + A'(f - 0.425f')(h - 2d')
u C Sy C

2. Compression Failure

Section capacity is controlled by compression of the
concrete when the ultimate eccentric load P, is greater than
the balanced load P,, or when the eccentricity e is less
than the balanced eccentricity e. In this case, the strain
in the vertical tension reinforcement is smaller than the
yield point strain. Consequently the tensile force will be
some value less than that based on yield stress, and may, in
fact, be a compressive force.

From the linear strain distribution of Fig. 2.4:

c = €u e = (d-c¢) ¢
d e + ¢ S c u
u s
f = E (d - ¢) 0.003 .. . ... 2.30
S s
¢ = c-d ee = (c-d')0.003
€ €
u S

f! = E_(c-d')0.003 . ...... 2.31

C
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If a =Byc < h, then Egs. 2.30 and 2.31, in conjunction
with

P, = 0.85f'ab + AL(fl - 0.856) - Af ... 2.32
ahd
Pe = 0.85féab(h_%;§) * AR - 0.85F)(h - @)
#OAF(h-d) L 2.33

apply for symmetrical sections.
If a =Byc > h, then Egs. 2.32 and 2.33 become:
Py = 0.85fcbh + As(fS - 0.85fc) + As(fS - 0.85fc)
..... 2.34

.. ... 2.35

Solving these equations requires the difficult cubic
equation solution. A method of succeséive approximations is
suggested, which considers the actual strain variation as
the unKndwn, and applies the principles of statics:

1. Assume a value for c in Egs. 2.30 and 2.31, and
calculate f; and f's.

2. Solve for P, in Eq. 2.33.
3. Resolve for ¢ in Eq. 2.32.

4, Continue until the assumed and resolved values of c are
sufficiently close.
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3. Tension Failure

Tension in the steel controls the capacity of the
section if P, < Py, or e > 5. In this case, the ultimate
tensile steel strain will be greater than the yield point
strain. Assuming that the strain in fhe compression steel is
larger than yield strain, and considering strain variation,
and force and moment equilibrium, one obtains, with some
simplification:

P, - O.85fébd§p'(m SN —emt (1 -e')

d
+4/ (1 -e")2 + 2le'(pm - p'm+ ') + p'(m- 1)(1 - d')
d d d
..... 2.36
where

_ f _ A . '
m = _L_ s P - __S_ s o} = S
0.85fé bd bd

and when o = ol then:

Pu = 0.85fébd;—p +1 - _3_' +\/(1 - %')2 + 2p [(m - 1)1 - %’) +
e ... 2.37

As for the case of compression failure, a solution may
be achieved by a successive approximation procedure, in

which the strain variation is assumed and the principles of

statics are applied.

.”

[P
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2.4 CSA-S304-1977 Building Code Requirements and Design
Procedures for Plain and Reinforced Concrete Block Masonry
Columns

- In this section, the design and construction
requirements for plain and reinforced concrete block masonry
columns will be examined, as specified in the CSA Standard
$304-1977, "Masonry Design and Construction for Buildings".

In the previods section, the capacity of plain and
reinforced masonry columns was presented using engineering
analysis based on the elastic working stress design
procedure. In actual practice, however, account for
variations in material dimensions and per formance,
workmanship, etc. must be considered in conjunction with
purely theoretical analyses. It is the purpose of the
CSA-5304-1977 Code to define these transitions between
theory ahd practice through the provision of adequate safety
factors.

In the CSA-5304 Code, the capacity of plain and
reinforced masonry columns is based on allowable stresses.
The allowable masonry stress f,, is a function of the
masonry compressive strength fi, ; the latter being
established either by actual prism tests (Art. 4.3.2), or by
individual unit and mortar tests (Art. 4.3.3), and both
methods'require subsequent field control tests (Arts. 4.4.1
and 4.4.2). The maximum allowable stresses for plain
concrete block and reinforced concrete block masonry are

presented in Table 5 and Table 7, respectively, of the
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Standard.
Depending on the magnitude of the virtual eccentricity

e, of the applied load in relation to the column thickness
t, two design procedures are specified by the Code. The
eccentricity of the load is measured from the centroid of
the member (Art. 4.6.5.6), and for rectangular columns, the
effective thickness in the direction of the principal axis
is taken as the actual thickness, except where raked joints
are used, in which case the latter is reduced by the depth
of the raking (Art. 4.6.4). It is important to note that e,
the virtual eccentricity, is the sum of the eccentricity of
the vertical load and the value calculated by dividing the
member end moment by the axial load.
Case 1. e < t/3
1.. For plain masonry columns, and reinforced masonry

columns without tied reinforcement, and subject to

uniaxial bending, the vertical load capacity is given in
Arts. 4.6.7.1 and 4.6.7.3 as: ~

2. For reinforced masonry columns with tied reinforcement
under uniaxial bending, the permissible vertical load is
given in Art. 4.6.7.5 as:

P = Ce Cs(fm + O.SOanS)An ........... 2.39

where, for Eqgs. 2.38 and 2.39:
P
C

allowable vertical load

eccentricity coefficient defined i

€ Art. 4.6.5.7 '




Ce = 1.0 for e ¢ t/20 .
Co= 1.3 + 1(e-1)(1-F1) for t <ec<t
T+6e 2t 2 &, 20 6
t
C,=1.95(1-e) + 1e-1)(1-"1) fort<ecxt
2 1 2t 20 > 6
with

€= the smaller virtual end eccentricity

e,= the larger virtual end eccentricity

~ Alternatively, the value of Cg

may be taken from Table 9 of
the Standard.

= slenderness coefficient defined by

Art. 4.6.2

fl)z < 1.0

€2

1.2 - 5.75 + (1.5 +

h/t
300

with

7
'

= effective column height
(Art. 4.6.3)

t effective thickness (Art. 4.6.4)

Note that (h) < 5(4 - °1) (Art. 4.6.1)
t e,

C. may be taken from Table 8
o? the Standard

allowable masonry compressive stress
0.20fy for concrete block masonry columns
(Tables 5 and 7 of the Standard)

net cross-sectional area

= ratio of area of vertical reinforcement

to masonry net cross-sectional area
As/An

37
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fg= allowable compressive stress in
reinforcement '
fg must not exceed 0.40f
or 24000 psi (Art. 4.5.2Y

Case 2. e > t/3

1. Where the maximum virtual eccentricity exceeds t/3, the
allowable flexural tensile stress f{, normal to the bed
joints, must not be exceeded for plain masonry columns.
The limits of ft are given in Table 5 of the Standard.
f, is calculated using a linear stress distribution

(krt. 4.6.7.1).

2. For reinforced masonry columns with or without tied
reinforcement, and where e exceeds t/3 or a value which
will produce tension in the reinforcement, the allowable
load is determined on the basis of a transformed section
and linear stress distribution. As well, the load must
be modified for slenderness, using the CS coefficient
(Arts. 4.6.7.3 and 4.6.7.5).

3. For columns without lateral ties, compression
reinforcement is neglected (Art. 4.6.7.3).

4. The maximum permissible compressive stress in the
masonry is governed by flexure in this case, hence:

fm = 0.28f$ for concrete masonry columns

(Table 7 of the Standard)

5. From Article 4.5.2, the allowable tensile and
compressive stresses in the reinforcement must not
exceed 18000 to 24000 psi, depending on grade.

6. The elastic modulus of the steel Es is assumed as 29 x
106 psi (Art 4.5.3), and for the masonry, Ep =1000f
(Table 7 of the Standard).

Article 5.9 of the Standard specifies'block type and
lateral support spacings for masonry columns. Vertical and
lateral reinforcement details are outlined in Arts. 4.6.8.3,

4.8.4.21, and 4.11.
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FIGURE 2.1

Stress Distributions in Masonry at Failure
for Various Load-Moment Combinations
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FIGURE 2.2

Stress Distribution for Plain Masonry with
Solid Cross-section, Zero Tensile Strength, and
Having Eccentricity of Load Greater than the
Kern Eccentricity
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3. EXPERIMENTAL PROGRAM

3.1 Materials

A1l materials used for the construction of the test
specimens are readily available on the Edmonton commercial
market, and are representative of those used in masonry

construction in the area.

3.1.1 Concrete Block Units

A1l columns and prisms were constructed with
]fghtweight, autoclaved, 16 in. single core blocks. The unit
nominal dimensions are shown in Fig. 3.1. Physical
properties, based on three test repetitions in accordance
with ASTM C140, are listed in Table 3.1. Gross area
measurements for ten block samples are recorded in Table

3.2.

3.1.2 Mortar

The mortar used in all columns and prisms was type S,
propOrtioned in accordance with the specifications of
CSA-S304-1977. Type I portland cement, type S hydrated lime,
and masonry sand were proportioned 1:1/2:4 by volume. The
sieve analysis of the sand, as shown in Table 3.3 and
plotted in Fig. 3.2, conformed to the requirements of ASTM
C144. Moisture content was determined by ASTM C566, and
found to be 5.9%.

From each mortar batch, six 2 x 2 x 2 in. cubes were

43
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cast in accordance with ASTM C109. Of these, four cubes were
cured in saturated lime water, and the remaining two were
stored in the labdratory under the same conditions as their
companion columns and prisms. All cubes were tested at 28
days. Because the columns were constructed with a horizontal
line spanning as many as twelve columns, and each batch
permitted laying of approximately fifty blocks, the mortar
strength varied at different elevations in the columns.
Retempering was permitted, but mortar older than 3-1/2 hours

was not used.

3.1.3 Grout and Concrete

Five mix designs with varying compressive strength and
slump were used in the test program. M3 x proportions, design
strength, slump and designation for these mixes are given in
.Table 3.4.

Concrete mixes 5C and 4C were obtained from local
ready-mix suppliers. The remaining mixes, 3C, 3G, and 2C
were batched in the laboratory. Mixes 5C and 4C represented
strengths in excess of the block unit strength, and mixes
3C, 3G, and 2C provided strengths below block uhit strength.
Type 1 normal portland cement, CSA Type 10, was used in all
five mixes.

The aggregate used in laboratory Batching was obtained
from a local supplier and stored in overhead bins in the
laboratory until required. Results of moisture content,

specific gravity, and absorption analyses, in accordance
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with ASTM C566 and ASTM C127, for the laboratory concrete
sand, 3/8, and 3/4 inch aggregates, appear in Table 3.5.
Sieve analyses for these aggregates, as well as for the 3/8
- 3/4 inch blend employed in mix 3C, are given in Tables 3.6
through 3.9, and are plotted in Figs. 3.2 and 3.3. Although
these aggregates did not conform to ASTM C33, deviations
were small, and they were considered satisfactory for the
experimental program. Sieve analyses for those aggregates
uséd in the ready-mix were not available, but assurances
wefe made that these satisfied ASTM C33 requirements.

Laboratory concretes were mixed in a rotary type,
upright, flat bottom mixer of nine cubic foot capacity. All
batches were about seven cubic feet in volume. Generally,
this permitted filling a single column, or 2-1/2 prisms,
with some material remaining for control specimens. Mixing
time for each batch was about ten minutes to ensure
uniformity. Because the moisture‘content in the aggregates
varied from mix to mix, the slump was maintained constant
ratheb than the amount of water added.

With each batch of concrete for Series A columns,
generally two standard cylinders, and two 4 x 4 x 7-5/8 in.
blocK moulded prisms were cast. Of these, one cylinder and
one prism were moist cured; the remaining cylinder and prism
were cured in the laboratory under conditions identical to
those of the test specimens. For the remaining series, only
the cylinders were cast and both were moist cured.

The ready-mix concretes were ordered in sufficient
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volume to permit grouting of all the desired columns from
one load. Consequently, ten standard cylinders and ten 4 x 4
x 7-5/8 in. block moulded specimens were cast and considered
representative of each mix design. For Series A, seven
specimens of each were moist cured, and the remaining three
wefe laboratory cured. For the other series, all control
specimens were standard moist cured cylinders. Block moulded
prisms and air cured cylinders were eliminated subsequent to
Series A tests since moist cured cylinders were found to be
better representative of the concrete strengths within the
columns.

A1l control specimens were tested at the same age as

the corresponding column or prism.

3.1.4 Reinforcement

Vertical reinforcement of Imperial sizes and strengths
was not readily available at the time of construction. As a
substitute, deformed metric bars #20M - 300MPa yield, #20M -
400MPa yield, and #25M - 400MPa yield were used as vertical
reinforcement for the columns. All ties were bent from 1/4
in. diameter, plain bars.

Tension tests were conducted to determine reinforcement
yield and ultimate strengths. The bars exhibited a well
defined yield point and yield plateau. Table 3.10 reports
the yield ‘and ultimate strengths of each bar type. Each
value is the average of at least five tests. Coefficients of

variation were all below 3 percent. The idealized
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stress-strain relationships are shown in Fig. 3.4.

3.2 Test Specimens
A detailed description of the column and prism
specimens and their methods of fabrication are presented in

this section.

3.2;1 Columns

3.2.1.1 General

Fifty-nine, nine block high, short columns were
constructed using fhe 16 in. single core pilaster units
described in Section 3.1.1. Full mortar bedding was used and
! joint‘thickness Qf 3/8 inch was maintained. Nominal column
dimensions were thus, 72 inches by 16 inches square. Figure
3.5(a) illustrates schematically the dimensions of these
columns.

Variables considered in the materials or method of
fabrication were: 1) percent and grade of vertical
reinforcement, 2) grout compressive strength and siump, and
3) lateral tie details.

The following sections will provide more detailed
information concerning these variables, and how they were

incorporated into fabrication.

3.2.1.2 Detai1s of Reinforcement
The columns were designed to have three percentages of

longitudinal steel; 0.76, 1.3, and 2.6 based on the gross
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cross-sectional area of the column. A 0.76% was achieved by
using four #20M bars at the four column corners; 1.3% was
similarly obtained using four #25M bars; and for 2.6%, an
additional four #25M bars were placed with the latter, two
on each opposing side. The reinforcement percentages
selected in the test program provided a good range within
those permitted by CSA-S304-1977, (0.5 to 4.0%).
Unreinforced, grouted columns were considered to contain 0%
reinforcement; consequently, the program effectively
examined four reinforcement percentages.

Where longitudinal steel was required, ties were wired
directly to the steel, and all reinforcement was then placed
in the column as a unit. Several columns were constructed
without vertical reinforcement, but with grout and lateral
ties. In these cases, the horizontal reinforcement was
placed within the mortar joint of the cross-section.
According to CSA-S304, either location is acceptable. An 8
inch vertical spacing was maintained for all tie
reinforcement, with an exception at the ends for those
columns containing vertical reinforcement. An additional
lateral tie was placed 3 inches from the column top and
bottom to assist in the prevention of local crushing
_failures.

A1l lateral ties were fabricated from 1/4 inch diameter
plain steel. This diameter was selected on the basis of
observations and recommendations by Feeg® (1978). Ties were

cut from 20 ft. lengths supplied by the fabricator. All ties
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were bent cold, using a jig and lever arm. This process
permitted tight dimensional control with uniform tie sizing.
Five tie types were used in the program; dimensions are
shown in Fig. 3.6. Type A and‘Type D ties were used with the
#20M bars; Type B and Type E were used in conjunction Qith
the #25M bars and Type C, which were somewhat larger, were
placed in those columns with lateral, but no vertical
reinforcement. Type C ties required straightening for ease
of placement in the 3/8 inch mortar joints, which
necessitated small tack welds at the tie hook. Plates 3.1
and 3.2 show the three basic styles of lateral ties used in
the study.

The configuration of vertical reinforcement for the
varying percentages, spacing, and clearances are also
illustrated in Fig. 3.6. Longitudinal reinforcement spacing
and clearance, and tie bend diameters, hooks, spacing and
clearance, all conform to the ACI-318-77, CAN3-A23.1,
lCAN3-A23.3, and CSA-S304-1977 Standards. The concrete
Standards, however, recommend that at least a #3 deformed
bar be used as lateral reinforcement for vertical bars of #7
and #8 sizes. Fig. 3.6 also shows the locations of tie SR-4
electrical resistance strain gauges used in testing.

Plates 3.3 through 3.7 illustrate the construction of a
typical reinforcement cage. Eighty inch lengths of vertical
reinforcement were cut from the 40 ft. lengths supplied by
the fabricator. The eight inches in excess of column height,

‘as will be shown later, afforded a means of transport for
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the column once it had been constructed. Before wiring the
cages, all SR-4 electrical resistance strain gauges were
mounted on’the reinforcing steel and waterproofed.

Two reinforcement bars were first placed on the saw
horses as shown in Plate 3.3. As illustrated in Plate 3.4 ,
lateral ties were introduced over these bars, and oriented
such that all tie hooks subtended one vertical bar. This
would tend to create a line of structural weakness along
this bar. This scheme is probably representative of
construction methods, and constitutes the conservative,
least favourable condition. After the two lower bars were
positioned, all bar ends were inserted into wooden templates
to maintain bar spacing, and the lateral ties were
positioned for wiring. Ihterior and exterior views of a
typical connection are shown in Plate 3.5 and Plate 3.6,
respectively. Plate 3.7 is a photograph of the completed

cage.

3.2.1.3 Column Fabrication

A1l columns and prisms were constructed by an
exper ienced mason providing good workmanship. All lower
course blocks for columns which were to be grouted had a 4 x
4 inch clean-out hole cut in one face using a rotary
concfete saw blade. Surface irregularities on the bottom of
these blocks were chiselled to provide a flat surface for
column construction. Any blocks with flaws, such as large

chips or cracks, were rejected.
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For all columns, the first course was centered on a 1/2
in. x 15-5/8 in. square, fir plywood template which had been
placed on a polyethylene sheet covering the structural
floor. These templates had pre-drilled clearance holes to
assist centering of the reinforcement cages after the column
shell had been cohstructed. Templates, with proper hole
sizing and épacing, were available for each of the three
percentages of vertical reinforcement examined in the study.
Columns with no vertical reinforcement were placed on solid
femplates to provide equal elevation and permit more rapid
construction. No mortar joint was placed between the
template and the first course. All templates were oiled to
facilitate easy separation from the concrete following cure.
These construction techniques are shown in Plates 3.8 and
3.9.

For those columns of Series B, in which the blocks were
stripped from the concrete core, all blocks used in their
construction were first notched at one corner, then lined
with paper towels. The paper towels acted as a porous
separator which permitted water to be absorbed by the block
from the core, and at the same time, prevented a bond at the
interface. Later, by hammering the notch with a chisel,
sufficient tensile forces were introduced which split the
block, and allowed its removal without distress to the core.

The mason kept the inner column face in alignment using
a horizontal line and level. In this faéhion, as many as

twelve columns were constructed simultaneously.
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A description of mortar type was provided in Section
3.1.2. The mortar was retempered several times during a
3-1/2 hr. period, after which time, remaining mortar was
discarded. ‘

No particular attention was paid to the orientation of
the blocks as they were laid, except fhat the smooth block
surface with the wide face shell was placed up, hence the
block face shells tapered (narrowed) downward. The mortar
joints on both exterior and interior faces were cut flush, | o
with the former being tooled to provide concave joints.

Mortar droppings were removed from the bottom through the

clean-out hole aftef erecting the column shell. The mortar
was then permitted to cure for approximately a week before
grouting.

In the interim, 1/4 in. diameter holes were drilled .
through the bed joint between the fifth and sixth courses to
accommodate electrical connections for the SR-4 strain.
gauges mounted on the reinforcement cages. As the bages were
lowered into the columns by an overhead crane, these
electrical wires were pulled through the holes and secured
to prevent them from being drawn inward during grouting. The
cages were centered by positioning the ends of the bars in
the pre-drilled holes in tHe templates at the column bases.
For those columns containing 2.6% vertical reinforcement,
the additional four lengths of vertical reinforcement not
wired into the cage were dropped separately into their

respective holes, and were then tack welded to the cage top



53

uéing two steel bars spanning the cage sides. This can be
seen in Plate 3.11. Following placement of the reinforcement
cages, the column bottom was vacuumed to remove fallen block
particles.

For those columns containing lateral, but no vertical
- reinforcement, the horizontal ties were pushed into the
mortar bed as the»column shell was being constructed. This -
technique is common construction practice and does not‘
permit the mortar.to fully envelop the reinforcement.

As indicated in Section 3.1.3, concrete was either
ready-mixed or batched in the laboratory. In both cases, the
column grouting procedure was identical. A four sided box
with dimensions 14 x 14 x 12 inches, constructed of 1/2 in.
plywood, was placed over the coiumn to be grouted, and was
sufficiently secured by the 8 in. extensions of the vertical
reinforcement. A1l clean-out holes were closed by clamping
planks across them. Concrete was lifted in a "concrete
buggy" above the columns using the overhead crane. The
concrete was released and passed through a plywood funnel
which rested on planks above the column, through the plywood
box, and into the column. The columns were grouted in one
1ift. The concrete was then vibrated with a one inch
diameter vibrator. Neither grouting nor vibration caused
damage to the column shell. These procedures are shown in
Plates 3.10 and 3.11.

For those columns of Series B, in which the external

column shells were stripped, metal banding was placed around
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the lower four courses to prevent splitting during grouting.
Following vibration, the columns were trowelled smooth,
then air cured in the laboratory environment maintained at

about 70 deg. F and 40% relative humidity.

3.2.2 Prisms

Forty-seven, four block high prisms were built using
the 16 in. single core pilaster units described in Section
- 3.1.1. Five of these prisms were ungrouted, and forty-two
were grouted with the design mixes described in Section
3.1.3. Eight of the grouted prisms were subsequently
stripped to permit testing of the cores alone. All prisms
contained neither vertical or lateral reinforcement. Figure
3.5(b) illustrates schematically the dimensions of these
prisms. Their h/t ratio of 2 fulfills the fequirements of
CSA-S304-1977 for prism specimens. -

The fabrication and cure of these control specimens
followed closely those procedures outlined for column

construction in the previous section.

3.3 Program of Study

3.3.1 Columns

The following characteristics are peculiar to all
columns tested, and since each can affect the strength and
behavior of masonry, they are considered to be controlled
variables in this study.

1. A 15-5/8 inch square cross-section, employing
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autoclaved, lightweight, single core pilaster units of
equal strength. .

2. Type S mortar with full bedding, and 3/8 inch joints.

3. Concentric or eccentric vertical load applied through
pinned ends.

4. A height of 72 inches, corresponding to a
height/thickness ratio of 4.5.

5. Fiberboard end capping.

6. Longitudinal reinforcement flush with the column ends.

7. Vertically reinforced columns tied with 1/4 in.
diameter, plain steel at 8 in. centers, and in contact
with the longitudinal reinforcement.

In order to eliminate the effects of slenderness,
$304-1977 specifies that the column height to thickness
ratio must not exceed 5.0. In the present study, 4.5 was
selected, since this corresponded to a nine course high
specimen, and provided a block face at midheight to
facilitate the mounting bf SR-4 electrical resistance strain
gauges.

High lateral constraint at the bearing plates of the
testing machine due to plaster or sulfur capping have been
observed to restrict lateral expansion of masonry specimens,
and produce shear or diagonal tension failure. A reduction
in this lateral restraint creates a tensile failure which is
typically the mode responsible for failure of masonry under
cbmpression. Previous studies4!’ 42’43 have shown that a
fiberboard capping effectively reduces this bearing plate
restraint and more closely models masonry service conditions
than does high strength, stiff compounds. The use of

fiberboard capping is known to reduce individual block
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compressive strength by about 10 percent as compared to
plaster capping.

Earlier tests at Lehigh and I1linoist?''' '4 (1931) showed
that concrete columns with longitudinal steel flush with
their ends developed higher strength than columns with
capitals or spliced reinforcement.

The fifty-nine columns in this study were divided into
éix series, with each series examining a particular variable
of concrete block masonry column design. A description of
these series follows.

1. Series A
Variables considered in this series were:

1. effect of percentage and grade of vertical reinforcement
on column behavior; and

2. effect of concrete compressive strength on column
behavior. '

Two longitudinal reinforcement steel grades, 300MPa and
400MPa yield, as described in Section 3.1.4, were employed.
Henceforth, these will be referred to as Grade 40 (ksi) and
‘60 (ksi) steels, respectively. Four percentages of
longitudinal reinforcement were used: 0, 0.76, 1.3, and 2.6
percent.

Low slump concrete (4 to 6 inches), with 28 day
compressive strengths of 1.5, 2.5, 4.0, and 5.0 Ksi were
selected for this series. These correspond to mix designs
2C, 3C, 4C, and 5C in Section 3.1.3.

The variables and their effects on column strength and

behavior were investigated using the column details
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described in Table 3.11. A total of twenty-four columns were
tested under axial, concentric compression.
2. Series B

This series consisted of three columns identical to
those constructed in Series A, with 0.76%, Grade 60
lohgitudina] reinforcement and concrete compressive
strehgths of 2.5, 4.0, and 5.0 ksi (mix designs 3C, 4C, and
5C), but with stripped shells. These columns were to assist
in determining the relationship between concrete strengths
provided by standard cylinder or block moulded prism tests,
and the actual strength of the column core. Ultimately, by
comparison with companion Series A columns, these were to
assist in the evaluation of the individual confributions of
the column core and shell to the ultimate strength of the
masonry column.

These columns were tested under axial, concentric
compression. Details of these columns are provided in Table
3.12.

3. Series C

Series C columns modelled those columns of Series A
which were grouted with mix design 3C, (a 2.5 ksi, 4 in.
~slump concrete). These columns, however, were grouted with
mix design 3G, (a 2.5 ksi, 9 in. slump grout). Thus, the
effect of slump on the behavior and strength of masonry
columns could be evaluated by comparison of A and C series
specimens. The details of these six columns are presented in

Table 3.13. All columns were tested under axial, concentric
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compression.
4. Series D

The Series D study was initiated after the completion
of Series A column tests. Statistically, more meaningful
data would be acquired if several column tests of Series A
were duplicated. Those columns of Series A containing Grade
60 steel, wifh 0.76, 1.3, and 2.6 percent longitudinal
reinforcement, and mix designs 5C and 3C, were selected for
duplication. As well, another ungrouted column shell was
tested. The details of these seven columns are listed in
Table 3.14.

5. Series E

The behavior and strength of reinforced masonry columns
subjected to combined bending and axial load were examined
in Series E. Variables considered in this study were
concrete strength, and grade aﬁd percentage of longitudinal
reinforcement.

Identical columns were axially loaded under
eccentricities of 0, t/12, t/6, and t/3. These test results
were to provide data for the construction of interaction
diagrams in the region of e < ey or P > Py to assist in the
evaluation of theoretical modelling. Previous research has
shown that for eccentricities greater than t/3, particular
attention must be paid to the design of the loading plate or
column cap to achieve the desired compression-flexure
failure at midheight, and prevent local crushing failure at

the top of the specimen. To avoid these difficulties,
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eccentricities less than t/3 were selected in this study.

Although different loading plates were used for Series
A and Series E columns, concentric compression test results
of identical Series A columns were considered to be
representative of a Series E column with a zero
eccentricity. Minor dimensional differences between the two
plate typés would only slightly alter height/thickness
ratios of the columns, but would not alter the strength and
behavioral characteristics. Loading plate details are
discussed in Section 3.5.

Series E column details are presented in Table 3.15.
6. Series F

Series F consisted of six columns of identical
construction to those of Series A, except that 135 deg.
bends plus 4 in. extensions were used as hooks on the
lateral ties (Type D and E ties of Section 3.2.1.2), rather
than 90 deg. bends plus 2-1/2 in. extensions (Type A and B
ties of Section 3.2.1.2).

The effect of tie anchorage on the behavior and
ultimate load of the columns was assessed by comparing the
test results for Series F with results for similar columns
of Series A and D.

Column details are given in Table 3.16. A}l wefe tested

under axial, concentric compression.

3.3.2 Prisms

The following characteriétics are common to all prisms
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tested, and are considered to be controlled variables in the
study.

1. Nominal 16 in. square, singlé core pilaster units.

2. Type S mortar with full bedding and 3/8 in. joints.

3. Concentric vertical load applied through a flat, fixed
bottom end, with swivel platen at the upper end.

4. Height/thicknhess ratio of 2.
5. Fiberboard end capping.

Companion prisms were built at the time of construction
of a given column series. Thus, the only variable which
these prisms monitored was concrete mix design. Details of
these prisms appear in Table 3.17.

As mentioned in Section 3.2.2, the shells of eight
prisms; two in the CP3.- series, three in the DP5.- serfes.
and three in the DP3.- series, were stripped to permit

separate testing of the concrete core.

3.4 Instrumentation

3.4.1 Mortar Cubes

Vertical and lateral strains for a number of 2 x 2 x 2
in. mortar specimens were measured by 1-inch concrete strain
gauges attached to the cube face. Although 1atera1 restraint
by the loading head on a specimen of this size would
significantly reduce lateral deformations, it was felt that
this restraint was representative of the actual interaction

between a concrete block and the mortar in a joint.
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3.4.2 Concrete Cylinders and Block Moulded Prisms

Vertical strains for the block moulded prisms were
taken as the average of the readings from two 1 in. cohcrete
strain gauges mounted on opposing block faces. Lateral
strain measurements were provided by a single strain gauge
mounted at midheight.

Vertical deformation measurements for the concrete
cylinders were obtained by means of a dial gauge with 0.0001
inch increments, supported by two concentric aluminum rings
clamped to the cylinders. Lateral strains were approximated
by a 1-inch strain gauge attached to the circumferential

face of the cylinder at midheight.

3.4.3 Concrete Masonry Blocks
Deformations in the unit masonry block were monitored
in the same fashion as those of the concrete block moulded

prisms.

3.4.4 Columns

Lateral deflections of the columns were measured at
midheight of every second course using linear variable
differential transducers (LVDT’s)'capab1e of reading 0.0001
in. These transducers were fixed on an independent support
and attached to the column with thin wires about three feet
in length. This length effectively eliminated apparent
transverse deflections resulting from vertical deformations

of the column and fiberboard cap.
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Strains on the east and west column face were monitored
using LVDT's spanning a 32-inch gauge length centered at
column midheight. Special pin supports were manufactured
which provided rotational freedom for the LVDT's in the
direction of column bending. These supports are shown in
Plate 3.12. Vertical and lateral strains in the block face.
of the column were measured at column midheight using 1-inch
concrete strain gauges. Strains in the reinforcing steel
were measured by means of 1/2 inch steel strain gauges. On
the vertical reinforcement, these were placed at column
midheight, and for the lateral reinforcement, a gauge was
fixed on the inside face of the tie located immediately
below column midheight, as shown in Fig. 3.6.

For columns under eccentric load, additional LVDT's
monitoring 16 in. gauge lengths centered at column
midheight, were attached to the column face at positions
corresponding to the interior placement of the longitudinal
steel corner bars.

Schematic diagrams illustrating instrumentation for
each column type are shown in Fig. 3.7. Plate 3.13

illustrates typically, the instrumentation of these columns.

3.4.5 Prisms

Strains on the east and west prism face were recorded
using LVDT's monitoring 24-inch gauge lengths centered at
prism midheight. As well, a number of specimens had 1 in.

concrete strain gauges attached to measure vertical and
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lateral block strains. Schematic diagrams illustrating
instrumentation are shown in Fig. 3.7. Plate 3.14 shows

prism instrumentation prior to testing.

3.4.6 Data Collection and Processing

Vertical load, horizontal deflections, and strains were
monitored and recorded automatically using the NOVA 210/E
digitaT computer. After completion of each test, these data
were transferred to the AMDAHL 470 computer for subsequent

processing.

3.5 Test Procedure

3.5.1 Columns

The cages of longitudinally reinforced columns were
made about 8 inches longer than the columns to facilitate
transport. Reinforcement bars were welded across
diametrically opposing bars to provide a hook for the
overhead crane. Those columns and prisms containing no
reinforcement but with grout only, had a U-hook embedded in
their top surface at the time of grouting. Those columns
consisting of shells only were trahsported by bar clamps and
forklift. Transport details are shown in Plates 3.15, 3.16,
and 3.17.

Columns and prisms to be tested with stripped shells
had these shells removed only a few days before testing to

permit gauge mounting. Shell removal is shown in Plate 3.18.
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Before placing a column in the testing machine, the 1/2
in. long vertical steel projections on the column bottom,
and the 8 in. projections on the top were cut off with an
oxy-acetylene torch. The bar ends were ground flush with the
concrete surface using a disc ghinder, and the surfaces were
then brushed clean.

The column was then positioned in the testing machine
using the bar clamp device and forklift shown in Plate 3.17.
A1l concentrically loaded columns were driented such that
tie hooks were situated in the north-west corner. For
eccentrically loaded columns, the column was rotated 380
degrees sobthat hooks were in the north-east corner in a
potential tensfon zone.

A 1/2 inch by 15-5/8 inch square natural Tentest
fiberboard capping was used on the column bottom. Because of
concrete shrinkage, the column top was somewhat dished,
hence a plaster cap was first cast, followed immediately by
a fiberboard cap. A small preload, on the order of 10 Kips,
was applied to seat the fiberboard in the plaster, and
maintain the column in plumb.

Vertical load was applied by the head of a 1.4 million
Ib. capacity hydraulic testing machine. As mentioned
earlier, different loading plates were used for
eccentrically and concentrically loaded columns. Those for
the latter are shown in Plates 3.19 and 3.20. The lower
support consisted of a 2 in. thick, 15-3/4 in. square steel

plate, supported by a semi-circular rocker positioned in a

s
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cylindrical groove. Pin action was provided in the east-west
direction. At the column top, the swivel head of the testing
machine doubled as the pin and loading plate.

| For eccentrically loaded columns, load was applied
through a 10 in. deep and 15-3/4 in. square steel channel
section, with 3/4 in. side plates and a 3 in. base. By
welding small C sections to the side plates, threaded rods
could be positioned and tightened'to bear the plates against
the block course, and assist in the prevention of local
crushing failures. A 2 in. diameter cold rolled steel bar
resting between two 2 in. thick, 4 in. wide steel plates
with cylindrical grooves was placed on top of the channel
section in contact with the machine platen. The same type of
plate was provided at the column bottom. Pin action was
provided in the east-west direction. This device is shown in
Plate 3.21. By moving the roller assembly to predetermined
positions on the channel, and securing it with bolts
threaded into the roller, plates and channel, the desired
eccentricities could be got.

Following vertical alignment of the coliumn, transducers
were positioned, and all electrical connections were made.

A preload of about 75 Kips was applied to all columns,
with the exception of the ungrouted, unreinforced specimens,
for which a preload of only 25 Kips was applied. This load
was reduced to 5 Kips, strain gauges were balanced, and
initial readings were taken. Subsequent readings were

recorded at convenient load increments. To prevent damage to
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the instrumentation, the LVDT's were normally removed just

prior to column failure.

3.5.2 Prisms

As indicated in Section 3.3.2, concentric vertical load
was applied through a flat, fixed bottom end, and a swivel
platen upper end, with fiberboard caps. Prisms were
positioned, and load was applied using the same procedure as

for the column specimens.
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SECTION A-A

FIGURE 3.1 Dimensions of Single Core Pilaster Concrete
Block Units Used in the Study
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FIGURE 3.6 Tie Type, Dimensions, Spacings and Clearances
of Column Cross-sections
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Instrumentation

A Columns Contain 1,
B Columns Contain 1,
C Columns Contain 5,
D Columns Contain 5,

FIGURE 3.7(a) Concentrically Loaded Column Instrumentation



C1-4: Vertical SR-4 Steel Strain Gauges--1/2 in.
5-8: Vertical LVDT--16 in. Gauge Length
9-10: Vertical Concrete Strain Gauges--1 in.
11
1

: Lateral Concrete Strain Gauge--1 in. |
-13: Vertical LVDT--32 in. Gauge. Length for Columns
--24 in. Gauge Length for Prisms

Instrumentation

E Columns Contain A1l of the Above
Prisms Contain 10,11,12,13

FIGURE 3.7(b) Eccentrically Loaded Column, and Prism
Instrumentation
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Table 3.2 : Dimensions, Gross Area and Net Area of Concrete Block Units

Block No. Length Width Gross Net
(in.) (in.) Area ‘Area
n®) | @n?)
P1 15 9/16 15 9/16 | 242.2 95.2
P2 15 35/64 15 9/16 241.9 95.1
P3 15 35/64 15 9/16 [ 241.9 95.1
P4 15 17/37 15 19/32 | 242.2 95.2
P5 15 9/16 15 9/16 242.2 95.2
P6 15 9/16 15 19/32 | 242.7 95.4
P7 15 9/16 15 19/32 1} 242.7 95.4
P8 15 9/16 15 9/16 242.2 95.2
P9 15 9/16 15 19/32 | 242.7 95.4
P10 15 9/16 15 9/16 242.2 95.2
Average 15.55 15.57 242.1 95.2
g 0.014 0.022 0.4
cC.V. % 0.09 0.14 0.18 0.18
Table 3.3 : Sieve Analysis of Masonry Sand
Sample Size = 110.66 g,
Sieve No. Sample Wt. % Cumulative %
Retained (g) Retained % Retained Passing
4 0 0 0 100
8 2.38 2.2 2.2 97.8
16 7.82 S A e R 9.2 - - 90,8
30 40.62 36.7 45.9 54.1
50 41.26 37.3 83.2 16.8
100 17.44 15.8 99.0 1.0
pan 1.14 1.0 - ‘ -
Total 110.66 100.0 239.5
Fineness Modulus 2.40
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Table 3.5 : Moisture Content, Specific Grawvity, and Absorption of
Laboratory Aggregates
Max. Size Moisture Specific , Absorption
Aggregate Content (%) Gravity (Bulk) (%)
- 3/4 0.2 2.53 1.4
3/8 0.4 2.47 1.7
Concrete 2.4 - -
Sand
Table 3.6 : Sieve Analysis for 3/4 in. Laboratory Aggregate
Sample Size = 19.35 lbs.
Sieve No. | Sample Wt. % Cumulative %
Retained (1b) Retained % Retained Passing
1 0 0 0 100
3/4 1.15 5.9 5.9 94.1
1/2 10.40 53.7 59.6 40.4
3/8 4.05 20.9 80.5 19.5
4 3.40 17.6 98.1 1.9
8 0.10 0.5 98.6 1.4
pan 0.25 1.3 - -

Table 3.7 : Sieve Analysis for 3/8 in. Laboratory Aggregate
Sample Size = 2164.6 g.
Sieve No. Sample Wt. % Cumulative %
Retained (g) Retained % Retained Passing
1/2 0 0 0 100
3/8 668.9 30.9 30.9 69.1
4 1437.9 66.4 97.3 2.7
8 45.4 2.1 99.4 0.6
16 1.8 0.1 99.5 0.5
pan 14.8 0.7 - -
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Table 3.8 : Sieve Analysis for 3/4-3/8 Laboratory Aggregate Blend
for Mix 3C

Sample Size = 30.00 lbs.

Sieve No. | Sample Wt. % Cumulative %
Retained Retained % Retained Passing
(1b)

1 0 0 0 100

3/4 0.99 .3 3.3 96.7

1/2 9.01 30.3 33.3 66.7

3/8 7.60 25.3 58.6 41.4

4 11.72 39.1 97.7 2.3

8 0.28 .9 98.6 1.4

pan 0.40 1.3 - -

Table 3.9 : Sieve Analysis for Laboratory Concrete Sand

Sample Size = 591.8g.

Sieve No.| Sample Wt. % Cumulative %
Retained Retained % Retained Passing
(g)
4 19.1 3.23 3.23 96.77
8 72.6 12.27 15.50 84.50
16 40.9 6.91 22.41 77.59
30 78.2 13.21 35.62 64.38
50 262.2 44,31 79.93 20.07
100 100.2 16.93 96.86 3.14
. pan 18.6 3.14 - -
Total 591.8 : 100 254
Finess Modulus 2.54
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Table 3.11: Series A Column Details

Column 28 Day Concrete § Longitudinal Reinforcement Instrumentation|Tie
Mark Concrete | Mix Grade | Percent | Area {Detail Refers to Type

Strength | Design (AS% Fig. 3.7

(ksi) (ksi) | (p) (1n%)
AL 1.5 2C N/A  |o* 0 N/A c: N/A
Az.l 2'5 3c " " " " n ”"
A2'2 2.5 3C " " " " " n
A3 4.0 4C " " n " " "
AA-]- 5.0 SC " " " " 1" "
Al.-z 5.0 SC " " 1" " " "
AS 1.5 2C 40 0.76 1.86 |4-#20M A A
Ab 2 .5 3C " " " " " "
A7 4 .0 l‘c " " ” T " "
AB 5 .0 SC " " " ”" " "
A9 1.5 2C 60 0.76 1.86 |4~#20M A A
Alo 2 . s 3C " 1" ”n 1" " "
All I‘ .0 l‘c " " ”" n" " "
A12 5 .0 SC " n " " n "
Al3 2.5 3C N/A ot 0 N/A D Cc
Al4 2.5 3C 60 1.3 3.1 |4-#25M A B
AlS 2.5 3C 60 2.6 6.2 |8-#25M B B
Al6 5.0 5C N/A [l 0 N/A D C
Al7 5.0 5C 60 1.3 3.1 J4-#25M A B
Al8 5.0 5C 60 2.6 6.2 |8-#25M B B
A19 N/A N/A Na  |o* 0 N/A c N/A

X - no ties
t+ - ties within mortar bed

83
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Table 3.17 : Prism Specimens

Prism Number of Grout Companion Stripped

Designation Prisms Mix Design Column Series Shells

APO.1 to APO.5 5 Ungrouted A X

AP2.1 to AP2.5 5 2C A X

AP3.1 to AP3.5 5 3C A X

'AP4.1 to AP4.3 5 4C A x

AP5.1 to AP5.5 5 5C A X

CP3.1 to CP3.2 2 3G c /
Cores

CP3.3 to CP3.5 3 3G C X

DP3.1 to DP3.3 3 3C D,E,F v/
Cores

DP3.4 to DP3.6 3C D,E,F X

DP5.1 to DP5.3 3 5C D,E,F v
Cores

DP5.4 to DP5.6. 3 5C D,E,F X

EP5.1 to EP5.5 5 5C E X

Designation is as follows:

X

concrete mix

Series A Deriotes Denotes
columns are prism
companions

design associated
with given series

Prism 2 of a series

N



PLATE 3.1 and PLATE 3.2
The Three Styles of Lateral Ties
Used in the Study
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PLATE 3.3
Cage Construction--Placement of
Reinforcement on the Saw Horses

PLATE 3.4
Cage Construction--Lateral Ties
are Positioned to Sebtend one
Vertical Bar

80
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PLATE 3.5
Cage Construction--Interior View

of Tie-Vertical Reinforcement
"Connection"

PLATE 3.6
Cage Construction--Exterior View

of Tie-Vertical Reinforcement
“Connection”



PLATE 3.7
Cage Construction--The Completed
Reinforcement Cage
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PLATE 3.8 and PLATE 3.9
Column Lower Course Block, Showing
Clean-out Hole, and Pre-drilled
Plywood Template
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The Column Grouting Operation
Showing Buggy, Funnel, and Box

PLATE 3.10

PLATE 3. 11

The Concrete Vibration Operation
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PLATE

3.12(a) and PLATE 3.12(b)

Pin Supports Provided Rotational
Freedom for the LVDT’s Placed on
the Column Faces
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PLATE 3.16
U-hook for Transport of
Unreinforced Grouted Columns

PLATE 3.17
Transport of Ungrouted Columns
by Clamp and Forklift X
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PLATE 3.20
Machine Swivel Upper Platen
Doubled as Pin and Loading Plate -
for Concentrically Loaded Columns

e

PLATE 3.2t
Column Eccentric Loading Plates




4. MATERIAL PROPERTIES, PRISM RESULTS AND DISCUSSION

4.1 Introduction

| In this chapter, the properties of the individual
materials which constitute a.masonry assemblage are examined
experimentally. The properties of the masonry prisms
constructéd with these materials are then studied ffom a
theoretical and experimental base. Their behavior is
predicted through the formulation of theoretical and
empirical relations which are developed herein, or were
présented in previous investigations, and which make use of

the individual component properties.

4.2 Properties of Masonry Units

4.2.1 Compressive Strength

The standard masonry block compressive strength test
consists of capping the ends of a single masonry unit with a
suitable material to ensure a uniform load distribution,
placing the unit with service orientation in a standard
" compression testing machine, and applying load.
Unfortunately, this simple test is influenced by a number of
factors which can significantly affect the compressive
strengths of blocks composed even of the same type of
material. Moreover, it is known that the test does not
adequately represent block strength in a masonry-assémblage.

Masonry units are normally tested between steel platens

which are much stiffer than the units and restrict the

101
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lateral expansion at the unit ends. This confinement tends
to increase block compressfve strength by producing shear or
diagonal tensile failure in the block, rather than the
normal vertical tensile splitting failure. Since this
restraint is confined primarily to the block ends, an
increase in block height reduces the effect at midheight and
lowers the compressive strength.

The capping material of the block can also affect
strength by either increasing or reducing the frictional
restraint of the steel plates for a given block height.

Other factors which affect block strength are aspect
ratio, curing conditions including moisture content, test
age, loading rates, load control at failure, and the number
of test replicates. These factors are discussed in detail by
Maurenbrecher .42’ 43

In addition, the stress state of a block unit in a
masonry assemblage differs from the uniaxial compressive
state imposed by the standard compression test. The elastic
modulus of the concrete block is'usually greater than that
of the mortar and, consequent]y, free lateral deformation of
the mortar is greater than that of the block. However, in a
plain masonry shell, free lateral expansion of the mortar in
the joint is confined by the block due to friction and bond
resistance. As a result, tensile stresses are introduced
into the block and tensile failure can occur before unit
compressive strength is reached. This phenomenon is examined

in some detail by Hatzinikolas et al.3°® Drysdale et al,*4’' 45
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in a study of grouted block masonry prisms, suggests thaf at
high stresses in the grout cofe, inelastic lateral
deformations produce bilateral tensile stresses in the
masonry shell as it attempts to confine the grout. When
combined with the vertical compressive stress, these
stresses cause a premature splitting failure of the blocks
under a state of biaxial compression-tension stress.
Consequently, although one may be able to determine the
compressive strength of a given type of block unit with some
certainty using the standard test and a suitable number of
teét replicates, this strength, under the influence of other
factors, may never be reached in a masonry assemblage. For
thése reasons, researchers in the past have had some
difficulty in relating masonry strength to block unit
strength.

In this study, the compressive strength of the pilaster
units was based on ten test repetitions in accordance with
ASTM C140. These strengths are recorded in Table 4.1. All
units were capped with high strength plaster cast on a glass
plate. These are the same blocks for which gross and net
area measurements were reported earlier in Table 3.2. For
samples P1 to P5, the maximum and minimum observed net area
failure stresses were 3370 and‘3060 psi, respectively, with
a mean of 3150 psi, and a coefficient of variation of 4.0
percent. Net area failure stresses for blocks P6 to P10 were .
somewhat greater, having a mean of 3700 psi, with maximum

and minimum values of 3990 and 3370 psi, and a coefficient
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of variation of 7.0 percent.

Block samples P1 to P5 were tested shortly after
delivery, and samples P6 to P10 were tested about four
honths later with the column and prism specimens. The létter
are therefore considered to be more representative of the
block strength in the column. Comparison of these samples
suggests that the autoclaving process does not cure blocks
to a 28 day compressivé strength, as is commonly assumed,
and that significant strength increases can be expected if
blocks are used in construction shortly after their

manufacture.

4.2.2 Elastic Modulus

The elastic modulus of masonry units has been shown to
vary with aggregate type (density), type of cure, aspect i
ratio and cement type. To date, only empirical relationships
such as those presented in Section 2.2.4 have been used to
predict elastic modulus. Any accurate estimate of this
important engineering property is precluded by the extreme
data scatter about these regression lines.

Compressive and lateral strains were measured on block
samples P6 to P10, and Fig. 4.1 presents their average
stress-strain relationship. Table 4.1 reports a mean elastic
modulus of 1.56 x 10¢ psi with a coefficient of variation of
5.4 percent,'a Poisson’s ratio of 0.16, and an average
strain at failure of 0.0022 in./in.

Applying Egq. 2.6, and using 93 1b./cu. ft. for the unit
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weight, and 3700 psi for the strength, the elastic modulus

for the concrete block pilaster units of this study is:

M
]

25 W3/2 /?g = 25 (93)3/2 /3700

1.36 x 10° psi

This value is in good agreement with the observed data.
Eq. 2.3 provides a gross over-estimation of unit

elastic modulus:

Eb = 1000fé = (1000)(3700) = 3.7 x 10° psi

4.3 Properties of Mortar

At present, ASTM C108 requires that the compressive
strength of mortar be determined from vertical compression
tests of 2 x 2 x 2 in. cubes which have been cured in
saturated 1ime water for a 28 day period. Understandably,
this mode of cure seldom reflects actual construction
practice. Often, due to suction of water from the mortar
into the blocks, or excessive evaporation during summer
construction, an insufficient amount of water remains within
the mortar to complete hydration. The resulting mortar
strength is much lower than that indicated by standard
cubes. Alternatively, the volume of water removed by suction
from the mortar to the surrounding blocks may be sufficient
only to reduce the elevated water/cement ratio needed for
workablility and thereby produce a stronger mortar than that

indicated by the standard mortar specimens.
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In this study, fifty 2 x 2 x 2 in. cubes were tested in
compression to obtain 28 day strengths. Of these,
thirty-five were cured in saturated lime water and fifteen
were stored in the laboratory under conditions similar to
those of their companion prisms and columns. For a number of
these cubes, vertical and lateral strain measurements were
also recorded as a function of load. A complete set of cube
results is given in Table 4.2. The mean compressive strength
of lime cured cubes was 1780 psi with a coefficient of
variation of 13.9 percent, and for the lab cured cubes, the
mean compressive strength was somewhat lower, at 1640 psi,
with a coefficient of variation of 16.5 percent.

The load-deformation characteristics of a number of
these cubes are shown in Figs. 4.2 and 4.3. A straight line
passing through the average stress-strain data yields an
elastic modulus of 1.5 x 108 psi for saturated lime water
cubes, and 1.7 x 108 psi for laboratory cubes. Although the
initial tangent modulus is slightly higher for the latter,’
it is seen from Fig. 4.3 that this modulus is representative
only to approximately 0.40 fhorb whereas for lime cured
specimens, the stress-strain relationship is linear to about

0.65 f! In either case, data are scattered and only "ball

mort’
park" values can be obtained since the coefficient of
variation of the elastic modulus for both cube types is 50
percent. Similarly, mean Poisson’'s ratios of 0.11 and 0.17
for lime and lab cubes, respectively, show large variations.

In this study, differences between 1ime and lab cured
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specimens are insignificant, and either set of values may be
considered as a reasonablie representation of the mortar
existing in the column and pgism specimens.

Both Egs. 2.3 and 2.4 have been applied in previous
investigations to fit test data for modulus of elasticity
versus mortar strength. Since in this study the density of

the mortar is not known, only Eq. 2.3 may be used:

]

1000f"
mo

Emort rt

1000(1780) = 1.8 x 10° psi

This value is in good agreement with experimental

measurements.

4.4 pProperties of Concrete and Grout

Mix designs for the concretes and grout used in this
investigation were presented earlier in Table 3.4. Because
of the large number of columns and prisms tested, certain
series were necessarily fabricated in different time
periods. Initially, all columns and prisms of Series A and B
were constructed and tested, followed by Series E, and then
those of Series C, D, and F were completed.

Before grouting the columns, a mix design program was
undertaken to ensure that those mixes presented in Table 3.4
yielded the desired 28 day standard moist cured cylinder
compressive strengths. For the test columns, favouréble
strengths were obtained for Series A, B, and E specimens.

However, for the remaining series, cement supplied by a
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different manufacturer was employed in these mixes and this
resulted in significant strength increases. Because of the
large number of specimens and variables examined in this
program, the intended comparisons could still be made, and
the elevated core strengths in Series C, D, and F specimens
were in no way detrimental to the study.

As noted earlier, for the Series A and B columns and
prisms, moist cured and lab cured standard cylinders and
moist cured and lab cured block moulded prisms were cast as
control samples. Since moist cured cylinders were later
found to be best representative of the concrete existing in
the pilaster cores, the other three types were discontinued
for the subseqgquent series.

Values of concrete strength, ultimate strain, elastic
modulus, and Poisson’s ratio for each concrete are presented
in Table 4.3. Average stress-strain curves for these
concretes obtained from moist cured cylinder tests are shown
in Fig. 4.4.

Elastic moduli of the moist cured cylinders for all
series varied between 2.0 x 1068 psivand 3.7 x 108 psi, with
higher values tending to be associated with higher
compressive strength. Variations in ultimate strains were

small and showed no definite trends with concrete strength.
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4.5 Prism Investigation

4.5.1 General

Prisms are small-scale masonry assemblages used for
predicting full-scale masonry properties such as compressive
strength, elastic modulus, shear strength, shear modulus,
cracking stresses, shrinkage, creep and temperature
deformations, and failure modes. Clearly, prism behavior
should reflect that of the masonry used in the actual
construction, and this necessarily requires that prisms
should be fabricated with similar materials, joint
thicknesses, workmanship, core and bond patterns, and curing
conditions; and moreover, prisms should be tested in a
manner which simulates actual service conditions of the
full-scale masonry. Repdrts by Maurenbrecher42’ 43 explain in
some detail how such factors as height/thickness ratio,
capping, bond pattern, thickness, curing conditions,
moisture content, age, loading rates and control, and the
number of test replicates can affect observed prism strength
and behavior under direct compression.

Details of the prism investigation reported herein have
already been given in Sections 3.2.2 and 3.3.2. The failure
1oad and'corresponding stress, masonry and block elastic
moduli, Poisson’s ratio, cracking load, maximum vertical and
lateral strains, and failure type for each of these prisms
are reported in Table 4.4. The stresses and moduli of the
tested prisms given in this table were calculated on the

basis of the net area An for the plain specimens, on the
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basis of the gross area Ag for the grouted specimens, and on
the basis of the core area Ac for the stripped shell core

specimens.

4.5.2 Prism Failure Mode

A1l of the plain masonry prisms displayed sudden,
complete, and explosive failures. Advance "warning" cracks
were noted in only one of the five prisms. A photograph of a
typical failed specimen is shown in Plate 4.1. |

Grouted prism failures were characterized by two
typical modes. Type A failure may be described as a
simultaneous splitting of the block shell and crushing of
the prism core. In the majority of these cases, failure was
gradual and shell cracking was noted in advance of prism
ultimate load. Vertical splitting of the prisms tended to
originate at block face centers in the upper or lower
course. This indicated that the fiberboard cap was effective
in reducing the confining effect of the platens. Type B
failure was observed in a small number of specimens, and was
characterized by gradual splitting, with subsequent
separation from the prism core, and spalling of the block
shell before core crushing. Shell cracking was normally
observed at loads before shell spalling. All prism cores,
irrespective of failure mode, showed a typical conical shear
failure similar to that observed in standard concrete test
cylinders. The prisms shown in Plates 4.2 and 4.3 are

typical of failure modes A and B, respectively. Table 4.4

[RT——
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indicates failure type for each prism tested.

Failure mode, in general, showed no associative
patterns with grout strengthsi One might normally assume,
. for instance, that Type B failure would be peculiar to those
prisms with the lower strength concrete cores, where bond at
the block-core interface would be considered relatively weak
because of lower cement contents. Yet those prisms of Series
E, with grout cylinder strengths averaging 5090 psi, were
most exemplary of Type B failure. Ultimate load for four of
these prisms could actually only be attributed to core
strength since the entire shell had separated and popped off

at an earlier loading stage.

4.5.3 Compressive Strength of Prisms

 The compressive strength of plain masonry is a function
of block unit strength, mortar strength, grout'strength,
joint thickness, workmanship and testing conditions,
‘$lenderness, and capping material. In this study, only the
grout strength is considered to affect the strength and
behavior of the masonry prisms since a degree of uniformity
'was maintained for other factors.

For the grouted prisms which displayed failure Type A,
and therefore for the majority of prisms tested, compressive
strength is clearly a summation of the load carried by the
prism core and the load carried by the masonry shell. For
those prisms which exhibited Type B failure, although their

loading history previous to shell spalling is affected by
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both the prism core and the masonry shell, ultimate load is
represented only by the load cohtribution of the concrete
core.

The question arises as to how one determines the
individual contribution of each element in terms of its
known material properties in order that general design
equations might be developed. Previous_research has
demonstrated that at failure, block shells of grouted
masonry assemblages contribute only a fraction of that load
carried by an identical plain masonry specimen. High
bilateral tensile stresses imposed on the shell as it
attempts to confine the lateral deformations of the grout
core, in combination with the vertical compressive stresses,
can cause premature failure and thus prevent the axial
strength of the outer shell from being fully developed.
Furthermore, research has shown that the load contribution
of the concrete in a reinforced concrete column is 0.85fcA.,
where f¢ is the éoncrete compressive strength determined
from tests of standard cylinders.‘The factor 0.85 primarily
accounts for the differences in quality existing between the
concrete in standard cylinder and the concrete in the column
due to segregation and bleeding. If’a simflar approach is
taken in this program, this reduction factor, in addition,
must account for apparent strength differences caused by
material capping and water loss from the core due to block
absorption. Since all standard cylinders were suliphur

capped, and all prisms were capped with fiberboard which is
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Known to comparatively reduce platen end restraint, one
might expect the reduction factor to be somewhat less than
0.85. However, absorption of core moisture by the block
should decrease the water/cement ratio, thereby increasing
concrete strength, and thus should serve to increase this
empibica] constant.

Figure 4.5 shows the values of the stripped shell prism
core strengths, féc, as a function of their standard
concrete cylinder strengths, f'.. Although data are
scattered, results indicate that the ratio of f  /f is
independent of concrete strength. This ratio varied between
0.60 and 0.84, and averaged about 0.74, with a coefficient
of variation of 11.8 percent. If those prisms of Series
EP5P- which clearly failed in Type B mode are included, then
the mean ratio becomes 0.75 with a coefficient of variation
of 10.1 percent. That core strength is best represented by
standard moist cured concrete cylinders is not surprising.
Although the absorption of water by the block shell is known
to change the water/cement ratio of the concrete, and thus
its strength, it is reasoned that in these prisms with a
relatively large 12 inch square core, only the periphery is
affected. The blocks function more as a barrier to
evaporation and tend to contain water in the prism. This was
observed in several specimens in which after failure, the
concrete was quite moist although it had been cured 28 dayé.
This would imply that there wés sufficient water to complete

hydration in the core.
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Figure 4.6 shows the values of grouted prism strength
in terms of the compressive strength of the grout calculated
from standard concrete cylinder strengths. Also indicated
are the net area and gross area compressive strengths of the
plain masonry prisms, fﬁnn and fhpgv respectively. Clearly,
large increases in prism strength are achieved with
increasing grout strength, and an appfoximate]y linear
function relates the two. Using linear regression analysis,
the strength of the grouted prisms canh be related to grout

strengths indicated by standard cylinder strengths as:

£l = 0.43FL + 570 (psi, gross area) . . . . . . . 4.1

correlation coefficient = 0.90

-
It

Expressing this relation in terms of force:

Agfy = 0.43Af! + 570
- 0~43(A9/Ac)Acfé + 570(A9/Ashe1])Ashe11‘
= 0.43(202.1/146.9)A f' + 570(242.1/95.2)A_ .
Pu, = O.71FIA_+ T450A_ o (psi) . . .. .. .. 4.2

The first term of Eq. 4.2, 0.71f.A_, defines the

c
contribution of the concrete core to the ultimate load of
the prism in terms of core area and core standard cylinder
strength. The y intercept of Eq. 4.2 effectively defines the
contribution of the masonry shell to the prism ultimate load

in terms of shell area. The assumption that the y intercept

ot
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of this regression equation adequately represents the
contribution of the prism shell at failure is given credence
. if one examines the failure loads for those prism series
containing stripped cores‘and exhibiting Type A failure. If
the mean failure loads of the cores, 460 Kips and 710 Kips
for Series CP3P- and DPS5P-, respectively, are subtracted
from their corresponding grouted mean prism strengths of 630
Kips. and 830 Kips, then shell contribution is found to be
170 Kips and 120 Kips, with an average of 145 kipé. This
‘compares favourably with that value provided by Eq. 4.2,
which is (1450)(95.2) = 138 Kips.

Although not strictly correct, since only one block
strength was examined in this study, the second term of Eqg.

4.2 may be changed to a function of plain prism strength as

follows:
Pub = 352.7 kips
f! = 370 i
b 0 psi
f' = 2080 psi
mp,
Pu = 0.71f'A + (1450/3700)A f!
m cc shell b
Pum = '0.71fCAC + 0'39fbAshe]1
Pum = O.71fCAC +'0'4fbAshe11 .......... 4.3(a)
= Ak + 0.7F A . ..o oo e, 4.3(b
Pu_ 0.71 A+ 0 7fmpnAsheH (b)
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o

The empirical constant of 0.71 is in good agreement }
with 0.74 evaluated using the stripped shell prism core
failure stresses plotted in Fig. 4.5. It is worth noting
that the regression analysis used in the derivation of Eq. : .
4.3 included those prisms of Series E and C known to have no |
shell contribution at failure load. If these prisms are ' !

eliminated from the analysis, Eg. 4.4 is derived:

Pu = 0.75f'A + 0.35f'A .. . . . .. .. .. . .
m e blshe1l 4.4(a)
r = 0.92

Pu = O0.75f'A + 0.62f' A __ . . . . . . . ... 4.4(b)
m cc mp,, shell

which pfovides less variation, and better agreement betwéen
the two methods. |

Thése tests therefore showed large increases in prism ré
strength associated with grout strength increases, and
indicated that the prism core reached full strength
development whereas the masonry shell reached only about 60
percent of its full development. It must be re-emphasized
that these empirical equations have been obtained using one
block size and only one block strength.

Since these tests have shown that the designer is not
guaranteed that sufficient bond will exist between the shell
and the core to ensure shell contribution at ultimate load,
even with elevated concrete core strengths, it is
recommended that a conservative approach be adopted until

the relationship is better understood, and that the second
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term in Eq. 4.4, which is of secondary importance for
pilaster units with dimensions tested herein, be neglected
for ultimate strength calculations.

Similar tests were conducted by Drysdaie*4 on three
course high, grouted prisms fabricated with single core
maéonry units. Each prism had a gross area of 39.4 sq. in.,
a net area of 24.5 sqg. in., and a height/thickness ratio of
4.2. Results of these tests for type S mortar are reproduced
and plotted in Fig. 4.7. For these data, the companion

relation to Eq. 4.4 is:

Pu
m

0.33f'A +1.0f" A . ... ... ... 4.5
cc mp, shell

0.83

r

Comparison of Eqs. 4.4 and 4.5 shows that they are nowhere
equal and that the relationship between strength
contributions of grout and shell at failure is complex, and
‘depends upon prism gross area, net area and the ratio of
(net area/gross area) as well as block strength and
ungrouted prism strength. Tests by Drysdale showed that
little increase in prism strength was achieved with large
increases in grout strength. He suggested that the masonry
shell strength was not permitted to fully develop because of
lateral expansion of the grout which leads to a premature
tensile splitting failure of the prism shell. Although this
aufhor does not dispute the theory in general, it is felt
that results presented by Drysdale do not effectively lead

one to this conclusion. It is argued that in tests conducted
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by Drysdale, the prism shell was in fact fully developed, as
indicated by the second term of the regression Eq. 4.5 (this
is better shown in Fig. 4.7 where fhpg is seen to lie on the
regression equation), and that lateral expansion of the
grout caused excessive cracking and failufe subsequent to
full shell developmenf. In fact, it is the grout strength
which was not permitted to reach full development. The |
excessively low coefficient of 0.33 for the concrete
strength term in Eq. 4.5 supports this conclusion, as does
the observation that the grout core was usually intact when
removed from the failure zone. Lateral grout strains were
not sufficient to cause premature shell failure in the
majority of the specimens tested.

The tests conducted in this program are perhaps more
demonstrative of the failure mechanism proposed by Drysdale.
In this case, Eq.'4.4 shows that the prism core strength,
rather than that of the block shell, was fully developed. It
is suggested that by virtue of a smaller (net area/gross
area) ratio for these pilaster units, lateral displacements
in the grout core were sufficient to induce significant
tensile strains and stresses in the sheli and cause
premature failure. Those prisms exhibiting Type B failure
were exemplary of the more radical form of this behavior.

In addition, tests reported herein clearly indicate
that it is not sufficient to use a grout or concrete
strength equal to the net area plain masonry strength in

order to achieve this strength over the gross area of a



119

gﬁouted prism. Although one does not‘échieve this strength
derived from a direct superposition by fifip, Agpe11 + fiAc, the
present study does indicate, however, that the concept of
strengthvsuperposition permitted by CSA-S304 is valid for
thé masonry units tested. ins concept permits the
compressive strength of hollow units filled with grout or
concrete to be based on the strength of the ungrouted
hasonry assembiage provided that the grout or concrete
stbength is at least equal to that of the units. Figure 4.6
shows that a concrete cylinder compressive strength bf about
3500‘psi is required to produce a grouted prism strength
equal to the mean net area strength of the plain masonry
: pffsms. This requirement is 200 psi less than masonry unit
stréngth.

 Tests by Drysdale** indicated that the strength
superposition concept was not valid even for grout strengths
well in excess of unit strehgth. This observation led to the
recommendation that it would be more appropriate to match
the deformational characteristics of the grout to those of
the block rather than matching strengths. The discrepancies
~in the observations between these two test programs further
serve to ihdicate the complex relationship existing between

grout strength, block strength, A, Aq, and An/Ag.

4.5.4 Modulus of Elasticity of Masonry Prisms
The modulus of elasticity of masonry is an important

property affecting strength calculations and deflection
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calculations. Because masonry is a composite material, the
determihation of elastic modulus is a difficult task since
it is dependent upon the moduli of the-b]ock unit, the
mortar, and the grout. A brief review of our current
understanding of this property has élready been presented in
Section 2.2.4.

The vertical stress-strain relationship for plain and
grouted prisms of Series A afe plotted in Fig. 4.8. It can
be seen that, for grout strengths less than block unit
strength, the grouted prisms have less axial stiffness
(based on gross area) than do plain prisms (based on net
area). For grout strengths in excess of block strength, the
reverse is true. In addition, an incfeased grout strength
produces a higher elastic modulus, as one might expect. The
mean initial tangent modulus for each prism series is
reported in Table 4.4.

Tests by Drysdale4? showed that elastic moduliv
exhibited by grouted prisms (based on gross afea) wére all
substantially less than those of plain prisms (based on net
area) even for grout strengths above block unit strength.
These relationships follow closely those observed for
compressive strength. If however, for both programs, the
elastic moduli of the plain prisms are expressed in terms of
gross area, the elastic moduli of the grouted prisms are all
in excess of the plain prisms and clearly indicate that
grout provides a favourable service load contribution,

though not to the extent one might initially anticipate.
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Figure 4.9 shows the variation of prism elastic modulus
as a function of prism compressive strength. The moduli of
the plain prisms of Series APOP- are represented in terms of
their net area. Prism elastic modulus is seen to increase in
direct proportion with prism compressive strength. Using a

linear regression analysis, these may be related by:

Em = 432fm + 677,000 (psi) . . ... ... .. 4.6

r =0.86

This relation is in close agreement with that found by
Turkstra in Eq. 2.9, and shows less variation.

A1though thé application of this empirical equation may
be adequate for design purposes, it clearly has littie
theoretical basis. It imblies that a prism with no
compressive strength will have an elastic modulus of 6.77 x
106 psi. Such a discrepancy questions the entire concept of
relating elastic modulus to masonry compressive strength.
Moreover, if the prism failure mechanism presented earlier
is reviewed, it is realized that the factors affecting these
properties are entirely different since they occur at the
extremes of the loading history. |

It can be shown that the gross area elastic modulus of
a compésite material such as masonry, with a block shell and
grout core, is given by:

A+
E = Ecl\c EshellAshe11 ............ 4.7

m A
g

where
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Ep= elastic modulus of the grouted prism

Ec= elastic modulus of the grout core

A.= core area |

Eshe11® masonry shell elastic modulus

Ashe11= masonry shell area

Ag= prism gross area
The elastic modulus of the shell may be taken as 1.66 x 108
psi, which is the value found experimentally for Series

APOP-, or it may be calculated using Eq. 2.7:

E = 1
m T-8+_8
. E
EJ b
Eb = 1.56 x 10° psi
Ej = 1.5 x 10° psi

§ = 7.625/8 = 0.953

E = 1 = 1.56 x 10® psi
m T -0.953 + 0.953
1.5 x 10° 1.56 x 10°

Experimental and theoretical shell moduli are in good
agreement. Subsequent calculations will make use of the
'experimental value.

Table 4.5 presents calculated values of prism elastic
moduli obtained from Eq. 4.7 with the mean elastic moduli
measured from the standard moist cured cylinder tests

substituted for E.. In all cases, experimental elastic
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modulus is grossly over-estimated. This, perhaps, implies
that the standard moist cured cylinders are not an adequate
representation of the core elastic modulus. This has already
been shown to be true for compressive strengths, since a
coefficient of 0.75 was required as a conversion.

Fig. 4.10 plots the different average stress-strain
'relationships obtained for the cores of the stripped shell
series. When these moduli are compared with their
~corresponding standard cylinder moduli, it is discoVered
that the former averages only 0.56 of the latter. The actual
ratios are 0.65, 0.48, and 0.54 for Series CP3P-, DP3P-, and
DP5P-, respectively. With the assumption that this
relationship is applicable to the remaining core strengths,

then Eq. 4.7 may be written as:

E o= OS6EA 4 EqeniAshenn ... 4.8
m i
g

Elastic moduli calculated for the prism series using Eq. 4.8
ére also given in Table 4.5, and these values show excellent .
agreement with the average experimental moduli.

Figure 4.11 illustrates the relationship between moduli
predicted by Eqs. 4.7 and 4.8, and those measured
experimentally. If each equation wére a perfect predictor,

" then each observed modulus would equal the "theoretical"
modulus; a number of such points plotted would define a line
of slope one. Such a line is shown in Fig. 4.11. Points not

on this line represent an inaccuracy in prediction.
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Returning to Fig. 4.9, it is shown that the CSA-S304 ;
formula, Eq. 2.13, éignificantly over-estimates masonry |
elastic modulus for prism strengths in excess of 2000 psi.

The information gained through this elastic modulus f
study may provide a key to the failure mechanism presented k
in the previous section. Fjgure 4.12 shows the elastic
moduli values determined from standard cylinder compressive
tests plotted against their respective strengths. Also shown
are these same values modified by the 0.56 factor, which‘ .
converts the cylinder moduli to the more accurate :
representation of the core moduli. It was found earlier that
in order to obtain a grouted gross area prism compressive
strength equal to that of a plain net area prism strength, a
substantially higher grout strength than plain prism
strength was needed. In Fig. 4.12, a horizontal line %
representing the mean of the p]aih prism elastic moduli is
shown intersecting the core elastic modulus curve. Dropping
a perpendicular to the x axis indicates that a cylinder
strength of about 3200 psi is needed to achieve this elastic
modulus. This strength is remarkably close to that shown to
be required using the compressive strength method, in Fig.

4.6. This serves to reinforce the theory presented by
Drysdale that it may be more appropriate to match the
deformational characteristics of the grout to those of ‘the
block rather than matching the strengths as is suggested by
the masonry code.

The shape of the prism vertical stress-strain curves
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are shown for a number of core strengths in Fig; 4.8. The
curves display nearly linear behavior over most of their
range. For each brism, Table 4.4 contains the percentage of
the compressive strength of the prism over which the
stress-strain curve is approximately linear. Considering
that the code does not permit axial column stresses to
exceed 0.20f,, present design practice piaces masonry

- behavior well within the elastic range of the material.
Figure 4.13 plots these percentages against core strength
and visibly shows that no linear association can be made
between core strength and linearity percentages. In general,
these prisms displayed linear elastic behavior to a stress
of 0.55fﬁ, with large variations.

When reviewing the values of prism block elastic
modulus presented in Table 4.4, an important observation is
made.llt is noted that each block elastic modulus is usually
significantly greater than its corresponding masonry elastic
modulus. When these values are plotted, a more striking
observation is made. Figure 4.14 shows the relation between
prism block elastic modulus and prism core elastic modulus
calculated from strains measured during the standard
concrete cylinder tests. Block strains were measured using a
one inch SR-4 strain gauge placed at block midheight on the
thipd course. Although data are scattered, it appears from
this figure that during elastic loading of the masonry,
block strains are essentially independeht of core elastic

modulus. Yet it has already been shown that masonry strains
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are not independent of core elastic modulus (Fig. 4.9 and
Eq. 4.8 show this). These observations seem to imply that,
by and large, strains in the mortar joint account for an
appreciable portion of masonry strain even for grouted :
prisms for which it has been generally acknowledged that the

grout provides continuity and thus a reduction in the

significance of mortar joint strain. Unfortunately, mortar

joint strains were not monitored, and a verification of this

assertion is not possible.

4.5.5 Prism Lateral Strains

The load-lateral strain curves for a number of prisms,
each considered to be representative of its respective
series, are plotted in Fig. 4.15. All plots were made to the
same scale to permit easy comparisons. These‘curves clearly é
indicate that for loads less than the mean failure load of
the plain prisms, lateral tensile strains in the grouted
prisms were significantly smaller than those for the plain
prisms, and in addition, these strains decreased with
increasing grout strength. However, for higher loads, all
grouted prisms exhibited larger tension strains than the
lateral failure strains of the plain prisms. Moreover, these
larger lateral strains are observed at progressively lower
loads as the grout strength of the prism decreases. These
observations suggest that at these higher load levels, large
lateral tensile strains resulting from the inelastic

deformations of the grout core are introduced into the
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surrounding block shell as it attempts to confine the core,
and cause the premature splitting failure of the block.

A rather striking observation was made from a study of
the prism load-lateral strain curves. Ten of the twenty-two
prisms monitoring lateral deformations showed lateral
compressive strains up to stresses as high as 0.70fy, even
‘though the face upon which the géuges_were placed was in
vertical compression. Recorded for each prism in Table 4.4,
are values of the maximum load for which these compressive
Strains were observed (designated by -P), and the ratio of
-P/Pum. This behavior showed no associative patterns with
grout strength. No suitable explanation for the phenomenon
has been found. The possibility of defective gauges can be
over-ruled by virtue of the number of prisms which displayed
this behavior, and the argument that the gauge was merely
seating itself seems unreasonable since the loads for which
this behavior was noted were unusually high, and since
gauges applied with similar workmanship to the plain prisms
and core specimens provided linear elastic measurements from

initial loading.

4.5.6 Prism Cracking Loads

The loads at which prism shell cracks were first
visible to an observer are plotted against prism core
cylinder compressive strength in Fig. 4.16. It is
acknowledged that shell microcracking would have commenced

well in advance of these visible cracks. However, visible
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cracking may be interpreted as a measure of engineering
serviceability. Because of the nature of the cracking
definition, these observations are somewhat subjective and
one should expect large variations in the reported data.

The cracking loads of all'grouted prisms were greater
than the mean ultimate load of the plain prisms. This seems
reasonable since the stresses in the masonry shell of the
grouted prism would be significantly less than those of a
plain prism at the same load by virtue of load sharing with
the prism core. Since the loading conditions of this study
assured that uniform axial strains were imposed in both the
‘masonry shell and the grouted core, the compression load was
shared between these in proportion to their axial stiffness.
In addition, this observation is in keeping with those made
earlier which showed that the lateral tensile strains in
grouted prisms were less than those of a plain prism for
this load level.

Figure 4.16 clearly illustrates that cracking load is
directly proportional to prism core strength. The prism
cracking load may be related to the grout strength using the

following linear regression equation:

BF! o+ ipS) .« . . o . ... .
Pcrack 61 5fc 190 (kips) 4.9

r 0.73

The observation that an increased core strength results in a

higher cracking load is consistent with the failure

mechanism proposed earlier. Since higher strength grout is
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assooiated with greater lateral stiffness, relatively
smaller tensile strains and stresses will be imposed on the
masonry shell for a given load and tensile cracking will
occdr during a later stage.

IThe relatiohship between the ratio of prism cracking
~1oad/prism ultimate load, and prism grout compressive
strength is shown in Fig. 4.17. For eéch prism the
Pcradgﬁumratio is in excess of the ratio of Hinea/ﬁm{ which
indicates that shell cracking occurs in the inelastic stage
of loading. Consequently, any attempt to predict cracking
load based on an elastic analysis‘is not strictly correct.
The ratio of Pcrack/Puy decreases with increasing grout

strength, and may be roughly approximated by:
Perack = -0.045F. + 1.0 (where fé is in ksi) 4.10

The cracking load of the shell, as is the compressive
strength, is clearly dependent upon block strength and core
strength, and it must therefore be recognized that Egs. 4.9
and 4.10 will likely only strictly apply to blocks with
dimensions and strengths similar to those used in this |

study.

4.5.7 Ultimate Prism Masonry Strain
Figure 4.18 shows the ultimate masonry strains measured
over a 24-inch gauge length for all the prisms tested in the

program. Compressive strains at failure were between 0.001
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and 0.002 in./in., and clearly, no direct relation exists
between ultimate strain and prism core compressive strength.
Prism concrete block face strains were normally about 10 to
20 percent less than prism masonry strains at ultimate load.
Yet block elastic modulus and mortar elastic modulus were
almost identical when measured independently, and thus one
mighf expect masonry and block strains to be similar at
failure. One must remember, however, that linearity of the
stress-strain curve for mortar cubes is only about

0.65f ot = 1200 psi, whereas that for the block is about
2500 psi. These stress levels indicate that large, inelastic
deformations occur in the mortar joint in advance of

inelastic block deformations, and hence the former accounts

for an appreciable portion of masonry ultimate strain.

4.5.8 Effect of Grout Slump

Plate 4.4 is a photograph of the top surface of a
Series CP3P- prism, grouted with a 9 in. slump, 4290 psi
grout (mix 3G). Extensive shrinkage cracking between the
grout fill and the pilaster unit is clearly visible. These
cracks were measured with a steel scale and found to be
about 1.5 mm. in width. Their depth of penetration could not
easily be determined, but it is known that this depth
exceeded 1.5 inches.

Plate 4.5 shows the top surface of a prism from the
DP3P- series, grouted with a 3880 psi, 4 in. slump concrete

(mix 3C). Shrinkage cracking at the block-core interface is



131

not nearly as extensive as that shown in Plate 4.4. These
cracks measured only about 0.5 mm. in width, and were
estimated to have extended to a depth of about 0.5 inches.
Cracking in this prism was typical of all prisms filled with
4 in. slump concrete, regardliess of strength. There was.no
cracking on the lower surface of any of the prisms.

These interface shrinkage cracks are the result of
segregation and bleeding which create a high water/cement
ratio in the concrete occupying the upper region of the
prism core. The depth to which these cracks penetrate the
. core is not known, and this leads one to question the nature
of the bond between the block and fill when high slump
concretes are used for sections with a large area, such as
those used in the present study. Feeg® reported that these
cracks were detrimental to the structural performance of
columns which are constfucked with these pilaster units.

Tests conducted herein, however, have shown that
extensive cracking in no way affects the structural
per formance of a masonry prism in direct compression. The
compressive strengths, elastic moduli, and cracking loads
for prisms in Series CP3P- were in every respecf comparable
to, and in good agreement with, expected values based on the
per formance of the other series. In all likelihood, this
cracking is a localized phenomehon. and is restricted to a

depth of only a few inches.
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Table 4.2 : Compressive Strength and Elastic Modulus of 2x2x2 in.
Mortar Cubes
No. Cure Failure E v No. Cure | Failure v
mort mort

Stress Stress

(psi) (psi) (psi) (psi)
1 SL 2250 l.l7x102 0.04 36 L 1975 2.12x102 0.23
2 SL - 2175 3.08x106 - 37 L 1700 '3'45’(106 -
3 SL 1600 0.75x106 0.11|| 38 L 1530 1'21”(106 0.10
4 SL 1830 l.78x106 - 39 L 1550 1.49x106 -
5 SL 2150 l.()5x106 0.11}{ 40 L 1625 1.38x106 -
6 SL 2200 1.06x106 - 41 L 1875 1.12x106 -
7 SL 1725 1.07x106 0.16 | 42 L 1200 1.10x107°10.18
8 SL 1700 1.94x10 - 43 L 1150 -
9 SL 1575 - 44 L 1700 -
10 SL 1775 - 45 L 1675 -
11 SL 1250 - 46 L 2250 -
12 SL 1400 - 47 L 1700 -
13 SL 1800 - 48 L 1500 -
14 SL 1725 - 49 L 1575 -
15 SL 1300 - 50 L 1600 -
16 SL 1375 - 3
17 SL 1850 - Avg 1640 1.7x10" {0.17
18 SL 2075 - o
19 SL 1750 _ c.v. 16.5% 50% 39%
20 SL 1825 -
21 SL 1725 - L = Laboratory Cured
22 SL 2175 - Specimens
23 SL 1825 -
24 SL 1825 -
25 SL 1850 -
26 SL 1800 -
27 SL 2000 -
28 SL 1750 -
29 SL 1850 -
30 SL 1775 -
31 SL 1550 -
32 SL 1525 -
33 SL 1600 -
34 SL 1775 -
35 SL 1950 -

aAvg 1780 1.5x10% {o.11
c.v. 13.9% 50% 47%

SL = Saturated Lime Cured Specimens
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Table 4.3:Strengths and Deformational Characteristics of Program Concretes

(a) Series A and B Concretes

Mix Design 5C

Moist Cured Cylinders
Series A and B

No. £ L€ E v

c u 4

(psi) (in./1in.) (psi)
1 5000 0.00185 3.49x106 0.12
2 4950 0.00186 3.45x10 0.20
3 5130 0.00197 3.46x10 0.14
4 4950 - - -
5 5010 - - -

6 5540 - - -
Average | 5100 0.0019 3.5x106 | 0.16
c.V. 4,57 3.5% 0.6% 29%

o-¢ displays linearity to 0.75 fc'
Lab Cured Cylinders
Series A and B
1 4440 0.00222 3.18x10% | 0.14
2 4740 0.00217 3.26x10 0.16
3 4460 0.00206 = =
Average | 4550 0.0022 3.2x106 0.15
c.V. 3.7% 3.8% - -
o~¢ displays linearity to 0.5 fc'
Moist Cured Block Moulded Prisms
Series A and B
1 6070 0.00179 3.71x102 0.16
2 6160 0.00178 3.93x106 0.24
3 6350 0.00185 4.17x10 -
4 6250 - - -
5 5450 - - -
6 6530 - - -
7 7190 - - -
Average | 6290 0.0018 3.95x106 0.20
c.V. 8.3% 2.1% 5.8% 29%
g-eg displays linearity to 0.9 fc'
=
Lab Cured Block Moulded Prisms
Series A and B

1 4720 0.00146 3.18x102 0.17
2 5880 0.00219 3.29x106 0.16
3 5750 0.00208 3.76x10 -
Average | 5450 0.0019 3,4x106 0.16
Cc.V. 11.7% 20.6% 9.0% -

o-¢ displays linearity to 0.6 fc’
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(a) Continued

Series A and B Concretes

Mix Design 4C

Moist Cured Cylinders

Series A and 8
No. £ €u Ec v
(851) (in./in.) (psi)
1 4280 0.00182 3.210x106 -
2 4150 - - -
3 3840 - -~ 6 -
4 4330 0.00184 3.35x106 0.19
5 4270 0.00200 3.36x10 0.19
[ 4380 0.00186 3.38x10 0.14
Average | 4210 0.0019 3.3x106 0.18
C.V. 4.7% 4.3% 1.9% 16.9%
o-¢ displays linearity to 0.6 fc'
Lab Cured Cylinders
Series A and B
1 2760 0.00233 2.28x10% | 0.13
2 2740 0.00215 2.27x10 0.17
3 2920 0.00222 2,46x10 0.14
Average 2800 0.0022 2.3x106 0.15
C.V. 3.6% 4.1% 4.6% 14.5%
o-¢ displays linearity to 0.5 fc'
Moist Cured Block Moulded Prisms
Series A and B
1 5960 - - 6 -
2 6890 0.00185 -4.06x10 0.22
3 6700 0,00201 3.75x10 0.08
4 6530 0.00221 4.22x10 -
5 5540 - - -
6 6020 - - -
7 6780 - - -
8 6970 - - -
Average | 6420 0.0020 4.0x108 0.15
c.vV. 8.1% 8.9% 6.0% -
o-¢ displays linearity to 0.8 fc'
| — -
Lab Cured Block Moulded Prisms
Series A and B
1 4820 0.00204 2.6x10° | 0.15
2 4900 0.00228 2.73x106 0.18
3 4930 0.00172 2.63x10 -
Average | 4880 0.0020 2.7x106 0.17
C.V. 1.27% 14.0% 2.6% -

o-¢ displays linearity to 0.6 fC'
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(a) Continued Series A and B Concrete

Mix Design 3C

Moist Cured Cylinders

Series A and B

No. £ 3 E v
[ u c
(psi) (in./1in.) (psi)

1 2580 0.00217 2.63x10° | 0.16
2 - - - -
3 2490 - - -

4 - - - ol -
5 2490 - 2.85x10 -
6 2670 0.00203 2.68x10, | 0.12
7 2690 0.00204 2.70x10, | 0.13
8 2670 - 2.52x10 -
9 2410 - 2.63x10 -
Average | 2570 0.0021 2.7x106 0.13
c.v. 4.3% 3.7% 4.1% 14.5%

o-c displays linearity to 0.65 fc'

Moist Cured Block Moulded Prisms

Series A and B
1 4290 0.00184 3.36x106 0.15
2 3940 - - -
3 3220 - - -
4 3260 - - 6 -
5 3720 0.00170 2.88x10 0.07
6 4780 0.00275 4.20x10 -
7 3810 - - -
8 3470 - - -

9 3990 - - -
Average | 3830 0.0021 3.5x106 0.11
c.V. 3.1% 27% 19.2% -

o-g¢ displays linearity to 0.65 fc'

Lab Cured Block Moulded Prisms
Sexies A and

1 4420 0.00227 3.19x10° | -

2 3410 - - -

3 2680 - - -

4 3040 - - 6 -

5 2990 0.00206 2.83x10 0.14
6 3870 0.00215 2.81x10 0.13
7 3090 - - -

8 2960 - - -

9 3110 - - -
Average| 3290 0.0022 2.9x106 0.14
c.vV. 16.4% 4,9% 7.3% -

o-¢ displays linearity to 0.55 fc'
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(a) Continued Series A and B Concretes

Mix Design 2C

Moist Cured Cylinders
Series A and B

No. I3 € E v
C u C
(psi) (in./in.)! (psi)
1 1560 0.00170 2.05x10% | 0.15
2 1520 0.00217 - 6l -
3 1400 - 1.91x10 -
4 1610 - - -
5 1400 0.00200 - -
Average | 1500 0.0020 2.0x10% |o0.15
c.v. 6.3% 12% 5.0% -

o-¢ displays linearity to 0.5 fc'

Lab Cured Cylinders
Series A and B

1 1290 - - 6l -

2 1380 0.00250 1.27x106 0.08
3 1430 0.00344 1.22x106 -

4 1200 0.00181 1.50x10° } 0.18

Average | 1330 0.0026 1.3x106 0.13
c.v. 7.6% 31% 11.2% -

o-¢ displays linearity to 0.5 fc'

Moist Cured Block Moulded Prisms

Series A and B
1 2390 0.00225 2.06x10% | -
2 2380 - - -
3 2500 - - -
4 2500 - - 6l -
5 2210 0.00194 2.52x10° | 0.13
Average | 2400 0.0021 2.3x106 [ 0.13
C.V. 5.0% - - -

o-c displays linearity to 0.65 fc'

Lab Cured Block Moulded Speciméns
Series A and B

1 2180 0.00215 2.00x102 0.14
2 2210 0.00178 2.55x10° | -

3 2310 - - -

4 2270 - - ol -

5 2090 0.00232 2.55x10° 1 0.16

Average | 2210 0.0021 2.4x106 lo.15
c.v. 3.8% 13.1% 13.4% -

o~¢ displays linearity to 0.5 fc'
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(b) Series L Concretes

Mix Design 5C

Moist Cured Cylinders

Series E
No. £ € E
c u
(psi) (in./in.) (psi)
1 5410 0.00239 2.84x10°
2 5230 0.00211 3.70x106
3 5230 0.00209 3.741(106
4 4650 0.00200 3.81x106
5 4920 0.00254 2.63x10
Average | 5090 0.0022 3.3x10°
c.V. 5.9% 10.2% 16.8%
L=c-e displays linearity to 0.75 fc'
Mix Design 3C
Moist Cured Cylinders
Series E
1 3040 0.00194 2.63x106
2 2920 0.00192 2.70x10
3 3570 0.00268 2,59x10
-4 2970 - - 6
S 3480 0.00219 2.72x10
Average | 3200 0.0022 2.7x106
C.V. 9.5% 16.27 2.3%
o-e displays linearity to 0.45 fc'
= ——
(c) Series C Concrete
Mix Design 3G
Moist Cured Cylinders
Series C
1 4210 0.00231 3.0x106
2 4510 - - 6
3 4000 0.00228 3.16x10
4 3980 - - 6
5 4420 0.00243 3.12x10
6 4370 - - 6
7 4100 0.00217 3.10x10
8 4350 - - 6
9 4530 0.00233 3.22x10
10 4630 - -
11 4050 - -
Average | 4290 0.0023 3.1x106
C.V. 5.4% 4,1% 2.6%

o-¢ displays linearity to 0.45 fc'
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(d) Series D and F Concretes

Mix Design 5C

Moist Cured Cylinders

Series D and F

No. f ' € E
c u ¢
(psi) (in/in) (psi)
1 5800 0.00211 3.80x102
2 6380 0.00238 3.70x106
3 6330 0.00228 3.56x106
4 6230 0.00219 3.80x106
5 5800 0.00231 3.56x10
Average | 6110 0.0023 3.7x106
c.v. 4.7% 4.7% 3.3%
‘o-¢ displays linearity to 0.55 £
Mix Design 3C
Moist Cured Cylinders
Series D and F
1 3710 0.00233 2.86x106
2 3640 - - 6
3 3960 0.00233 2.92x10
4 4460 0.00237 3.0x106
5 4210 - - 6
6 4030 0.00247 2.79x10
7 3880 0.00244 2.74x10
8 4030 0.00233 2.81x10
9 3820 - -
10 3590 - -
11 3610 - -
12 3660 - -
Average | 3880 0.0024 2.9x106
C.V. 6.9% 2.6% 3.3%

o-c displays linearity to 0.45 fc'
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Type A Prism Failure

PLATE 4.2

Typical Ungrouted Prism Failure -

PLATE 4.1
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4.3
Type B Prism Failure
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PLATE 4.4
Shrinkage Cracking in Prisms
Containing High Slump Grout

PLATE 4.5
Shrinkage Cracking in Prisms
Containing Low Slump Concrete



5. COLUMN TEST RESULTS AND DISCUSSION

5.1 Introduction

Details of the column investigation reported herein
have already been given in Sections 3.2.1 and 3.3.1. The
discussion of the fifty-nine columns tested is presented in
two sections, one containing test results for the
forty-three axially loaded specimens, and the other
containing results for the specimens subjected to eccentric
loading. Table 5.1 gives a description of fhe coticentrically
loaded columns, their failure loads, cracking loads, elastic
moduli, strains at failure, failure modes, and data used to
construct all graphs presented in this chapter. Similar data
are reported in Table 5.2 for the eccentrically loaded
columns. Appendix A contains typical column load-strain
curves for lateral and vertical bloék deformations, masonry
and steel axial deformations, lateral tie strains, and
column lateral deflections. The review of the test results
and the subsequent discussions establish the effect of
concrete strength and sliump, masonry shell strength, grade
and percent of vertical reinforcement, lateral tie details,
and the effect of eccentric loading on the strength and
behavior of reinforced concrete block masonry columns. The
effects of these factors are quantified using theoretical
and rational empirical analyses. An effort has been made to
avoid generalizations, to present data fully, and report

only the important relations indicated by these tests.
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5.2 Concentrically Loaded Columns
| 5.2.1 Failure Mode--General Remarks

The concentrically loaded columns were observed to fail
in one of the following three modes:

1. Type A; overall vertical splitting and crushing of the
block shell and the concrete core,

2. Type B; simultaneous splitting of the masonry shell,

' crushing of -the concrete core, and buckling of the
vertical reinforcement between tie spacing,

3. Type C; same as B, but with lateral tie hook pulling,
and buckling of the vertical reinforcement over two or
more courses.

Type A failure was characteristic of all plain or grouted

columns containing no vertical reinforcement. This included

those columns with lateral reinforcement only. Plain column
failures were similar to those of their companion prisms.

The two plain columns tested displayed sudden, complete, and

explosive failures. "Warning" cracks were noted only just

prior to column cbllapse. Vertical cracKking was initiated af
the block face centers at the top of the specimen and
propagated down several courses just prior to failure. Plate

5.1 illustrates typical block center face cracking in the

failed specimen.

"The failure of grouted columns containing no lateral
reinforcement was similar to failure Type A described
earlier for their companion prisms. In this mode, vertical
splitting of the shell originated at block face centers in
the upper courses well in advance of column collapse.

Subsequent loading elongated and widened these cracks until

overall splitting of the shell and crushing of the concrete
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core occurred. The columns shown in Plates 5.2, 5.3, and 5.4

JE———Y

are exemplary of this failure type. Removal of the shell

from the failure zone revealed that the failure plane of>the

column core was conical, and formed an angle of about 30 )
deg. with the axis of the column as illustrated in Plate v
5.5. A fewer number of these grouted columns féi]ed by
simultaneous overall vertfcal splitting of the masonry shell
and concrete core. This is shown in Plate 5.6(a) and 5.6(b).
In general, columns containing high strength concrete cores
failed explosively, and those with low strength concretes
settled gradually under the load.

Grouted columns containing lateral reinforcement in the
mortar joints displayed a slightly different behavior.
Vertical cracking prior to failure was originated in the
upper courses at the column corners rather than at block
centers. This is clearly shown in Plate 5.7. In addition,
the lateral ties tended to confine the block shell and
prevent explosive spalling of the shell at failure.

In general, for all grouted, unreinforced columns
tested, the shell-core interface bonding in the failure zone
had been completely broken, and the masonry shell could be
easily removed in order to view the concrete core. Distress
to the shell was observed throughout most of the column
height whereas'cracking and crushing'of the core was
confined primarily to the immediate conical failure zone as
shown in Plate 5.5.

Failure Type B for reinforced columns constructed with
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lateral ties having 90 deg. hooks and 2-1/2 in. extensions
was peculiar only to those columns with 0.76% vertical
reinforcement. These column failures were characterized by
simultaneous splitting of the shell, crushing of the core,
and buckling of the vertical reinforcement between tie
spacing; The columns shown in Plates 5.8, 5.9, 5.10, and
5.11 are illustrative of this failure type. Note that in
these failures, the tie hooks did not pull. They provided
adequate support for the vertical reinforcement, and
prevented buckling from occurring over more than one course.

In contrast to this behavior, Plates 5.12 to 5.20
clearly indicate that these ties did not adequately restrain
buckling for the higher percentages of vertical
reinforcement and thus Type C failure was precipitated. In
some cases, the tie hooks were pulled to form an included
angle of about 120 deg., as shown in Plate 5.13, and in
extreme cases, such as those illustrated in Plates 5.15,
5.16, and 5.20, a number of tie hooks pulled, allowing bars
to buckle over as many as five courses. This resulted in
rather explosive failures for these columns regardless of
concrete core strengths, since extensive buckling of the
vertical bars popped off large sections of the masonry
shell.

Series F columns were constructed with lateral ties
using 135 deg. hooks and 4'in. extensions. All columns of
Series F‘displayed Type B failures. Plates 5.21, 5.22, and
5.23 show that these ties did not pull even for the higher
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percentages of longitudinal reinforcement, and restricted
buckling to the lateral tie spacing. Because of this
confinement, failure was not as sudden and distress to the
core and shell was not as extensive in the failure zones as
for those columns with Type C failure.

It is of interest to note that even for those columns
exhibiting Type B failure, the lateral ties, although they
did not pull, showed extensive outward bowing upon
post-failure investigation. This behavior suggests that
column ties are subjected to both axial and flexural
stresses.

In the case of all reinforced columns, cracking
originéted at the column corners in the upper courses in
advance of column failure and extended down vertically as
loading continued. That the cracking of vertically
reinforced masonry columns originated in the column corners
adjacent to the longitudinal reinforcement is not
surprising. As load increases, the vertical reinforcement
expands laterally more than the surrounding concrete due to
the differences in stiffness and in Poisson’s ratio between
the steel and masonry, thus creating localized lateral
tensile stresses in the masonry shell. These stresses are
relieved when shell cracking occurs.

The columns of Series A grouted with the 5100 psi, 4
in. slump concrete of mix 5C, in comparison with all other
column series and mixes, showed a far superior bond between

the concrete core and masonry shell. The distress to the
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column core and shell for these columns was essentially
confined to the immediate failure zone where the ties pulled
and the vertical bars buckled. The bond between core and
block édjacent to a failure zone is shown in Plate 5.13. In
addition, the spalling failure plane for these columns often
occurred within the biocks themselves, and was thus not
neceésari]y a result of bond failure between the core and
shell. These observations, as do those of the companion
prisms, indicate that increased bond strength is not
necessarily associated with increased concrete strength.

Furthermore, it was observed that 4-inch slump
concretes can be satisfactorily placed in pilaster units of
these dimensions when sufficient vibration is provided.
Examination of the Series B stripped shell columns and
examination of columns following failure revealed excellent
concrete penetration between the vertical reinforcement and
the block shell. The 9-inch slump grout used in Series C
columns showed no superiority in workability over the grouts
used in the other series.

An observation made early in the test program is worth
noting; Failure generally occurred within the upper half of
the column. In order to establish whether or not this was
the result of end conditions, six columns were selected at
random and tested in an inverted position. Five of these six
columns failedvin their lower half. It was thus concluded
that the failure zone was located in the column upper region .

because of weaker concrete in the upper core, caused by
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bleeding and segregation during pouring and vibration.

In view of the observations reported herein, the

following tie details are suggested for masonry columns:

1.

For concrete block masonry columns constructed with 16 x
16 x 8 in. pilaster units, the use of 1/4 in. diameter
plain steel for fabrication of lateral ties should be
avoided when possible. These ties do not adequately
contain core expansion. They do not adequately support
the longitudinal reinforcement and thus permit large
lateral deformations which lead to extensive shell
splitting and explosive failures. ACI Standard 318-77
for reinforced concrete columns states that longitudinal
bars #10 or smaller must be enclosed by deformed lateral
ties at least #3 in size. It is recommended that this
requirement be adopted by the masonry code for columns
constructed of pilaster units similar to those used in
this study until further tests are conducted.

If it is necessary to use 1/4 in. diameter plain bars,
it is recommended that 135 deg. bends plus a minimum of
4 in. extensions be employed. Alternatively, if 90 deg.
bends plus 2-1/2 in. extensions are used, the
overlapping extensions should be tack welded to prevent
pulling. In addition, it is suggested that in order to
reduce distress to the column shell, mortar joint
lateral reinforcement should be provided to assist those
ties in contact with the vertical reinforcement in
confining lateral expansion of the core and maintaining
concrete core and shell integrity.

As will be shown later, those columns which failed by
mode B in Series F reached only slightly higher axial
strains than those exhibiting Type C failure. Only one
of the columns tested reached yield point stress in the
vertical reinforcement. This would suggest that vertical
tie spacing of 8 in., although acceptable to both the
Canadian concrete and masonry codes, is not sufficient
to prevent buckling of the vertical reinforcement before
yield is attained, and it is recommended that this
spacing be decreased for masonry columns constructed
with units which permit a reduced spacing. (Columns
constructed with 8 x 8 x 16 in. plain corner blocks do
not permit a decreased spacing).

Since the positioning of lateral tie hooks along one
vertical reinforcement bar creates a line of structural
weakness in the column, it is suggested that tie hooks
should subtend a different corner bar, on a rotational
basis, with each successive tie.

e
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5.2.2 Column Ultimate Strength
| 5.2.2.1 General
In order to rationally predict the ultimate strength of

a concrete block masonry column, an attempt must be made to
account for the portion of the strength of a column
- contributed by each of its elements. A well-established
Amethod of expressing the strength of a masonry column may be
adopted from reinforced concrete design. The strength of a
concentrical]y loaded, tied reinforced concrete column is
considered to be made up of two elements; (1) the ultimate
strengfh of the net concrete core area, expressed in terms
of standard control cylinder strength and, (2) the load
required to stress the compressive reinforcement to its
yield point. However, tied reinforced concrete block masonry
columns are somewhat different in that the load contribution
of the block shell must also be considered. Moreover, the
strength contribution of the core area aé a function of
control cylinder strength has not been established for
concrete block masonry columns, nor has it been shown that
'vertical‘reinforcement in these columns reaches yield stress
at failure. It is well Known that the strength of the
concrete in a column with a height/thickness ratio of five
is less than that in a 6 in. by 12 in. standard control
cylinder. The results of tests conducted on concrete columns
at Lehigh University and the University of Il1linois in the
1930’ s, showed the strength of plain columns to be 75 to 85

percent of that of companion cylinders. Current Canadian and
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Amer ican concrete codes have adopted a ratio of 0.85. !
However , conérete column tests should not necessarily be
considered representative of concrete block column cores
since curing conditions within masonry columns are different
than those of reinforced concrete columns. A further
difficulty in predicting block column ultimate strength lies
in the knowledge that the load contribution of the block
shell of a grouted masonry column is somewhat lower than the
failure load of an identical plain masonry shell. As was
shown in the prism investigation, the load contribution of
the shell in terms of ungrouted masonry is a complex
relationship dependent upon block strength, grout strength,
block net area, block gross area, and the ratio of block net
area/gross area. In addition, experimental results of
masonry wall tests suggest that shell strengths are also
affected by the percent of vertical reinforcement, and the
distribution of this vertical reinforcement.3® Accurate
prediction of a masonry column ultimate load is clearly a
more complex task than that for a reinforced concrete column
because of the addition and the uncertain behavior of the
block shell. _

Figure 5.1 shows the values of column failure loads as
a function of concrete control cylinder strength for all
concentrically loaded columns tested in the program. These
values are plotted without regard to percentage of vertical
reinforcement, and consequently these data are somewhat

scattered. The point to be made is the superior performance
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of Series A columns in comparison with identical Series D
columns, and in comparison with Series F columns which were
constructedlwith higher strength concrete and improved
lateral ties. Strength differences between these series are
even more striking when loads carried by vertical
reinforcement, calculated from measured strains at failure,
are subtracted from column ultimate loads to compute the
loads carried by the shell and core alone. Loads carried by
the column shell and core at failure are plotted as a
function of control cylinder strength in Fig. 5.2. These
strength differences can only be attributed to variations in
materials used for Series A columns, and those for columns
of Series C, D, and F. In particular, these differences must
be attributed to cement variations since blocks, vertical
and lateral reinforcing steel, aggregates, mortar mixes, and
controlled curing conditions were similar for all columns.
Although the concretes of Series C, D, and F achieved higher
control cylinder strengths than did their companion
concretes of Series A using the same mix and cement type,
their performance in the masonry columns was somewhat
inferior. This suggests not only that cement types produced
by different manufacturers can severely affect the strength
and performance of concrete with identical mixes, but more
importantliy, that the concrete strengths obtained from
control cylinder tests are not'necessarily representative of
how this concrete will perform in the actual structure.

Thus, the whole concept of applying one factor, 0.85, as the
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ratio of column strength/standard cylinder strength is
somewhat shadéd. The value of 0.7 assigned to the
undercapacity factor for tied reinforced concrete columns by
the Canadian and American concrete codes is clearly
warranted. It is interesting to note that no noticeable
effects on prism strengths existed for the companion prism
series constructed with concretes of the same mix, and using
identical cements.

In view of these results, direct comparisons of Series
C columns to Series A columns in order to determine the
effects of concrete slump, and direct comparisons of Series
F columns to Series A columns to establish tie detailing
effects, are not rational. The effects of these variables
may be estimated, however, through comparisons between

Series C, D, and F columns.

5.2.2.2 Strength of Plain Coluins

The ultimate étrengths of the Series A grouted columns
fabricated with no lateral reinforcement are plotted as a
function of their control cylinder strengths in Fig. 5.3. It
is evident that column strength increases are in direct
order with iﬁcreasing concrete strength, and an
approximately linear function relates the two. Using linear
regression aha]ysis, the ultimate strength of these plain

masonry columns may be approximated by:

PuC = O.]ZSfé + 1563 (Kips) . . . . . . . .. 5.1
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r = 0.98

This equation may be expressed in terms of core and shell

areas:
1257 ! .
Pu = cc + 153 A (Kips)
¢ 76.9 95,7 shell
PuC = 0.85fCAC + 1.60Ashe]] (Kips) . . . . .. 5.2

The firsf term of Eq. 5.2 establishes the contribution of
the. concrete core to the ultimate strength of the masonry
column in terms of net core area and its concrete control
cylinder strength. These test results are in remarkable
agreement with the accepted empirical relationship which is
universally applied to plain and reinforced concrete
columns. The y intercept of Eq. 5.2 is theoretically equal
to zero for a plain concrete column since the equation must
be representative of column strength when the concrete core
is considered to have zero compressive strength. However,
with a masonry column, this term defines the load
contribution of the block shell to column ultimate strength.
It can be shown that the regression intercept value of 153
Kips is a reasonable estimate of shell strength if one
compares the failure loads for stripped shell Series B
columns with companion Series A columns. If the failure
loads of the cores, 676 Kips, 602 kips, and 301 Kips for
columns B1, B2, and B3, respectively, are subtracted from

their corresponding masonry column strengths of 791 Kips,
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701 kips, and 454 kips for columns A12, At11, and A10, then
the shell contribution is found to be 115 Kips, 99 kips, and
153 kips, with an average of 122 Kips. The 153 Kip value
provided by Eq. 5.2 compares favourably with this, and it is
also in good agreement with the 138 kip load attributed to
prism shell strength derived earlier in the thesis.

The shell strength term of Eq. 5.2 may be converted to
a function of experimental net area plain column strength,

fﬁpc, as follows:

Prp. = 125 ' 163 = 144 kips
foo = 144 = 1.51 ksi
e o g5

} , 1.60A '
Pu_ = 0.85f'A_ +[ 12?@_1} fpe

conservatively;

Pu. = 0.85FA + 1.0fmpAgpaty - v o s v e 5.3(a)

Alternatively, Eq. 5.2 may be converted to a function of

plain prism strength fﬁpn:

Puc = 0.85fCAC + O'7fmpnAshe]] ........

Comparison of Eq. 5.3(b) with Eq. 4.4(b), which was
similarly derived for grouted prisms, shows that grouted
prism strengths were, by and large, somewhat lower than
grouted column strengths by virtue of both a decreased core
and a decreased shell contribution. On the average, grouted

prism strengths attained only about 85 percent of their
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corresponding column stfengths for all concrete strengths
employed in the program. Since the prism height/thickness.
ratio was considerably lower than that for the columns, and
since the columns were pin ended, the opposite should be
expected. It is definitely known that lateral end restraint
of the test specﬁmen by the 1oadiné platens serves to
increase compressive strength for smaller height/thickness
ratios. Furthermore, prism height/thickness was equal to
that of-the standard concrete control cylinder and thus
prism core strengths should display a more direct relation
with cylinder strengths than do column core strengths. No
suitable explanation for these observations can be
presented. Accordingly, tests conducted herein indicate that
grouted prisms provide a conservative measure of the
bcompressive strength of grouted columns constructed with

similar materials and with no slenderness considerations.

5.2.2.3 Effect of Lateral Joint Reinforcement

Figure 5.4 shows the strengths of grouted columns
containing lateral reinforcement plotted with the strengths
of grouted columns having no lateral ties. The additionaj
confinement afforded by these ties served to increase the
strength of the core and shell by 159 Kips (or 21%) for
Series A- mix 5C columns, 37 kips (or 8%) for Series A- mix
3C columns, and 100 Kips (or 28%) for Series C- mix 3G
columns. Feeg® reported an average increase of 15.9 percent

in ultimate masonry strength for columns containing 0.25
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inch diameter lateral ties over columns with no ties. It is
therefore evident that an empirical equation used to predict
the ultimate strength of grouted columns with no lateral
reinforcement, such as Eqg. 5.3(b), should provide
conservative strength estimates for columns containing

lateral ties in the mortar joints.

5.2.2.4 Effect of Steel Grade

Figure 5.5 shows, as ordinates, the total loads carried
by the columns of Series A containing 0.76% vertical
reinforcement, Grade 40 and Grade 60 steel, and as
abscissas, the strengths of their control cylinders. The
strengths of the reinforced columns increased linearly with
the increase in strength of the control cylinders. The
dotted curve represents the grouted, plain column strengths,
and falls directly over the regression line for Grade 60
reinforcement. Since the rate of increase:in strength of the
reinforced columns is nearly equal to that of the plain
grouted columns, it would appear that the increase in the
strength of the concrete was just as effective in a
reinforced column as it was for an unreinforced grouted
column. It was shown in the previous section that for a
plain grouted column, the core strength was 85 percent of
its cylinder strength regardless of the strength of the
concrete. Therefore, the increase in strength of the
reinforced column would be equal to the net area of its

concrete times 85 percent of the increase in strength of its

oot
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control cylinder, regardless of the grade of longitudinal
reinforcement. Furthermore, the reinforced column strengths
are seen to be only slightly higher than those of the
grouted plain columns. These observations would imply that
although the steel was effective in contributihg axial load
resistance to the column, it effectively reduced the load
contribution of the masonry shell by nearly an identical
amount. This observation is more clearly shown in Fig. 5.6
which plots the shell and core strength of these reinforced
columns as a function of control cylinder strengths. These
strengths were determined by subtracting the load
contribution of the reinforcement steel, bésed on the steel
‘'strain measurements recorded during tesfing, from the
ultimate column strength. Shell and core strengths for these
columns are all below the regression equation which defines
grouted plain column strengths. Linear regression shows that
the shell contribution has decreased to only about 75 Kips.
This represents a shell strength decrease of 153 - 75 = 78
Kips. Average load carried by the steel for these eight
columns is 76 Kips, and thus, the offsetting effect is seen.
This behavior seems reasonable since it has been shown in
masonry wall investigations that differences in Poisson’s

. ratio and stiffness between the reinforcement steel, and the
grout core and the masonry shell can induce lateral tensile
stresses in the shell which effectively reduce the
compressive strength of the shell at failure. This theory is

also in accord with the shell cracking patterns observed



186

during the compressive tests of the reinforced columns.
Figures 5.5 and 5.6 also show that the strengths for those
columns fabricated with Grade 40 steel are consistently
higher than those with Grade 60 steel. This suggests that
the deformational characteristics of the Grade 40 steel are
more compatible with the masonry shell and concrete core
than are the Grade 60 steels. Unfortunately, the effects of
steel grades were not examined in this study for the higher
percentages of longitudinal reinforcement. However, it is
not unreasonable to assume that a similar behavior would
develop.

Series C columns also showed a strength increase for
Grade 40 steel. Column C2 failed 96 Kips higher than Grade
60 column C3.

These test results indicate‘that the principle of
direct superposition cannot be applied in order to establish
the compressive strength of a reinforced column. That is,
$ummation of those loads supported by the core and shell of
a plain grouted column, as represented by Eg. 5.3, and the
added strength provided by lateral ties, together with the
load supported by the vertical reinforcement, over-estimates

the load capacity of a reinforced block masonry column.

5.2.2.5 Effect of Percentage of Vertical Reinforcement
In Figs. 5.7(a) and 5.7(b), the maximum loads carried
by reinforced columns have been plotted as ordinates and the

percentage of vertical reinforcement as abscissas. Columns

P |
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with no longitudinal reinforcement in Fig. 5.7(a) are
represented by p]afn grouted columns containing lateral
reinforcement. Tﬁe strengths of plain grouted columns with
no lateral reinforcement are indicated by the dashed lines
at the figure margin. All column strengths plotted in this
figure are those associated with Grade 60 steel. Columns
without vertical reinforcement were not constructed for
Series D and F, hence, in Fig. 5.7(b), the curves for these
series are discontinuous at 0.76%. In addition, the failure
loads representing 0.76% vertical reinforcement for Series F
columns are for those columns fabricated with Grade 40
steel. |

The most striking feature of these curves is the
pronounced decrease in column strength associated with 0.76%
lTongitudinal reinforcement. No series shows exception to
this behavior. However, if one considers only those
reinforced columns containing #25M bars, and thus only 0%,
1.3%, and 2.6% longitudinal reinforcements, it can be seen
in Fig. 5.7(a) that the loads associated with these three
percentages approximate a straight line, and that the
straight lines representing the relation between column
strength and the percentage of reinforcement for a given
concrete strength are very nearly parallel. It may thus be
assumed that the strength added to a reinforced column due
to a given increase in concrete strength was the same for
all the percentages of longitudinal reinforcement used,

provided the percentages were formed from combinations of
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bars of the same size. The variation from this
generalization by the 0.76% reinforced columns fabricated
with #20M bars cannot, unfortunately, be attributed either
to an actual anomaly caused by this percentage of
reinforcement, or to a strength decbease caused by smaller
bar diameters, since an insufficient number of columns were
tested. Nevertheless, one might have expected the opposite
behavior.since bars of larger diameter should introduce
larger radial displacements into the surrounding concrete.
due tovdifferences in stiffness and lateral expansion
between the two materials, and prevent the shell from
reaching higher strengths.

The curves representing the relation between column
strength and the percentage of vertical reinforcement in
Figs. 5.7(a) and 5.7(b) do not increase directly with the
increased load carried by the vertical reinforcement by
virtue of increased areas. This behavior necessarily leads
to the conclusion that an increasing percentage of
reinforcement decreases the load carried by the masonry
shell plus the concrete core. This is better illustrated in
Figs. 5.8(a) and 5.8(b), in which a shell and core strength
decreése is clearly associated with a reinforcement
percentage increase. Since past investigations of reinforced
concrete columns have shown that the increase in core
strength of reinforced columns is equal to the net area of
its concrete times 85 percent of the increase in strength of

its control cylinders regardless of the percentage of
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reinforcement, it must be logically assumed that core plus
shell strength decreases in masonry columns associated with
increased percentages of reinforcement must be primarily
attributed to shell strength decreases. These decreases are
apparently "subtracted" from the increased shell strength
which results from the confinement provided by lateral ties,
since the majority of reinforced column (shell + core)
strengths in Fig. 5.8(a) are greater than the load carried
by their corresponding plain grouted column strength.

Adjustment for decreased (core + shell) strength
resulting from the physical displacement of concrete as
reinforcement percentages increase has been made for the
failure loads plotted {n Figs. 5.9(a) and 5.9(b), and it is
apparent that this adjustment is not sufficient to account
for the observed strength decreases in (core + shell)
strength. Adjusted strengths were obtained by the addition
of 0.85f A, to the shell and core strengths reported in
Figs. 5.8(a) and 5.8(b).

In summary, it is proposed that the addition of lateral
reinforcement in a masonry column primarily serves to
increase the shell load carrying capability by affording a
core confinement which results in a net (core + shell)
strength increase. The introduction of longitudinal
reinforcement increases the lateral expansion of the column
core under compressive loading and reduces the effectiveness
of the lateral ties. The strength of the masonry shell

decreases with greater core lateral deformation, and hence
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with increasing percentages of vertical reinforcement.
However, load contribution by the steel exceeds this
decrease, and the net effect is to increase the ultimate
load of the column. For the percentages of vertical
reinforcement tested herein (0 to 2.6%), shell strength did
not decrease below that provided by the shell of a plain,
grouted masonry column. It is evident that Eq. 5.3(b)
provides an adequate estimate of column (shell + core)
strength for reinforced masonry columns fabricated with the
reinforcement percentages permitted by the masonry code.
This failure mechanism implies that reinforced masonry
columns constructed with stiff lateral ties, achieved by
means of increased elastic modulus, increased area, or
effective hook embedment should outperform like columns with
less stiff ties. Test results reported by Feeg® showed that
'the increase in ultimate masonry strength for tied columns
over columns with no ties averaged 7.4%; 12.6%, and 15.9%
for tie diameters of 0.1483, 0.1875, and 0.25 inches,
respectively. Thus, one might reasonably expect the columns
of Series F, fabricated with longer tie hook development
lengths, to fail at higher loads than those of otherwise
similar Series D columns.

The load carried by the masonry shell may be calculated
from the experimental column ultimate strengths using the

following equation:

= PuC - O.85fC(A -A) - eEA ... 5.4

Pshell ¢ " A EA
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where
Pshe1l = shell load at column failure
Pu. = column ultimate load
A. = column core area = 146.9 in.?2
A, = longitudinal steel area
és = 1ongitudinai stéel strain at column failure
ey = longitudinal steel yield point strain
E. = elastic modulus of longitudinal steel

It is important to recognize when applying this equation
that accidental variations in column strength have thus been
included in the portion attributed to the masonry shell.
Results of these computations for Series A columns are
presented in}Table 5.1 and in Fig. 5.10. This'figure plots
shell strength as a function of vertical reinforcement
percentage for Series A columns with mix 5C and mix 3C
concretes. In general, decreasing shell strength associated
with increasing longitudinal percentages is shown, as is the
decreased shell strength anomaly for 0.76% reinforcement. In
Fig. 5.11 shell strengths have been plotted as ordinates,
and control cylinder strengths as abscissas. It is evident
that there are minor shell strength increases with column
core strehgth. Percentage of vertical reinforcement is
undoubtedly the most influencial factor affecting shell

strength.

5.2.2.6 Contribution of Vertical Reinforcement

It has been well established that the strength added by
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the longitudinal reinforcement to concentrically loaded,
short, concrete columns is equal to the product of the ‘
longitudinal steel a;ea and its yield stress, regardless of
the percentage or grade of reinforcement. The stress-strain
relation, yield stress, and yield strain for the steel
grades used in this study were presented earlier in.Fig. 3.4
and Table 3.10. Figure 5.12 presents the ultimate masonry
strain for each column tested in this program, with the
exception of Series F specimens. Each vaiue is the average
of the failure strains measured by the SR-4 electrical
resistance strain gauges attached to the longitudinal steel
bars, and the masonry failure strains recorded by the
32-inch gauge LVDT's located on the east and west column
faces. Compressive strains at failure were between 0.001 and
0.002 in./in. with excessive variation.

The important observation to be made is that yield
strain in the longitudinal reinforcement was reached in only
one column. Figure 5.13 presents mean failure strain data as
a function of concrete control cylinder strength. Figure
5.14 presents mean failure strain data in relation to
percentage of vertical reinforcement. It is evident from
these figures that no direct relation exists between column
ultimate strain and cylinder compressive strength or percent
of vertical reinforcement. In fact, ultimate strain appears
to be a constant independent of these factors, with a mean
value of about 0.00142 and a coefficient of variation of 20

percent. Accordingly, the contribution of vertical
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reinforcement to the ultimate strength of masonry columns

may be generally expressed as:

P = 0.00142 E A
S S S
p = EsAs ................. 5.5
- S 700

It‘is of interest to note that previous
investigations2? have shown that for a column subjected to
vertical compression, increasing strains exist from the
bottom towards the top of a vertically cast column due to
differences in concrete quality. Since all failures occurred
in the upper half of these columns, and since strain
readings were monitored at column midheight, it might be
argued that these strains are somewhat lower than those
which occurred in the actual failure region, and that yield
strains were in fact reached in the vertical reinforcement.
Thus, Eq. 5.5 may provide a conservative estimate of the
vertical reinforcement contribution. It is recommended for
future column studies that additional gauges be placed at

the column upper quarter point.

5.2.2.7 Effect of Tie Embedment

The effect of superior tie development on the failure
mode of Series F columns was presented earlier, in Section
5.2.1. The effects of tie embedment will be established
through comparisons of Series F columns, which were
cqnstructed with Type D and £ ties, and identical Series D

columns which used Type A and B ties. It can be seen from
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Figs. 5.7(b) and 5.8(b) that Series F tie detailing was
directly responsible for column ultimate strength increases
of 145 to 250 Kips, representing increases of 29 to 38
percent over Series D column strengths. Mean ultimate
strength increase was 200 Kips, equivalent to a 35 percent
increase. Similar increases are recorded for core and shell
strengths. |

In addition, slightly higher ultimate strains were
measured for Series F columns. Average ultimate strain for
these columns was 0.00162 in./in. with a coefficient of
variation of 8.9 percent, whereas for Series D, these values
were 0.00151 in./in. and 27 percent, respectively. It has
previously been stated that mean failure strain for all
columns tested, excluding Series F, was 0.00142 in./in. This
indicates that the load contribution for steel reinforcement
expressed by Eq. 5.5 may be conservative for columns having

lateral ties with sufficient embedment.

5.2.2.8 Effect of Concrete Slump

Excessive block-core interface shrinkage cracking
similar to that reported earlier for the Series C prisms,
was observed on the top surface of all Series C columns. The
effects of increased concrete slump on the column
compressive étrength and the (core + shell) strength are
best shown in Figs. 5.15(a) and 5.15(b), respectively, which
plot these strengths as a function of concrete control

cylinder strengths. Test results indicate that Serijes C

et prenty)
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columns compliete an approximately linear strength
relationship with Series D columns grouted with mix designs
5C and 3C and fabricated with identical lateral
reinforcement. This would imply that a high slump has no
détrimenta] effects upon column ultimate strength or (core +
shell) strength. These observations are in keeping with
those reported earlier for Series C prisms.

Mean ultimate strain for these columns was 0.0013
in./in. with a coefficient of variation of 15.8 percent.
This value is only slightly less than the mean strain equal
to 0.00142 in./in. reported for all columns, and because of
‘the large variations in these figures, Series C columns
cannot rationally be classified as having less ductility on

the average.

5.2.2.9 Ultimate Strength Equation

A synthesis of these test results permits the 7
formulation of the following equation which can be used to
predict the ultimate strength of a concentrically loaded,
short, reinforced concrete block masonry column fabricated
with materials, dimensions, and workmanship similar to those

used in this study:

P = 0. ' - - A /700 . . . ... L. .
uc = 0 85fc(Ac AS) + ESAS/700 5.6

Equation 5.6 is considered to provide a conservative
strength estimate for columns fabricated with stiff, well

developed lateral ties, columns with no vertical
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reinforcement, columns with Grade 40 longitudinal steel, and
columns filled with high strength grouts. It is recommended
that the undercapacity factor used for reinforced concrete
columns, ¢ = 0.7, also be applied to reinforced concrete
block masonry columns. Also, it is recommended that the load
contribution of the shell not be considered analytically
since the portion of the load taken by the shell appears to
be quite variable, and to be dependent upon the bonding
characteristics of the concrete rather than the concrete
strength, as shown by the columns of Series A- mix 5C. Until
this interaction is better understood, a.conservative
approach should be taken.

Alternatively, column ultimate strength may be
conservatively predicted by the addition of the steel term
in Egq. 5.6 to the failure loads of experimental prisms
constructed with the same materials used in the co]umﬁ. This
method is thought to give more accurate values than Eq. 5.6
in most cases, since it should provide a better estimate of
the shell contribution.

The experimental column ultimate strengths are plotted
against the predicted column strengths for these two methods
in Figs. 5.16 and 5.17. Points which Iie.belowthe diagonal
in these figures represent predicted column strengths in
excess of experimental strengths. Both methods show the
desired central tendency about the diagonal. The correlation
coefficient for experimental and predicted strengths for

both these methods is 0.70.
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Both procedures provide a safe column design after the
undercapacity factor of 0.70 has been applied to the

predicted strengths. This is shown in Figs. 5.18 and 5.19.

5.2.3 Modulus of Elasticity of Masonry Columns

The mean values of initial tangent modulus for the
vertical steel, masonry, and block face are recorded for
each column in Table 5.1. From a review of these data, it is
apparent that column axial stiffness increases significantly
with increasing core strength, and increasing percentages of
vertical reinforcement. These trends are shown for the
Series A- mix 5C and mix 3C columns in Figs. 5.20 and 5.21,
respectively. Moreover, the majority of these columns showed
only minor variations between masonry face and longitudinal
steel deformations throughout the column loading history for
all strengths and percentages of vertical reinforcement.
This indicates that there was a uniform strain distribution
across the column cross-section, and that there was no
slippage between the concrete shell, core, and longitudinal
steel. |

Figure 5.22 shows the variation of column elastic
modulus as a function of prism compressive strength.VColumn
elastic modulus has been calculated from the average masonry
strains measured by the LVDT's, and the SR-4 strain gauges
~attached to the longitudinal reinforcement at column
midheight. It is seen that the CSA-S304 formula, Eq. 2.13,

significantly over-estimates column elastic modulus for
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prism strengths exceeding 2000 psi. A similar observation
was noted earlier for prisms in Section 4.5.4, Fig. 4.9. A
more conservative estimate of column elastic modulus is
provided by E, = 750f},. This curve is also drawn in Fig.
5.22, and is in good agreement with empirical formulas
derived from previous reseaﬁch.8’37’38’39

It can be shown that the gross area elastic modulus of
a composite material such as masonry, with a block shell and
grout core containing vertical reinforcement steel, is given
by: |

o= E(Ac = A + Eqnhshenn t EA L 57
m A
g

where
E, = elastic modulus of the column
E. = elastic modulus of the concrete core
AC = core area

= longitudinal steel elastic modulus

area of vertical reinforcement

Es
Ag
Eshe]] = masonry shell elastic modulus

Ashe]] = masonry shell area

A = column gross area

It was stated earlier, in Section 4.5.4, that the
elastic modulus measured from standard moist cured concrete
control cylinders is not an adequate representation of the
core elastic modulus of a masonry prism specimen. In fact,
it was determined that use of ihe cylinder e]astic modu lus

in Eq. 4.7 over-estimated experimental prism modulus of

[
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elasticity, and stripped core specimens indicated that the
prism core modulus was only about half of that of a standard
cylinder. Use of cylinder elastic modulus in Eq. 5.7 also
over-estimates column elastic modulus. This would imply that
a similar relationship to that between prism core and
cylinder moduli exists between column core and cylinder
moduli. Since there were no plain, grouted, stripped shell
columns tested which would have permitted a direct
comparison between column core and test cylinder, it was
necessary to determine this empirical constaﬁt by using Eqg.

1 and ES have

5.7, and solving for a valqe of KE.. Both Eshel

beeh well established, with small variation. The former méy
be taken from the experimental results of the five plain
pri;ms and the two plain columns tested, and has a mean
value of 1.63 x 106 psi and a coefficient of variation of
7.0 percent. Reinforcement steel moduli were presented in

" Table 3.10, and Fig. 3.4, and show variations less than 3.0
percent. It may then be assumed that variations between
-experimental moduli, and those given by Eq. 5.7, primarily
rest in the value KE.. The value of the elastic modulus
conversion factor K has been calculated for each column
using Egq. 5.7 and these are presented in Table 5.1, and
plotted as a function of concrete control cylinder strength
in Fig. 5.23. There appears to be no direct relationship
between these parameters, and the best estimate that can be
provided is the mean value, kK = 0.79, with a coefficient of

variation of 20 percent. Because of this large variation,
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primarily attributed to Series A- mix 5C, and Series C- mix ?

3G columns, the conversion factor may be taken as 0.8. Thus,

et s

test results in this program indicate that the elastic
modulus of a concrete block masonry column may be
approximated by:

E = 0.8Ec(Ac - As) + EspeltAshell * Eshs . . 5.8

m A
g

Figure 5.24 illustrates the relationship and variability

between column moduli calculated using Eq. 5.8, and those
measured experimentally.

That the elastic modulus conversion factor for column
cores is greater than that for prism cores seems reasonable
in one réspect, since the ratio of core strength/cylinder
strength is also greater for columns. Howéver, no acceptable
explanation can be suggested for column core strengths and
elastic moduli being larger than those for prisms.

The shapes of the vertical load-strain curves for a
number of concentrically loaded columns tested in this
program are presented in Appendix A. The curves display
nearly linear behavior over most of their range, and there

is a general trend for higher ratios of /Puc to be

ﬂinea

associated with higher concrete core strengths, larger

- percentages of vertical reinforcement, and hore favourable
tie development detailing. Table 5.1 contains for each

column, the percentage of the ultimate load over which the

load-strain curve is approximately linear} Figure 5.25 plots

these percentages against control cylinder strength.
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Eliminating those percentages of Series A- mix 5C columns,
~which are comparatively high, and thus the exception rather
than the rule, these columns display linear elastic behavior
to a mean load of 0.42Pu ., but have a coefficient of
variation of 33 percent. However, all columns displayed
linear load-strain behavior prior to a load of 0.25Pu..
Because the masonry code does not permit axial column
stresses to exceed 0.20f,, present design practice places
column behavior within the elastic range of these members.
Since the‘addition of longitudinal reinforcement should
logically increase these percentages because of its linear
behavior until yield, it is surprising that prism linear
percentages were somewhat higher than those for the columns.
The column block elastic moduli are presented in Table
5.3. As with those of the prisms, it is noted that each
block elastic modulus is significantly greater than its
corresponding masonry elastic modulus, and since there is
little variation in these moduli with core strength and
percentage of vertical reinforcement, it may be concluded
that strains in the mortar joint account for an appreciable
portion of the masonry strain, and that the continuity
provided by the concrete core and by the vertical
reinforcement does not effectively reduce the significance

of mortar joint strafns.

5.2.4 Column Lateral Strains

Typical column load-lateral strain curves plotted from
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strain measurements on the steel lateral ties and the !
concrete block faces are presented in'Appendix A. These
curves display nearly linear behavior up to column failure
load and since this was not observed for the companion
prisms, the conclusion must be drawn that the confinement
provided by the lateral ties was responsible for this.
Lateral stress-strain moduli and Poisson’s ratios are
tabulated in Table 5.1. Lateral strains at failure varied
between 0.00010 and 0.00268 in./in. for the steel, and
between 0.00011 and 0.0039 in./in. for the block faces, and
both showed large variations.

As previously noted for all columns tested, the steel
lateral ties in the column failure zone displayed large
bending deformations resulting from lateral stresses from
the expanding concrete core. Considering that the SR-4 tie
' gauges were located on the inside tie surface, compressive
strains due to lateral bending in these ties would
superimpose on the tie axial tensile deformations.
Accordingly, it is not surprising that the steel lateral
elastic modulus based on measurements from this gauge was
greater than its corresponding block face lateral elastic
modulus for twenty-three of the thirty-two columns in which
these strains were monitored. In fact, compressive lateral
tie steel strains were sometimes recorded. Thus, the
constraining effect of the tie is largely dependent on its
bending stiffness, and is clearly not a function of axial

stiffness alone.
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Values of Poisson’s ratio are plotted in Fig. 5.26.
These values were calculated on the basis of lateral strains
measured on the block face, since these are cdnsidered to be
more representative of the actual transverse strains in the
column. Computed values of Poisson’s ratio were between 0.04
and 0.50 with a mean of 0.21 and with a large variation.
Elastic modulus of concrete block masonry has been

established in CSA-S304 as:

E = 1000f' < 3.0 x 10° psi
m m

The shear modulus, G, is theoretically related to elastic

modulus, E, and Poisson’s ratio, v, by:

G = E
2(1 + v)

Substituting the mean Poisson’s ratio obtained from the
column tests reported herein, and the code elastic modulus

equation into this theoretical relation yields:

G = 1000fp _ gy3f
2(1.21) m

G 3.0 x 10° = 1.24 x 10% psi

2(1.27)

These calculated values compare remarkably well with the

shear modulus specified in CSA-S304:
G = 400fé < 1.20 x 10° psi

and indicate that this specification is based primarily on

that for elastic modulus, which has in itself, not been
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accurately defined. An indication of the variability in the A !
determination of G is thus provided since Poisson’s ratio in

these tests showed a coeffient of variation of 54 percent.

'5.2.5 Column Cracking Loads

The loads at which column shell cracks were first
observed are plotted as a function of concrete control
cylinder strength in Fig. 5.27. As with prism cracKing, the
column cracking load is seen to be directly proportional to
core strength and the two may be related by the following

linear regression equation:

P 75.3fé + 186 (Kips) . . . . . . . .. 5.9

crack

r 0.74

Comparison of Eq. 5.9 with the prism cracking linear
regression Eq. 4.9 shows that columns cracked at a higher
load for a given core strength. This increase must therefore
be attributed to the additional confinement of the core
provided by the steel lateral ties. It is interesting that
both Egs. 4.9 and 5.9 indicate that the cracking load of a
plain ungrouted specimen is approximately 190 Kips, yet
column failure load was below this value. This might suggest
that the placement of lateral ties in the plain columns
would increase failure load to some value above 190 Kips.
Unfortunately, no columns were constructed for such a
comparison.

It is seen that Series F columns with superior tie
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detailing cracked at significantly higher loads than their
companion Series D columns. Series C columns cracked at
somewhat lower loads than did.the columns of the other
series.

A plot was constructed with column cracking loads as
the ordinates, and percent vertical reinforcement as the
abscissas, but data were scattered and did not permit the
derivation of an equation to relate the two. The
relationship between the ratio of column cracking
load/ultimate load, and concrete control cylinder strength
is shown in Fig. 5.28, and it wouid appear that Eq. 4.10
derived for prism cracking/ulitimate load adequately
describes the relationship for columns as well.

Since shell cracking load is dependent upon block
strength, core strength, and tie stiffness, it must be
emphasized that Eqs. 5.9 and 4.10 will likely only apply to
columns fabricated with similar materials to those employed
in this program. Shell cracking load should be expected to
increase with increased core strength, increased block
strength, increased shell thickness, and increased tie

stiffness and hook development.

5.2.6 Column Lateral Deflections

The deflected shapes of a number of columns,
interpreted by lateral displacements recorded by LVDT's
attached tobthe column face, are presented in Appendix A.

Lateral deflections for the concentrically loaded columns
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were small, and perhaps these measurements indicate more the
lateral expansion of the column, rather than the lateral
deflection. Most plots do not show symmetrical bending about
column midheight, but rather show increased deflections in
the'upper column region where failure normally occurred and
where lateral deformations due to the expanding concrete
core were the Iabgest. The majority of these columns showed

single curvature bending.

5.3 Eccentrically Loaded Columns

5.3.1 Ultimate Strain

It is generally known that considerably larger concrete
strains are developed in bending before failure than in
concentric compression. Apparently the outer fibers are able
to yield and transfer stress to the less strained fibers‘
closer to the neutral axis of the section.

The ultimate compressive masonry strain for each of the
sixteen eccentrically loaded columns tested is reported in
Table 5.2. Since transducers were normally removed just
prior to column failure, the last strain increments could
not be observed. For these columns, ultimate strains were
obtained by extrapolation of strain to the known ultimate
load using the column load-strain curves. The average
failure strain was 0.002 in./in. on the compression face,
with a coefficient of variation of 14.2 percent. Mean
ultimate strain for the concentrically loaded columns was on

the order of 0.0015 in./in. The eccentric strain value is
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somewhat below the mean experimental concrete failure strain
of 0.0038 in./in. obtained from the eccentric load tests of
tied reinforced concrete columns conducted by Hognestad2©
(1951}, and below the conservative value of 0.003 in./in.
accepted by ACI-318-77 for concrete subjected to flexure.
However, the ultimate strain measurements reported herein
are difficult to interpret since these were gauged along
32-inch lengths centered on column midheight, and it was
observed that all columns failed in the upper half. All
concrete columns tested by Hognestad failed in compression
in the upper half as well. This may be attributed to

» bleeding, resulting in an increased water/cement ratio in
the column upper region, and to better compaction in the
lower part of the column. Hognestad, however, meésured
strains at a number of column elevations, and noticed that a
general trend of increasing strains exists from the bottom
towards the top of a column shaft which has been vertically
cast. The mean ultimate strain of 0.0038 in./in. reported by
Hognestad was based on those strains measured by SR-4 gauges
with 6-inch gauge lengths attached to the compression face
in the column failure region, and thus, the discrepancy |
between the ultimate concrete strains reported in these
studies should not be surprising. In fact, strains at or
below éolumn midheight in the Hognestad study were between
about 0.0015 and 0.002 in./in., and thus in this respect, a
favourable agreement with the masonry'column strains is

reached. Variations should be expected since the test values
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are sensitive to loading rate, gauge lengths, and gauge
location with respect to compression cracks. Accordingly, it
might be logically assumed that ultimate flexural strains in
the maéonry column failure region were also on the order of
0.003 in./in. This permits the adoption of the principles of
reinforced concrete columﬁ design to predict the ultimate
strength of a masonry column constructed with pilaster units

similar to those used in this study.

5.3.2 Strain Distribution

Figures 5.29 and 5.30 show typical strain distributions
across a masonry column cross-section as a function of load.
Distributions for several columns are presented in Appendix
A. The outer measurements were provided by the 32-inch gauge
length east and west LVDT’'s. The inner measurements are the
average readings from the east and west SR-4 strain gauges
mounted on the vertical reinforcement bars. Deviations can
be expected due to inherent inaccuracies in the measureme:ts
of the gauges and due to uncertainties in the actual
location of the gauges on the reinforcement bars. There ﬁs
good agreement between the reinforcement strains and the
surface masonry strains, and no patterns can be seen fdr the
deviations from linearity, 1nd1pating that these deviations
are of a non-systematic nature. Thus, it may be assumed that
the hypothesis of linear strain distributions is valid for
masonry columns subjected to combined bending and axial

load.
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5.3.3 Reinforcement and Shell Slip

Since deformed longitudinal reinforcement bars were
used, it is reasonable to assume that, in general, there was
no slippage between the column concrete core and the
reinforcing steel. In addition, strains recorded by the
16-inch gauge length LVDT's attached to the masonry shell
adjacent to the vertical steel are in excellent agreement
with the strains measured by gauges mounted on the
reinforcement, and indicate that the shell, core, and
reinforcement act as a unit until failure. Typical
load-strain curves for these LVDT's and SR-4 gauges are
shown in Fig. 5.31, for column E5P2. The curves for a number

of other columns are provided in Appendix A.

5.3.4 General Behavior and Failure Mode

The only failure type observed for specimens tested in
this program was compression failure, that is, crushing of
the concrete and buckling of the vertical reinforcement
before yielding in the tension steel. Column behavior within
this failure type was essentially a function of eccentricity
of load.

Type 1 failure was peculiar to columns with load
eccentricities of t/12 and t/6, regardless of concrete
strength, and grade or percentage of vertical reinforcement.
This.mode was characterized by an explosive removal of the
column block shell on the compression face, with subsequent

crushing of the concrete core and buckiing of the
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compression longitudinal steel. Vertical shell cracking did
not normally appear until shortly before dolumn failure, and
was initiated in the column upper corners. Distress to the
shell on the compression face was along the entire column
length, although the actual failure zone in the concrete
core was generally confined to two or three courses in the
middle to upper region of the column. Since tie hooks were
positioned in the potential tension face of these columns,
the ties did not pull, and reinforcement buckling was
restricted to spaces between ties only. The bond between the
concrete core and the tension face blocks was completely
broken through much of the column height, as was the bond
between mortar and block for those joints located between
courses in the failure zone. Plates 5.24 , 5.25, and 5.26
show typical Type 1 column failures. Thus, the mode of
failure for these eccentrically loaded columns was found to
be very similar to the failure of columns with adequate tie
development and subjected to concentric compression. The
loading apparatus adequately confined the top and bottom
column courses, and prevented local crushing failures in
these regions.

However, local crushing problems were encountered with
those columns loaded with an eccentricity of t/3. Local
crushing was characteristic of failure Type 2. These columns
crushed either in the bottom or}the top course even though
the loading plates were designed to confine these courses.

Upper and lower course failures are shown in Plates 5.27,
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5.28 and 5.29, and Plates 5.30 and 5.31, respectively.
Distress to the shell and core was normally confined only to
these courses and such failures are clearly not a good
representation of the idealized behavior which places the
failure zone at column midheight. The loading plates for the
larger eccentricities did not provide an adequate tranéfer_
of load to the tension face of the column. Lateral column
deflections and the deforming fiberboard permitted the

" loading plate on the tension side of the column to separate
from the top surface. As loading increased, and deflections
and fiberboard deformations increased, the actual bearing
vsurface between the loading plate and the column decreased,
and this produced high stresses in a concentrated area of
the column which precipitated local crushing failure.
:Although this was not the intended or desired behavior for
these experimental columns, these observations indicated
that transfer of load to a column by use of a simple bearing
plate which rests on the column surface is a poor detail.
This practice can cause local crushing failure of the column
even though analysis has indicated the column to be of
sufficient capacity. For tests subsequent to E4P3 and E1P3,
wood was positioned beneath the bottom loading plate on the
tension side afterba load of 150 Kips had been applied to
the column. The wood prevented larger rotations and thereby
reduced the stress concentrations. Although failure mode was
still Type 2, significant strength increases resulted for

companion E4P4 and E1P4 columns. Hence the remaining columns
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with t/3 eccentricities were tested in this fashion.

In order to test reinforced concrete block masonry
columns under load eccentricities equal to or greater fhan
t/3, an improved loading system must be developed to prevent
local crushing failures. Such an apparatus might be similar
to that used for the eccentric load tests of reinforced
concrete columns conducted by Hognestad.2° Columns for these
tests were fabricated with vertical reinforcement bars which
extended into concrete capitals above and below the column
shaft. Additional reinforcement was provided in the capitals
and welded to the longitudinal bars to prevent tension,
diagonal tension or bond failure in the,capitals.AAuxiliary
reinforcement, similar to the device used in this study to
confine the upper and lower column courses, was attached to
the capitals to provide'additional confinement. The capitals
provided an effective means in which to transfer the
eccentric load and its moment to the prismatic shaft of the

columns. This testing arrangement is shown in Fig. 5.32.

5.3.5 Ultimate Load

The masonry columns in this study have been shown to
conform to the basic assumptions used in reinforced concrete
column‘Ultimate Strength Design, namely, ultimate strains on
the order of 0.003 in./in. in the failure zone, a linear
strain distribution, and absence of slip between the
longitudinal reinforcement and the concrete core. Thus, the

suitability of application of the ACI-318-77 Ultimate
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Strength Design procedure for reinforced concrete columns to
reinforced block masonry columns will be examined. The
ultimate loads for the columns tested are given in Table
5.2.

| The USD, reinforcéd concrete column design procedure
was applied to the masonry columns for three different
conditions. Case 1 assumed that the masénry shell
compressive strength was equal to that of the concrete core,
and thus the masonry column was considered to be identical
to a reinforced concrete column having column core strength
over the gross section. Case 2 assumed that the column shell
strength was equal to the 153 kip (1.6 ksi) shell strength
determined from the regression Eq. 5.2. The factor By for
this éase was taken as 0.85 for both the shell and the core
in the E1P- series, and conservatively chosen as 0.80 for
the E3P-, E4P-, and E5P- series. Case 3 neglected any
contribution by the masonry shell, and the masonry column
was analysed as though it were a reinforced concrete column
with strength and dimensions equal to those of the masonry
'cbre. The results of these analyses are presented in Table
5.2. The ratios of P, t/P.51c were calculated for each column
and averaged for each case. Case 1 analysis grossly
over-estimates the experimental failure loads for these
columns regardless of core strength, and grade or percentage
+/P

of reinforcement. The mean P ratio is 0.60, with a

test’ "'calc

coefficient of variation of 12.7 percent. This scheme is

clearly an inadequate representation of column behavior.
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Case 2 provides only somewhat better results, yielding a

P /P ratio of 0.81, with a coefficient of variation of

test’ ‘calc
9.2 percent. The ratios between test and calculated ultimate
load values for Case 3 analysis are in ve}y favourable
agreement. The mean ratio for all columns tested is 1.0,
with a coefficient of variation of 10.7 percent. This ratio
necessarily implies that the masonry shell of these columns
provided an insignificant load contribution at failure.
Moreover, since the experimental and predicted strength
ratios averaged 0.96, 0.98, and 0.97 for Series E3P-, E4P-,
and ESP-, respectively, it is evident that shell
contribution may be relatively independent of percent or
grade of longitudinal reinforcement. The increased ratio of
1.12 for the lower strength core E1P- columns may suggest
that the shell provides some load contribution for the lower
strength concretes. Because of the limited number of tests
conducted in this study, only these general observations can
be made.

Case 3 analysis, in addition to providing a favourable
_estimate of column ultimate load, also permitted reasonable
estimates for the location of the neutral axis in the
section at failure. The observed positions of the neutral
axis for the experimental columns were measured from the
strain gradient curves. Since the theoretical positions of
the neutral axis are calculated for the ultimate loads, and
the observed values are for strain readings at normally

about 90 percent of ultimate load, the direction of travel

o ot
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of the neutral axis shown by the gradients is indicated by
the arrows in Table 5.2. These values are measured distances
from the core edge, and not the shell edge, in order to make
comparisons with the Case 3 analysis. The experimental
values are all slightly in excess of those determined
analytically. This is reasonable however, since experimental
strains were measured at column midheight, and not in the
failure region itself.

The mode of failure of all test columns agreed very
well with theoretical prediction. Case 3 ACI USD procedure
indicated that all column failure loads were in excess of
the balanced load, which should create compression failures
in the columns.

The experimental column failure loads are plotted
against their failure moment to produce the column
interaction diagram in Fig. 5.33. The effects of lateral
deflection have been accounted for in the bending moment by
the addition of a P-A term based on the deflection at column
midheight obtained from measurements taken during testing.
Consequently, the experimental values are slightly offset
from their corresponding eccentricity. The experimental
failure loadé for the concentric columns are taken from test
results of Series A- mix 5C columns, which were grouted with
concrete having a 5100 psi control cylinder strength. The
solid lines represent the theoretical interaction curves
derived from the Case 3 ultimate strength design proceduref

These lines are shown only for compression failures, and are
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discontinuous at the balanced failure condition. The dotted
lines extending from loads corresponding to an eccentricity
of t/12, for which the masonry shell apparently provides an
insignificant strength contribution, to the concentric
loads, for which it is assumed that the shell provides a
contribution of 153 Kips at failure, are merely linear
approximations to account for the transition between these
behaviors. It can be seen that Case 3 analysis generally
affords a conservative, yet accurate estimate of column
failure load and moment. As may be expected, the ultimate
load decreases for increasing eccentricity, and for small
eccentricities, large variations in ultimate loads result
from variations in concrete strength. As well, changes in
~As’ have a significant effect on ultimate load for columns
failing in compression. It must be emphasized that Case 3
analysis would 11Ké1y only be applicable to masonry columns
fabricated with pilaster units similar to those used in this
study, and more importantly, to units with similar net/gross

area ratios.

5.3.6 Shape of the Stress-Strain Curve

The load strain curves for the eccentrically loaded
columns presented in Appendix A show that the stress-strain
relations on both the compression and tension side of the
columns are néar]y linear up to failure. As with the
concentrically loaded columns, the concrete block strains

are, in general, less for a given load than are the masonry
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face strains. In fact, for all eccentricities considered,
the vértica] block strains on the tension face of theseA
columns have the same order of magnitude as the lateral
Column strains. This indicatés that the bond between the
blocks and the mortar on the tension face is broken early in
the loading history, and thus significant tensile stresses

are not introduced into these blocks.
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PLATE 5.5
Conical Failure Plane in Grouted
Columns
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PLATE 5.14

PLATE 5.13
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PLATES 5.21, 5.22, and 5.23
Type B Failures of Columns Laterally
Reinforced with Ties Having 135 deg.

Hooks, Showing Reinforcement Buckling
Between Tie Spacings
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PLATE 5.25

PLATE 5.24
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PLATES 5.24, 5.25, and 5.26
Type 1 Eccentrically Loaded Column Failures




PLATE 5.27

PLATE 5.28

277



278

PLATES 5.27, 5.28, and 5.29
Type 2 Eccentrically Loaded Column Failures
in the Upper Course
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6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1 Summary

The object of the study reported herein was to
investigate the behavior of reinforced concrete block
masonry columns subject to axial concentric éompression, and
combined bending and axial load..Nominal 8 x 16 x 16 in.
single core pilaster units were used in thé fabrication of
the test columns. A1l columns were 72 inches in height, and
all were loaded through pinned ends.

A total of forty-three concentrically loaded columns
were manufactured and tested to failure. These columns were
divided into five series. Series A and D columns were tested
in order to establish the effect of percentage and grade of
vertical reinforcement and the effect of concrete core
compressive strength on column strength and behavior. Series
B columns were identical to those constructed in Series A,
but were tested with stripped shells. Series F columns were
fabricated with lateral ties having superior hook detailing
to those of Series A. Series C specimens were grouted with
high slump concrete in order to determine the effect of
increased workability and increased core shrinkage on the
strength of reinforced block columns having large core
areas. Concrete qualities for the concentrically loaded
columns were varied from about 1500 psi to 6000 psi, and the
percentage of vertical reinforcement was varied from 0 to

2.6 percent. Grade 40 and Grade 60 steels were used, and
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4-inch and 9-inch'slump concretes were cast in the column
cores. Sixteen eccentrically loaded columns were constructed
and tested to failure. Two concrete strengths, two
percentages of vertical reinforcement, and two grades of
vertical steel were used in the fabrication of these
specimens; namely, 3200 psi and 5090 psi, 0.76 and 1.3
percent, and Grade 40 and Gféde 60, respectively. The
eccentricity of loading varied from 0 to 1/3 times the
lateral dimension of the columns. The general behavior of
the test columns was observed by measurements of load,
strain, and deflections.

Forty-seven, four block high prisms were built using
the 16 in. square single core pilaster units. These
specimens were grouted with concrete strengths which varied
from 1500 psi to 6000 psi, and were tested to failure under
concentric compression in order to determine the nature of
the shell-core interaction, and to establish a strength and
behavioral relationship between small-scale control
specimens and ful]-écale columns.

A study of the basic assumptions of inelastic design of
reinforced concrete columns was made. On the basis of this
study, and on the basis of data gathered from the present
tests, theories and equations for the prediction of masonry
column and prism strengths and material properties were

extended and developed.
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6.2 Conclusions

The results and discussions which have been presented

in this report lead to the following conclusions:

1.

Compression failures of grouted prisms are characterized
by either simultaneous splitting of the block shell and
crushing of the prism core, or by splitting and spalling
of the block shell before core crushing. Failure mode
shows no associative patterns with grout strength, and
appears to be more a function of bond strength between
the shell and the core.

The core strengths of grouted prisms and columns
constructed with pilaster units having dimensions
comparable to those used in this sfudy are best
represented by the strengths obtained from compression
tests on standard moist cured concrete cylinders.

At failure, block shells of grouted masonry assemblages
contribute some fraction of that load carried by an
otherwise identical plain masonry specimen. The
combination of the vertical compressive stresses and the
bilateral tensile stresses imposed on the shell by the
lateral expansion of the concrete core can cause
premature failure and prevent the shell from reaching
full development. The percent of full development
attained by the shell is believed to be dependent upon
prism gross area, net area, and the ratio of net
area/gross area, as well as block strength and ungrouted

prism strength.
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The superposition concept of grout strength and block
strength permitted by CSA-S304 is not valid. It may be
more appropriate to match the deformational
characteristics of grout to those of the block rather
than matching the strengths as is suggested by the
masonry code.

Low slump concretes are easily accommodated by pilaster
units having dimensions comparable to those used in this
study when adequate vibration is provided. |
High slump concretes cast in columns and prisms built
‘with pilaster units having large cofe areas produce
extensive shrinkage cracking in the upper region of the
core. The depth of penetration of these cracks, however,
is considered to be only a few inches, and tests show
that they do not have a detrimental effect on the
structural per formance of masonry subjected to
concentric compression.

Failures occur in the upper regions of both
éoncentrically and eccentrically loaded masonry columns
since bleeding and segregation during pouring and
vibration produce a weaker concrete in the upper core.
Cement types produced by different manufacturers can
‘severely affect the strength and performance of concrete
with identical mixes.

The average strength of the core of a plain masonry
column under concentric loading is approximately 85

percent of the concrete strength indicated by standard
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control cylinders, and the strength contributed by its
masonry shell is approximately equal to that of a plain,
ungrouted masonry column.

Grouted prisms provide an adequate estimate of the
compressive strength of grouted columns constructed with.
similar materials and with no slenderness
considerations.

The addition of lateral reinforcement to a plain,
grouted masonry column increases the strength of the
block shell, and prevents explosive spalling of the
shell at failure. |

Column lateral ties fabricated from 1/4 in. diameter
plain bars, and having hooks formed with 90 deg. bends
and 2-1/2 in. extensions do not provide adequate
development length or stiffness to confine the column
core and the vertical reinforcement, and thus permit
premature failure. Columns fabricated with tie hooks
having adequate embedment to prevent pulling show
favourable strength and ductility increases and higher
cracking loads, and display less sudden and less
destructive failures.

Increasing percentages of longitudinal reinforcement
decreases the load carried by the column block shell.
However, load contribution by the steel exceeds this
decrease, and the net effect is to increase column
ultimate load.

Vertical reinforcement is not fully developed in a
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reinforced concrete block masonry column tested to
failure under concentric compression.

Tests indicate that the strength of a concentrically
loaded, short, reinforced concrete block masonry column
constructed with pilaster units is equal to the
summation of 85 percent of the concrete control cylinder
strength times the net area of the concrete core, plus
0.0014 times the product of the steel area and the
elastic modulus of the vertical reinforcement, plus the
compressive strength of a plain ungrouted column
fabricated with similar block and mortar materials and
strengths.

The properties of masonry columns can be predicted from
the properties of the constituent materials, namely, the
blocks, mortar, concrete and steel reinforcement.

The elastic modulus based on strain measurements taken
dufing compressive tests of standard moist cured

cylinders over-estimates prism core elastic modulus by

about 80 percent, and column core elastic modulus by

about 25 percent.

The stress-strain curves of concentrically loaded
reinforced masonry columns, and plain columns and prisms
approximate linearity to about 50 percent of the failure
stress.

The CSA-S304 masonry elastic modulus specification
over-estimates the elastic modulus of reinforced columns

and plain columns and prisms having core strengths, as
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indicated by tests of standard concrete control
cylinders, in excess of 2000 psi. A more conservative
estimate of column elastic modulus is provided by 750 to
800 times prism compressive strength.

The cracking load of masonry is dependent upon block
strength and core strength and is directly proportional
to core strength. Cracking load decreases with
increasing percentages of vertical reinforcement.

The hypothesis of linear strain distributions is valid
for masonry columns subjected to combined bending and
axial load.

Masonry columns tested under load eccentricities greater
than 1/3 the section depth require reinforced concrete
column capita]s‘to provide suitable load and moment
transfer and to prevent local crushing failures in the
column shaft.

The ACI-318-77 Uitimate Strength Design procedure for
eccentrically loaded reinforced concrete columns is
applicable to reinforced block masonry columns. This
procedure provides reasonable estimates of column
strength and accurately predicts coiumn failure mode.
However, it is necessary to neglect any contribution of

the block shell in the analysis.

6.3 Recommendations

Considering the state-of-the-art of concrete block

column design, the following recommendations are made:

1.

It is recommended that the elastic modulus permitted by
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CSA-S304 be reduced to 750 f,.

It is recommended that a further study of concentrically
loaded columns be undertaken to more accurately define
the effects of the percentagé of vertical reinforcement
on strength as a function of the bar size used to
provide a given percentage. In addition, it is
recommended that a variety of column cross-sections and
block strengths be employed in order to establish the |
load contribution of the concfete shell with respect to
these variables. These tests would provide additional
statistical data to assist in the evaluation of
perfdrmance factors for Limit States Design of masonry
columns.

It is suggested that further studies be conducted to
increase our understanding of masonry column tie
detailing. Variables to be considered include tie bar
sizes, tie placement, tie vertical spacing, and hook
development lengths.

It is recommended that tests on eccentrically loaded
masonry columns be initiated. Studies in all areas of
eccentricallyAloaded block masonry columns are required
before ultimate strength design can be economically

applied to these members.
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HORIZONTAL CONCRETE STRAIN 4

| r : T 1

-0.00120 -0.00040 0.000u40
STRAIN (IN/IN)

COLUMN: R2P1



(KIPS)
200

LORD

4ac

350

300

250

150

100

S0

294

LEGEND

S.N. CONCRETE STRRIN m
- -
- 1
- 1
)_
B
-0.00120 -0.000u0 0.00040

STRAIN (IN/IN)

COLUMN: R2P1

v



(KIPS)
200

LORD

ugo

350

300

250

150

100

Se

295

r- =
LEGEND
N.E. CONCAETE STARIN p
R 4
— i 4 .l
-0.00120 ~-0.000u40 0.00040
STRAIN (IN/IN)

COLUMN:

A2P1



LOAD (KIPS)
240 320 ugo ugso 560 6U0

160

80

| T T T
[{
- [\
Af
g
- A
N ]
- \ ] Y
N N A +
= D +
® 0 A +
= NN A 4+
LEGEND o +
AVG VERTICAL LVDT STRAIN m
AYG VERTICAL STEEL STRAIN o
[~ AVYG VERTICAL CONCAETE STARARIN A (B 3
HORIZONTAL STEEL STRAIN +
HORIZONTAL CONCRETE STRAIN X
e
\
1 ] 1

-0.00320 -0.00160 0.00000
STRAIN (IN/IN)

COLUMN: R10



(KIPS)
320

LOAD

640

560

480

ugo

240

160

80

297

J

LEGEND
8.H. STEEL STRRIN o
S.H, CONCRETE STRAIN g

I

~0.00320

-0.00160
STRAIN (IN/IN)

COLUMN: RA10

0.00000



(KIPS)

LOAD

640

560

480

400

320

2ug

160

80

298

LEGEND

N.E. STEEL STRAIN m
N.E. CONCRETE STRAIN g

|

-0.00320

-0.00160
STRAIN (IN/IN)

COLUMN:

A10

0.00000




(KIPS).
320

LORD

5ug

560

usgo

4go

2ug

160

80

299

LEGEND
AVG VEATICAL LVOT STARIN ™
AVG VEATICAL CONCRETE STRRIN g
HORIZONTRL STEEL STARIN A

HORIZONTAL CONCRETE STRAIN +

—0.00u

0.b00
STRAIN (IN/IN)

COLUMN: A13

0.004



(KIPS)

LORD

160 2ug 320 4gg 4sQ 560

80

640

300

T T T
LEGEND
8.H. CONCRETE STRRIN m
}— —
- ' -
m
m
n b -
[11]
U]
0 | 1
-0.004 0.000 0.004
STRAIN (IN/IN)

COLUMN:

A13




LORD (KIPS)
320

2ugo -

480 560 s40

ugo

160

301

80

LEGEN
N.E. CONCAETE STARIN m

—0.00u

0.000
STRAIN

(IN/IN)

COLUMN: RA13

0.004



(KIPS)

LORD

640

560

480

4ag

320

2u0

168

80

302

STRAIN (IN/IN)

COLUMN:

ALY

4 1 Ll t
= ﬂ
|?
#(
— X -
X
j
- +X —
+X
- +X -
JH(
- + -
LEGEND
AVG VERTICAL LVDT STRAIN m
AVG VERTICAL STEEL STRARIN o
o AVG VERTICAL CONCRETE STRRIN a s
HORJIZONTRL STEEL STRRAIN +
HORIZONYAL CONCRETE STRAIN X
1 1 }
-16 -12 -8 -4 g 1)
X104

JeS——



(KIPS)

320

LORD

uso S60 6U0

400 -

160 2ug

80

303

- -
LEGEND
$.W. STEEL STRRIN
| S.WN., CONCRETE STRAIN o _
-16 -12 -8 -y 0 iy
STRAIN (IN/IN) X10-4

COLUMN: AlY



(KIPS)
320

LOAD

480 560 6u0

400

160 2ug

80

304

= ﬁ,
LEGEND
N.E, STEEL STRAIN
B N.E. CONCRETE STRAIN ® i
| 1 1 :
-16 -12 -8 -y 0 Y
STRAIN (IN/IN) X10-4

COLUMN: A1lY



(KIPS)

LORD

2ug -

6u0

560

u80

ugo

320

160

80

305

L L\

Q) [\l

\b AY

P O

Q)

)

LEGEND
AVG VERTICAL LVDT STRAIN
RVG VERATICARL STEEL STRARIN

AVG VERTICRL CONGCRETE STRAIN

HORIZONTAL STEEL STRRIN
HORIZONTAL CONCRETE STRAIN

1 1

Q

Y O a2

Va2

ALY

Ul &

X+ p0o3

-16

-12 -8

STRAIN
COLUMN:

-4
(IN/IN)

A15

X10-4



LORD

240

(KIP'S)

840

560

Y80

320

80

40D

160

306

LEGEND

§.W. STEEL STRAIN
8.N. CONCRETE STARIN @

-16

-.12

-8
STRAIN

COLUMN:

-y

(IN/IN)

Al5

;
X104




(KIPS)

LOAD

BU0

S60

480

uge

320

2ug

160

80

307

LEGEND
N.E. GONCR™TE STARIN

-16 -12 -8 -~ o u
STRAIN (IN/IN) X10-4

COLUMN: R15



(KIPS)

LOAD

160

120

100

80

60

ug

20

140

308

LEGEND
AVG VERTICAL LVOT STRAIN
AVG VERTICAL CONCRETE STRRIN f0)
HCRIZONTAL CONCRETE STRRIN

1

m

A

~-0.00120

~0.000u0
STRAIN

COLUMN:

(IN/IN)
A1SP1

0.00040

[———




(KIPS)

LOAD

160

140

120

80

60

4g

20

100

309

LEGEND
S.W. CONCRETE STRRIN o

1 1 i I
-0.00120 -0.00040 ~0.00040
STRAIN (IN/IN)
COLUMN: R19P1



(KIPS)

LOAD

168

140

120

100

80

60

40

o

20

310

N.

E.

LEGEND

CONCRETE STRRIN

}

-0.00120

-0.00040
STRAIN (IN/INJ

COLUMN:

A18P1

0.00040

- —




(KIPS)

160

LORD

320

280

2ug

200

120

80

ug

311

Al AL

R

AVAY

QL &

LEGEND
AVG VERTICAL LVDT STRRIN
RVG VERTICAL STEEL STARIN
RVG VEATICAL CONCRETE STRAIN
HORIZONTAL STEEL STRAIN
HORIZONTAL CONCRETE STRRIN

X+ pPOQR

| 1 i

X

-22 -17 -12 -7
STRAIN (IN/IN)

COLUMN: B1



(KIPS)

LOAD

320

280

2ug

200

160

120

80

ug

312

 LEGEND
8.N. STEEL STRRIN
8.H. CONCRETE STARIN

1 1 1

-22

-17 -12 -7
STRAIN (IN/IN)

COLUMN: B1

X104



(KIPS)
160

LOAD

320

280

2uo

200

120

80

ug

313

LEGEND
N.E. STEEL STARRIN m
N.E. CONCAETE STRRIN @

-22

-17 -12 -7
STRAIN (IN/IN)

COLUMN: B1



(KIPS)
320

LOAD

640

560

480

40a0

240

160

80

314

HORIZONTAL CONCRETE STRAIN 4

I

f il T T !
LEGEND
AVG VERTICAL LVDT STARIN o
AVG VERTICAL CONGRETE STRAIN g
- HORIZONTAL STEEL STRRAIN A -

1

-0.00130 -0.00050
STRAIN (IN/IN)

COLUMN: Cu

0.00030



" LORD

2uo

(KIPS)

320

480 560 6u0

uoo

- 80

. 180

315

1 I 1 I
LEGEND
S.N. CONCRETE STARIN [

" 7
- -
] 1 d i

-0.00130 -0.00050 0.00030

STRAIN (IN/IN)
COLUMN: Cu



(KIPS)
320

LOAD

640

480

400

2ug

180

80

316

560

STRAIN (IN/IN;
COLUMN: Cu

[ I ' I
LEGEND
N.E. CONCRETE STRRIN m
k— -
-1
-ﬁ
1 1 1
-0.00130 -0.00050 0.00030



(KIPS)

LOAD

160" 240 320 ugo ugo S60 840

80

317

X

LEGEND
RVG VERATICAL LVOT STARIN
AVG VERTICAL STEEL STARIN
AVG VERTICAL CONCRETE STRRIN
HORIZONTAL STEEL STRAAIN
HORIZONTAL CONCRETE STRRAIN

X+prpre3

1 i i

-20

-15 -10 -5 0
STRAIN (IN/IN) X104

COLUMN: CS



(KIPS)
320

LORD

su0

560

uso

400

2uo

160

318

80

i | T T 1
>_ anaey
B b
B .

LEGEND
S.H. STEEL STRAIN m
$.H. CONCRETE STRAIN q
i .

d | |

-20 -15 -10 -5 0 5
STRAIN (IN/IN) X10-t

COLUMN: C5



(KIPS).
320

LOARD

6uU0

560

480

ugo

2uo

160

80

319

LEGEND
N.E. STEEL STRAIN m
N.E., CONCRETE STRAIN

20  -15 -10 -5 5
STRAIN (IN/IN) x10-4

COLUMN: C5



(KIPS)

ugo

LOARD

700

600

500

300

200

100

320

800

Lt i\l & -ﬂ-
Qg A 4
L +

0 A +

. LEGEND \
AVG VERTICAL LVDT STRRIN m \
AVG VERTICAL STEEL STARIN o
AVG VERTICAL CONCRETE STRAIN o \ '
HORIZONTAL STEEL STRAIN + B
HORIZONTAL CONCRETE STRRIN i '

AL 1 i i

-0.00180 -0,00060 0.00040

STRAIN (IN/IN)
COLUMN: F17



(KIPS)

ugsc

LORD

600 700 800

- 500

200 300

100

321

S.N.
s. “.

LEGEND
STEEL STRRIN
CONCRETE STRAIN g

A 1

"0- 00180

-0.00060
STRAIN

(IN/IN)

COLUMN: F17

0.000u40



(KIPS)
400

LOAD

800

700

600

500

300

200

100

322

N.E.
N.E.

LEGEND
STEEL STRAIN [
CONCRETE STRRIN @

A Il

i

-0.00t80

~0.00080
STRAIN

(IN/IN)

COLUMN: F17

0.00040



(KIPS)
800

LOAD

1200 1400 1600

1000

400 600

200

323

LEGEND
AVG VERTICAL LVDT STRRIN m
RYG VEATICAL STEEL STRRIN o
~ AVG VERTICAL CONCRETE STRRIN A
HORIZONTAL STEEL STRRIN +
HORIZONTAL CONCRETE STRAIN X

1 i | i

-0.00240 -0.00080 ’ 0.00080
STRAIN (IN/IN)

COLUMN: F18



(KIPS)

LOAD

ugo 600 800 1000 1200 1400 1600

200

324

LEGEND
8.N. STEEL STRAIN m
S.N. CONCRETE STRARIN @

A1

-0.002u40 -0.00080 0.00080
STRAIN (IN/IN)

COLUMN: F18

[




(KIPS]
800

LOAD

1200 1400 1600

1000

ugo 600

200

325

LEGEND
N.E. STEEL STRAIN m
N.E. CONCRETE STRAIN

1

-0.00240

-0.00080
STRAIN

(IN/IN)

COLUMN: F18

0.00080



(KIPS)

LOAD

4s0

350

300

250

200

150

100

SO

326

COLUMN:

E1P1

il 1 ]
4
Q + [ "'
W + 1 4
— A\ + ks
(V) -+ (1
- AN 4+ M4 .
AV +Na
— (U -.- —
(V -+l
I~ (Y ~ l” -1
A\ . :I
~ LEGEND & P -1
EAST LVDT STRAIN o)
MEST LVDT STRAIN o
LATERAL CONCRETE STRAIN 4 } i
ERST CONCRETE STRAIN + ”
NEST CONCRETE STRAIN X s :
= (U ) -
!
0\ ",f
; 1 ! 1
-20 -15 -10 -5 . 0 5
-4
STRAIN (IN/IN) X10



(KIPS)
200

LOAD

400

350

300

250

150

100

S0

327

LEGEND

RVG NN + SN STEEL STRAIN M
AVG NE + SE STEEL STRAIN @
AVG NW + SHW LVDT STRARIN 4

AVG NE + SE LVOT STAAIN

1

-20

~-15

-10
STRAIN

COLUMN:

-5 ' 0
(IN/IN) X104
F1P1



(IN/IN)

STRAIN

-0.0004 0.0004 0.0012

-0.0012

~-0.0020

328

' T T T
B .
! ]
- §§= fﬁg ¥ -

B LEGEND . .
5 KIPS m
50 KIPS ®
100 KIPS A
150 KIPS +
B 200 KIPS X i
250 KIPS >
300 KIPS +
310 KIPS <
320 KIPS 7
1 1 A i
-2 2 6 10 1y
SECTION DEPTH (IN)
COLUMN: E1P1

18

ok



(KIPS)

LOAD

320

280

2uo

200

160

120

80

Yo

329

L) ] I
LEGEND
ERST LVDT STARIN m
HEST LVDT STRARIN o
= LATERARL STEEL STAAIN A -
LATERAL CONCRETE STRRIN 4
EAST CONCRETE STARIN P'e
NEST CONCRETE STRARIN o
- .
0 O 4 7]
N N 4 14
- O \ s Vi =
D D b 7}
Y Q !x 7]
1 . !. 7]
) 14
(D ' 11
AL ; 1
i t!\ (‘ 1] 7
P 'lq
(\’ ¢
4 1 1
-0.00160 0.00000 0.00160
STRAIN (IN/IN)
COLUMN: E3P3



(KIPS)

LOAD

80 120 160 200 240 - 280 320

4o

330

LEGEND
RYG NN + SH STEEL STRARIN [
RVG. NE + SE STEEL STRRIN ¢
B AVG NR + SH LVDT STRAIN A
AVG NE + SE LVOT STRARIN 4

1

et

-0.00160 0.00000 | 0.001860
STRAIN (IN/IN)

COLUMN: E3P3




(IN/IN)

STRAIN

0.00080 0.00160

0.00000

-0.00160

-0.00080

331

o e\

LEGEND

5 KIPS

50 KIPS

100 KIPS
151 KIPS
20t KIPS
208 KIPS
221 KIPS

o X+ p0oOd

L

|

8

10

SECTION DEPTH (IN)

COLUMN:

E3P3

iy

18



(KIPS)
160

LOAD

240 280 320

200

80 120

40

332

i LE 1
- Y ﬂ
® T
0 S Vi
\ p. 7
n \) \ 11—
(D K )
) \) 14
- (U Qq 1J) -
W 1
- -
(D Q 14
X 14
= -
}) Q ]
- LEGEND b { .
ERST LVvDT STRAIN m
WEST LVDT STRAIN o
LATERAL STEEL STRAIN A
LATERAL CONCRETE STRAIN + /]
_ERST CONCRETE STARIN X A
NEST CONCRETE STRAIN o
. f
A A i
-0.00240 ~-0.00080 0.00080

COLUMN:

E4PU



320

280

2ug

333

(KIPS)

LOAD

200

120

80

ug

160

I 1 1 '
n o
- N ] o
[\l ()
‘-H 0;
il p 1)
- [\ 1) -
[\ 1)
Al - )
- ] & 4 -
] & t
— -
AL, {)
ll\ 1)
1" ()
i LEGEND \ ,I ]
AVG NK + SH STEEL STRAIN [
AVG NE + SE STEEL STRAIN g
AVG NW + SW LVDT STRAIN 4 ’
AVG NE + SE LVOT STARIN
l "l A }
-0.00080 0.00080

~-0.00240

STRAIN (IN/IN)

COLUMN:

E4PU



(IN/IN)

0.0000

STRAIN

0.0020

0.0010

-0.0020

334

~0.0010

1 ¥ 1 1

- LEGEND .
s KIps m
50 K1pS o
100 K1PS N
151 KiP$ +
201 K1P$ x

i 251 KIPs A ]
271 KiP$ +
290 KIPS %

- 1
- 1
A i | A d
-2 2 6 10 1y i8

SECTION DEPTH (IN)
COLUMN: EU4PU



(KIPS)

320

LOAD

640

560

ugo

oo

240

160

' 80

335

¥ 1 j 1
‘ LEGEND

EARST LVDT STRAIN

WEST LVDT STARIN

LATERAL STEEL STRAIN

LATERAL CONCRETE STRAIN

ERST CONCRETE STRAIN

HEST CONCRETE STRAIN

X+ P33

(Q) &>
Q) (-

N b
(\ ] QO
) P
) \'
(V) Y
) 2\
) A

) X

N P

Q<P

| 1 1

-20

-15 -10 -5
STRAIN (IN/IN)

COLUMN: ES5P?

0

X104



LORD

(KIPS)

640

560

ugo

400

320

240

180

80

336

1 T t
LEGEND
AVG NW + SW STEEL STARIN m
i AYG NE + SE STEEL STARIN g _
AVG NW + SW LVDT STRAIN A
BVG NE + SE LVDT STRAIN +
- -
1 | 1
~-16 ~-12 -8 -y Yy
STRAIN (IN/IN) X104
COLUMN: ESP2



(IN/IN)

-0.00080

STRAIN

0.00080

0.00000

-0.00160

-0.00240

337

/4

VA

Oy

LEGEND

S KIPS

80 KIifrS
181 KIirs
241 K1P8
321 KIPS
382 KIPS
uo2 Kiprs

85}

1

SECTION DEPTH

6

COLUMN:

10
(IN)

ES5P2

1y

18



(IN)

HEIGHT

120

105

80

75

-18)

us

30

15

338

LEGEND
5 KIPS
100 KI1PS
201 KIPS
800 KIPS
851 KIPS
Hot KIPS

S eX+ P03

1 I

0.06 -0.04 -0, 02 0.00
DEFLECTION (IN)

COLUMN: A2P1

0.02 0.04



(IN)

HEIGHT

120

105

90

75

60

4sS

30

15

339

LEGEND
§ KIPS
81 KIPS g
161 KIPS o
241 KIPS 4
322 KIPS

-0.0160

-0.0080
DEFLECTION

COLUMN:

(IN)
AB

0.0000



(IN)

HEIGHT

105 120

80

75

60

30

340

45

1S

. LEGEND
§ KIrS

100
200
300
Yoo
501
601
6st

KiPs
KIirs
Kifs
Kips
KIPS
KIiPS
KiPs

A+rHraoX+rPpo@

i

-0.008

-0.004

DEFLECTION

COLUMN:

(IN)
A8

0..000



————

(IN)

HEIGHT

120

105

80

341

LEGEND

S KIPS

100
200
301
400
501
551
601

KIPS
KiPs
KI1PS
KIPs
KIPS
KIiPs
KIPS

N+ X+ bCHE

1

~0. 044

-0.024
DEFLECTION

COLUMN:

(IN)
A1l

-0.004



(IN]

HEIGHT

120

105

90

75

60

ys

30

15

342

1 ¥ T T
LEGEND
$ KIPS
50 KIPS @
- 100 KIPS o .
151 KIPS 4
201 KIPS x
=
| | A il
-0.040 -0.024 -0.008

DEFLECTION (IN)
COLUMN: Bl



(IN)

HEIGHT

120

105

90

75

60

45

30

15

343

LEGEND
S KIPS
251 KIPS
= 301 KIPS
351 KIPS
402 KIPS
502 KIPS
602 KIPS

+e X+ p0o03

-0.001 0.007 0.015
DEFLECTION (IN)

COLUMN: F8




(IN)

HEIGHT

120

105

80

75

60

us

30

15

344

LEGEND
S KIPS
81 KIPS
16{ KIPS
242 KIPS
8§22 KIPs
403 KIPS

X+ pPpEQ3

QL

A QQp

-0.0250

-0.0150
DEFLECTION (IN)

COLUMN: C2

-0.0050



(IN)

HEIGHT

120

345

105

LEGEND

S KIPS
S0 KIPS

100
150
200
250
300
310
820

KIPS
KIPS
KIPS
KIPs
KI1PS
KI1PS
KiPs

NX+»eX+p0e03

0.08
DEFLECTION

COLUMN:

0.12

E1P1

(IN)

0.

16

OI

20



(IN)

HEIGHT

120

105

S0

75

60

us

30

15

346

1 T H 1
LEGEND
S KIPS
50 KIPS g
[~ 100 KIPS 4 .
151 KIPS 4
201 KIPS
208 KIPS o
221 KIPS 4
i 220 KIPS x B
g i
i X + 4 0 ] -
N X + 40 o .
i 3 4 L A ( iy 7
. | A d m
| i 1 '~
—0-8 "0.6 —Olq -'0.2 0.0 0-2

DEFLECTION (IN)
COLUMN: E3P3



(IN)

HEIGHT

120

105

So

75

60

4s

30

15

347

T T T T
LEGEND
5 KIPS
50 KIPS @
B 100 KIPS 4 -
151 KIPS 4
201 KIPS x
251 KIPS
271 KIPS 4
N 290 KIPS x
e "‘//‘w
I ) ¢ B
" ¢ A 1) ;g
L A b il
8 1 +. O ™
|
= ‘ -
i S i
A 1 1 1 L
-0.5 ~0.4 -0.3 -0.2 -0.1 0.0
BDEFLECTION (IN)
COLUMN: EUPU



(INJ]

HEIGHT

30 us 60 75 Sg 105 120

15

348

LEGEND
5 KIPS m
80 KIPS ®
= 181 KIPS 4 .
241 KIPS 4
321 KIPS
962 KIPS
402 KIPS 4
M
i ) + b ] 1] -
- L + A ¢ m =
i X A O 1] ]
i
{
-0.160 -0.080 0.000

DEFLECTION (IN)
COLUMN: ESPZ2



(KIPS)

LOAD

320

280

2cuo

200

160

120

80

40

349

|} T 1
LEGEND
AVG VERTICAL LVDT STRAIN m
KEST VERTICAL STRAIN o
B WEST HORIZONTAL STRAIN - A 7
NEST VERTICAL LVDT STRRIN +
[~ -1
B X .
.
.
A,
= Lt X -
N A\,
at (U
N\ (D
L— AN AN 1
v N
N L A
[\ \)
= X (O .
1\ (U
A% A,
N
r \ ‘?\ —
AlLS
i { |
-186 -12 -8 -4 y
STRAIN (IN/IN) X10%
PRISM : APOPI



(KIPS)

LOAD

180 150 - 200 250 300 350 400

S0

350

LEGEND
AVG VERTICAL LVDT STRAIN m
WEST VERTICAL STARIN V)
B WEST HORIZONTAL STRRIN A 1
WEST VERTICAL LVDT STRAIN +
i 1 1
-16 -12 -8 -4 4
STRAIN (IN/IN) X10-4
PRISM : AP2P3



(KIPS)

LOAD

160 2uo 320 4go0 ugo - S60 640

80

351

'LEGEND
AVG VERTICAL LVYDT STRAIN
NEST VERTICAL STRAIN

B NKEST HORIEZONTAL STRAIN
WEST VERTICAL LVDT STRARIN

+ PO

| 1 i

-0.00320 -0.00160 : 0.00000
STRAIN (IN/IN)

PRISM : RAPUP!



(KIPS)

LOARD

640

560

Yoo

320

240

160

80

usg

352

LEGEND
AVG VERTICAL LVDT STRAIN
WEST HORIZONTAL STARIN
HEST VERTICAL LVDT STRAIN

b o3

-10

| A
-6 -4
STRAIN (IN/IN)

PRISM : CP3P2

2
X10-4



(KIPS)

LOAD

800

700
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