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ABSTRACT

Short column failures have been observed following many
earthquakes., Short columns can generally be limited to cases where
the shear span-to-depth or thickness ratio is less than about 3.
There has been research conducted on such members but many variables

have not been evaluated systematically.

A series of ten short columns with rectangular sections
(9%16 in.) were tested in this study and compared with the results
of square columns (12x12 in.). Loading history and level of axial
load were the main variables. Columns with square sections were
tested under cyclic bidirectional lateral loadings and reported
previously by other researchers. Based on the tests, it was con-
cluded that the maximum capacities of columns subjected to diagonal
unidirectional loading could be estimated by an interaction line
(circle or ellipse) connecting the maximum capacities of the column
under unidirectional loading along the principal axis. In addition
to strength considerations, short columns must be evaluated in

terms of their energy dissipating (hysteretic) characteristics.

An empirical equation for the shear strength of columns was
derived using data from continuous beams failing in shear. The
equation was calibrated using results of short column tests. The
equation is a function of the shear span-to-depth ratio, the con-
crete strength, the core area of the column and the axial load.

The effect of transverse reinforcement was not included because the
short column tests indicated that increased amounts of transverse
reinforcement had a minimal influence on shear capacity. More than
70 percent of the total shear capacity was contributed by the con-
crete, To prevent rapid strength degradation, the shear capacity

of a column must be greater than the capacity corresponding to the

iv



development of flexural hinges at the ends of the columns,

Columns evaluated using existing procedures for shear strength did
not always exhibit satisfactory strength and energy dissipating
characteristics. An evaluation of columns meeting the proposed
shear criteria showed that strength and energy dissipating capaci-

ties were maintained under severe reversed loading conditions.
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CHAPTER 1

INTRODUCTION

1.1 Background

In Japan the 1968 Tokachi-oki earthquake, and in the U.S.
the 1971 San Fernando earthquake caused significant damage to the
reinforced concrete buildings designed according to modern codes
and representing state-of-the-art construction teehniques.1’2’3
These earthquakes motivated study of the behavior of structures

. 4,5,6
and members under multidirectional load reversals. °7’ 27

Post-earthquake observaticns have indicated that severe
damage to structures was due to instability of columns under large
deformation and shear distress in short columns. Columns failing
in a shear mode must be avoided if possible because of their
unstable hysteretic behavior with degradation of stiffness and
strength under seismic loading. However, short columns often
result from the placement of nonstructural walls or other
appurtenances which reduce the clear height. Columns of this type,
called "captive" columns, which fail in shear have been reported

following several earthquakes.z’g’g’lO

Figure 1.1 shows an example
) 2 A

of a captive column damaged by earthquake. A short column is

defined as a column with clear height-to-depth ratio less than 5

for the purposes of this report.

Although ground accelerations are three-dimensional in
nature, the study of members under bidirectional loadings has
received little attention. There have been several experimental
and analytical studies on the behavior of columns under seismic

loading, especially long columns in which the flexural mode of
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failure dominated. The use of a "discrete element method" to

calculate moment-curvature relaticnships helped to explain the
flexural characteristics of reinforced concrete columns subjected

12,13 Behavioral models

to load reversals in the inelastic ranpge.
have been developed including one-dimensional bilinear, and tri-
linear models and models with degrading stiffness. This concept
has been extended into two-dimensional models using plastic

14,15

theory. These models appear to correlate well with experi-~
y pp

mental results of columns subjected to bidirectional bending
16,17,18

moments, and whose failure is dominated by flexure.

On the other hand, very few studies have been conducted
on reinforced concrete columns failing in shear. Generally, from
empirical studies it is clear that lateral force is transferred by
shear and compressive stresses in the concrete, aggregate interlock,
dowel action of the longitudinal reinforcement, and transverse
reinforcement.19 However, no effective analytical method has
yet been established for treating shear behavior in a manner

similar to the mement-curvature concept for flexural behavior.

For short columns, only the Building Reseaxch Institute
of the Ministry of Construction in Japan has conducted a large
and well-organized project concerned with the shear behavior of
short reinforced concrete columns under unilateral inelastic
load reversals. This project was conducted over a five-year
period (1973-1977) and about four-hundred specimens were tested.
Many parameters which were considered to influence the behavior of
columns were examined.20’21 However, as mentioned before, ground

accelerations are three-dimensional and tests of short coluwns

under bidirectional loadings are needed.

1.2 Outline of Investigation

The current study is part of a large investigation of the

shear behavior of reinforced concrete frame elements subjected to



cyclic bidirectional deformations. Studies of short columns and
beam-column joints are underway. This report covers short columns

only.

The investigation on short columns in The University of
Texas at Austin started in 1975 and three series of tests have been

previously reported.

The first study was reported by Maruyama.22 The principal
objective was to study the influence of bidirectional lateral
deformation histories (shown in Fig. 1.2) on square, symmetric
columns without axial load. The conclusion of this study was that
previous leoading in perpendicular directions did not significantly
affect the maximum shear strength of the columns unless the maximum
deflection of any previous loading exceeded the deflection at which
the maximum shear strength of columns under monotonic loading was
reached. TFigure 1.3 shows that the maximum shear strength for
several different histories was reached at a deflection of about
0.6 in.—=—the deflection at which the capacity under monotonic

loading was reached.

The second study was reported by Ramirez.23 The principal
objective was to study the influence of varying axial load,
constant compression, constant tension, and varying compression
and tension as shown in Fig. 1.4. The specimen geowetry was the

same as Maruyama used. The conclusions of this study were:

(1) Constant compressive axial loads (N==O.4Pb) appeared to

accelerate shear deterioration as shown in Fig. 1.5.

(2) Constant tension decreased shear deterioration but
substantially reduced the shear capacity and stiffness

as shown in Fig. 1.6.

(3) The effect of tension alternately with compression was

reflected as a reduction in shear and stiffness, but
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10
only during that part of the loading history where

tension was imposed as shown in Fig. 1.7.

The third study was reported by Woodward.zq The principal
objective was to study the influence of varying longitudinal and
transverse reinforcement in square columns as shown in Fig. 1.8.
The conclusion of this study was that although columns with
smaller tie spacings exhibited a more stable hysteretic load-
deflection relationship, it was difficult to achieve hysteretic
behavior governed totally by flexure. Reducing the tie spacing
did not substantially improve the lateral capacity of the specimens

(low shear span-to-depth ratio) as shown in Fig. 1.9.

1.3 Objective and Scope

All three previous studies dealt exclusively with square
column sections. 1In order to generalize the conclusions of those
studies, columns with rectangular (unsymmetric) sections must be
investigated. It is anticipated that the behavior of a rectangular
section cannot be adequately represented by the results obtained
from a square section. This is especially true for the shear
capacity of a rectangular section loaded in some arbitrary diagonal

direction.

The first phase of this study consisted of tests of a
series of ten short columns with rectangular sections (9x16 in.).
The results of the rectangular columns were compared with the
results of square columns (12xl2 in.) tested in previous series.
In the rectangular column test program, loading history and level

of axial load were chosen as the main variables.

The second phase of this study involved an evaluation of
data from tests of beams and columns failing in shear. The objec~-
tive was to develop recommendations for evaluating the strength of
short columns. Based on data from continuous beams with 1 < a/d

< 2.5 which failed in shear, an equation for shear strength was
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derived. The equation was used to calculate the shear capacities of

short columns tested at the University of Texas and in Japan.

Although a designer should avoid the use of short columns
in any structural configuration, there may be cases where no other
options exist or where he wishes to evaluate an existing column.
Therefore, a design approach for short columns was developed by
simplifyving the shear equation. The simplified equation is a
function of the a/d ratio, the concrete strength, and the level of
axial load. The suggested procedure takes into account not only
strength, but also deterioration of capacity under cycling to
large deformation. A short column designed using this approach
would be expected to maintain shear capacity under static or

unidirectional reversed loading.



CHAPTER 2

TEST SPECIMEN AND LOADING HISTORY

2.1 Specimen Details

Ten short columns with rectangular cross sectious (shown
in Fig. 2.1) were tested in this study. The specimens were
designed so that the results could be compared with the results
of square columns {shown in Fig. 2.2) tested in the previous
three investigations by Maruyama,22 Ramirez,23 and I».‘oocj\;»)anfd.2‘4
The area (Ag= 144 in%) of cross section and the transverse rein-
forcement ratio (p, = 0.3 percent} were kept almost the same as in
the square columns. Ten #6 (19 mm} longitudinal bars were used
with the intent being to provide flexural capacity in excess of
the shear capacity in both the strong and weak directions of the
rectangular column. For calculation of flexural and shear
capacities, the 1977 ACI Building Code was used. Details are

discussed in Chapter 7.

The cross section of the test specimen was a 2/3-scale
model of a prototype column. The prototype column has a 13.5 in,
(34 cm) ¥ 24 in. (61 cm) rectangular section with ten #9 (28 mm)
longitudinal bars (pg = 0.031) and #3 bars for the transverse
reinforcement. Cover in the prototype is 1-1/2 in. (3.8 cm).
With the 2/3-scale factor, #6 (19 mm) longitudinal bars were
used and cover was reduced to 1 ir. (2.5 e¢m). The column height
was reduced to 36 in. (0.9 m). For transverse reinforcement,

6 mm deformed bars were used. The spacing of transverse

reinforcement was set at 3.5 in. (8.9 em) in a 2/3~scale model.

15
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The column was bounded at each end by large blocks cast
monolithically with the column. These blocks served two functions:
(1) anchorage for the column longitudinal bars, and (2) attachment

of the column to the loading system.

2.2 Materials

2.2.1 Concrete. The concrete for each cast was obtained
from the same local readymix plant. The mix proportions were as

follows:

Concrete Mix Design (5000 psi)
Proportions for 1 yd-

Water 220 1b. wlie = 0,82
Cement 5~1/2 sacks 520 1b.
Fine aggregate 1500 1b.
Coarse aggregate 1800 1b.

(max. size 5/8")

Airsene L 25 oz.
(water-reducing admixture)

A relatively high slump concrete was necessary because of
congestion of reinforcement in the form and the need to ensure
proper placement of the concrete without excessive vibration.

The concrete was purposely ordered with a slump less than the
desired 7 in. and water was added on site prior to casting to
achieve the required slump. Six control cylinders were cast with
each specimen. To minimize concrefe strength variations, two

specimens were cast at a time.

2.2.2 Reinforcement. #6 (19 mm) deformed bars were used

for longitudinal reinforcement and 6 mm deformed bars for
transverse reinforcement. Samples of the deformed bars were tested

to obtain yield stress, ultimate stress and the stress-strain



relationship. Stress-strain curves for the reinforcement are
shown in Fig. 2.3. (Instrumentation on 6 mm bars failed at a

strain of about 0.005.)
The material properties in each specimen are summarized

in Table 2.1.

2.3 Deformatipn Path and
Loading History

The current investigation is the fourth in a series of
studies on short columns. Square column sections were used in
the previous three investigations. In the first investigation,22
the effect of deformation path shown in Fig. 1.2 was studied. In

2
the second investigation, 3 the effect of axial load on the

hysteretic behavior of the column was studied under unidirecticnal

and bidirectional loading histories. In the third investigation,
the effect of Tongitudinal and transverse reinforcement on the
hysteretic behavior of the column was studied, and bidirectional
deformation along the diagonals was chosen. In order to make
comparisons with the results of the square column tests, the
selection of loading history, and level of awxial load in the
current investigation were limited to cases used in the previous

three investigations.

2.3.1 Deformation Path. Deformation paths shown in

Fig. 2.4 were chosen. There are seven types of deformation
paths which can be divided into two groups. In the first group,
deformation paths in Fig. 2.4 (a) to (e), the ultimate shear

capacities of rectangular coclumns under principal and skewed

directions were ascertained. In this case, unidirectional loading

was used. In the second group, deformation paths in Fig. 2.4 (£)

19

and (g), the influence of previous leoading in another direction on

the ultimate shear capacity of rectangular columns was studied.
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TABLE 2.1 MATERIAL PROPERTIES

REINFORCEMENT
Nominal Yield Ultimate
Bar Bar Area Stress Stress
(in.2) (ksi) (ksi)
6mm 0.05 60.0 80.0
#6 0.44 64.0 108.0
CONCRETE
£y Age Slump
Speci < .
peclmen (psi) (days) (in.)
ous 5810 184 5-1/2
ouw 5820 212 5-1/2
CMS 6090 77 8
cUs 5060 55 8
cuw 5060 84 8
2CUs 6090 73 8
CDS30 6180 90 6
CDW30 6120 69 6
CBSW 5090 74 10

CDSW30 5090 81 10




22

monotonic

A

strong

(a) CMS
30° from strong axis

A/

%

(d) €DS30

bidirectional

)

Y

(f) CBSW

Y

()

ouUs
CUs
2CUs

30° from weak axis

A

i

weak
e
o
oUW
{(¢c) CUW

{(e) CDW 30

diagonal bidirectional

\
V7

Z4

(=)

\

CDSW30

Fig. 2.4 Deformation paths



23

2.3.2 Loading History. 1In the previous three

investigations, the deformations were cyclically reversed between
incrementally increasing deflection limits. Within each deflection
limit, the specimen was cycled three times. The first deflection
limit (0.2 in.) was set by using observed deflection at the point
of yielding in the column longitudinal reinforcement (at the end
block-column interface) and the same limit was applied to all square
columns. In the current investigation, different deflection l1limits
were set for each loading direction because the section was not
symmetric. The first deflection limit was set as the observed
deflection at the point where strain reached half of yield in the
column longitudinal reinfercement in either direction (strong or
weak) of a rectangular column without axial load. Half of vield was
selected in case shear failure occurred before the flexural rein-
forcement started yielding. In the strong direction, 0.2 in. was
chosen for the first deflection limit. In the weak direction,

0.16 in. was chosen. TFigure 2.5 shows the loading histories in

the principal direction. Fipure 2.6 shows diagonal loading
histories. When the first deflection limit in the diagonal direc-
tion is set, the deflection limit in the other principal direction
is automatically set because the angle in which the deformation is
to be applied is also set. Therefore, in the case of loading 30°
from the strong axis, a 0.2 in. deflection limit in the strong
direction was used resulting in deflection limit along the diagonal
direction of 0.23 in. In the case of loading 30° from the weak
axis, a 0.16 in. deflection limit in the weak direction was used
resulting in a deflection limit along the diageonal direction of
0.18 in. The number of cycles at each level (three cycles) was not

changed in any tests.

2.3.3 Axial Load. Ramire223 studied the effect of constant
tensile or compressive axial load and alternating tensile and

compressive axial lead. Only cone compressive axial load (120 kips)
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was used. A loading of 120 kips (830 psi on the gross area of the
column) was 40 percent of axial load at balanced strain condition
Pb' Therefore, 0.4 Pb was chosen for the axial load on the
rectangular columns. Figure 2.7 shows interaction curves for
bending about four different axes. Note that all curves have
almost the same Pb (300 kips). Therefore, 120 kips was chosen for
the axial load level. 1In one specimen a load of 240 kips was
imposed in order to investigate the influence of higher axial
compressive load on column behavior. Eight of ten specimens

were subjected to compressive axial loads, because the presence

of compressive axial loads would appear to be more representative

of the lecads generally present on a column in a structure.

2.4 Description of Test Specimens

Ten specimens were included in the current investigation.

Axial load and deformation path were the main variables in the
test program. Two specimens had no axial load, seven specimens
had 120 kips axial load, and one specimen had 240 kips axial

load. Six specimens were subjected to principal unidirectional
loading (strong or weak direction), two to diagonal unidirectional
loading (30O from strong direction or 30° from weak direction),
and two to bidirectional loading (principal directions or diagonal

directions). Details are shown in Table 2.2.

2.5 Notation

To simplify discussion of the test specimens, a notation
consisting of a three-group code was used. The general form of

the notation is:

ALX
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A = level of axial lead
0 = no axial load
C = 120 kips axial compression
2C = 240 kips axial compression
L = loading pattern
M = monotonic
u = unidirectional
5 - bidirectional only principal direction
D = diagonal (including unidirectional and

bidirectional)

X = loading direction

8 = strong direction

W = weak direction

$30 = 30° from strong direction

W30 = 30° from weak direction

sW = strong and weak directions

SW30 = 309 from strong direction and 309 from weak

direction

The specimens listed in Table 2.2 are identified using this

notation.
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CHAPTER 3

LOADING SYSTEM AND INSTRUMENTATION

3.1 Loading System

The loading system consists of a reaction frame and a
hydraulic system including two lateral loading rams, one axial
loading ram, and three pairs of rams to control the rotation of
the specimen ends. A picture of the loading system is shown in

Fig. 3.1.

3.1.1 Reaction Frame. The loading system is positioned

on the reinforced concrete floor-wall reaction system shown in
Fig. 3.2. Details of the loading frame are shown in Fig. 3.3.
The floor-wall reaction system consists of a structural tie-down
Floor and two orthogonal buttressed walls. The walls provide a
base for rams loading the specimen horizontally in two orthogonal
directiens, while the flecor provides a basis for anchoring the
reaction frame to apply axial load to the specimen. The loading
frame has three main components: (1) a fixed base placed on the
floor of the floor-wall system, and providing fixity to the

lower end of the specimen; (2) a loading head similar in shape to
the fixed base which is attached to the upper end of the specimen and
through which lateral deformations and axial loads are applied;
(3) a loading frame to support the axial loading ram and transfer

reactions to the floor.

3.1.2 Hydraulic System. The hydraulic system consists

of two different components.
The first system is the closed-loop hydraulic system

which has three loading rams, three actuators, and a central

31
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Fig., 3.1 Test set-up
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hydraulic pump. As shown in Fig. 3.3, two loading rams are used
for the application of lateral displacements and one for vertical
load. Servo-controllers were uscd to obtain predetermined

lateral displacements or axial load. The servo-controller can be
operated by the computer. However, in the current investigation it
was operated manually with the aid of x-y plotters which monitored

the load-deflection curves.

The second system is composed of coupled hydraulic
positioning rams whose purpose is to prevent the rotation of
the specimen ends during testing (Fig. 3.4). There are two pairs
of vertical rams to resist the rotation in the wvertical plane and
one pair of horizontal rams to resist twist in the horizontal
plane. In each pair, the bottom chamber of one ram is connected
with the top chawber of the other, and vice-versa, as shown in
Fig. 3.5. When lateral displacements are imposed on the specimen
through the stiff loading head, moments are developed at the ends
of the specimen. Those moments are resisted by the oil in the
cross-coupled chambers of the rams. Therefore, rotation of the
specimen in any directicn is restricted; however, translation

can be accommodated without restraint.

At both ends of all rams, swivel connections shown in
Fig. 3.3 are altached. With swivel connections, a rotation of
180° is permitted in one plane, and about 10° rotation in the

other, sufficient for deformation imposed during testing.

3.2 Instrumentation

During testing, loads, deflections, and strains were

measured to menitor the behavior of the specimen.

3.2.1 Loads. The lateral locads corresponding to the
lateral displacement and the axial load were measured through load

cells attached to loading rawms. Output from the lateral loading
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rams were plotted on x-y recorders for control of the loading
history. All load-cell output was recorded on magnetic tape for

subsequent data reduction.

3.2.2 Deflections. The deflections of the specimen end
blocks were measured by twelve linear potentiometers at the
locations shown in Fig. 3.6. Eight potentiometers were set to
measure rotations and deflections of the upper end and four to
measure the rotation of the lower end. A bolted frame shown in
Fig. 3.7 was constructed around the specimen to measure deflections
relative to the strong floor. The signals of two lateral poten-
tiometers were used with the lateral load cell signals to produce

the load-deflection curves on X-y records.

3.2.3 Strains. Strains in the longitudinal and transverse
reinforcement were measured by paper-backed wire strain gages
to investigate the effect of external load on the reinforcement,
The location of strain gages is shown in Fig. 3.8. TFour transverse
hoops were gaged on all four legs- Two corner longitudinal bars
located at opposite diagonals were gaged at nine locations on
each bar. Two corner bars were gaged at the intersections of the

column and the end blocks.

3.3 Data Recording and Processing

During testing, a VIDAR data scanner read the analog
signals for loads, deflections and strains, and converted them
to digital voltages. These digital voltages were stored on mag-
netic tape or on the computer disc unit, and were later processed
on the minicomputer to produce data plots, especially load-
deflection curves, or tables in the usual engineering units.

A block diagram of this process is shown in Fig. 3.9.



Fig. 3.6 Linear potentiometer locations
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CRAPTER 4

BEHAVIOR OF SPECIMENS

4.1 General

The behavior of each test specimen is described in terms
of load-deflection curves and crack patterns. Comparisons between
test results and explanations of the cbserved behavior of the

specimens are discussed in Chapter 5.

The ten specimens tested are classified inteo two types
according to loading direction, principal or diagonal, as shown
in Fig- 4.1. 1In this study, the term "principal direction" means
leoading or deflection in North-South or East-West directions. For
seven specimens the deflection was applied in the principal
directions and ithe measurements of lateral load and deflection
were taken along these principal directions. For three specimens,
the deflection was applied in the diagonal directions, but the
measurements were taken along principal directions, as shown in
Fig. 4.1. The measured loads and deflections were transformed to
equivalent values on diagonal axes using vector addition as shown
in Fig. 4.2. 1In describing the three specimens, resultant load-

deflection curves arc presented.

As mentioned in Sec. 2.3, for each deflection limit
(nA:n=1,2,. . .), the specimen was cycled three times. Cracks
were marked on the surface and pictures were taken at the peaks
of the first and third cycle at each deflection limit. The letters
are noted on the load=deflection curve for each specimen at
points in the load history at which pictures of crack pattern

were taken.
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4.2 Bpecimen QUS

The specimen had no axial load and was subjected to
unidirectional reversed leoading in the strong direction (N-5).
The specimen was initially deformed from the south to north.
The first deflection limit was selected to develop strains in
the longitudinal reinforcement at about half of yield. For the
#6 bars used, yield was about 2200 x 107° (Fig. 2.3); a 0.2 in.
deflection (1A) produced a strain of about 1100 x 10—6.

The load-deflection curves {Fig. 4.3) show that the
maximem lateral load occurred at around 3A. At 2A strain in
the longitudinal bars at the intersection of the column and the
end block was around 1700 x 10-6 and at 3A the strain was around
2000 x 10~6. At the maximum load (3p), longitudinal reinforcement
did not vield, because large shear cracks formed in the east and
west faces as shown in Fig. 4.4{c). A noticeable drop in lateral
load {corresponding to the opening of diagonal cracks) occurred
between the first and second cycles at 3A. Between the second and
third ¢ycles the load did not change significantly. After 3A, the
shape of the hysteretic loops became increasingly 'pinched" toward
the origin and the strength and stiffness of the specimen deteri-

orated rapidly.

Figures 4.4(a) through {(c) show crack patterns on the
west side at the end of cycling at levels 1A, 2A, and 3a.
Figure 4.4(d) shows the crack pattern at the end of testing.
At 1A (Fig. 4.4(a}), several inclined cracks with angles of
inclination of around 450, as measured from the vertical face of
the column, occurred in the east and west faces of the columm.
At 2p (Fig. 4.4(b}), the number of cracks increased and inclined
cracks extended all along the column. At 3A{Fig. 4.4(c)),
cracks openad along a diagonal from the top to bottom of the

column in both leoading directions. The angle of these
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Fig. 4.3 Load-deflection ¢
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eracks was steeper than the cracks which formed earlier and was
around 35°. After 3p, the concrete at the midheight region of
the column spalled. Little spalling of the conecrete cover near

the bottom and top of the column was noted.

4.3 Specimen QUW

This specimen was tested without axial loazd and subjected
to unidirectional loading in the weak direction (E-W). The
specimen was initially deformed from the west to east. The
first deflection limit was determined as for specimen 0US, with
0.16 in. deflection corresponding to half of yield strain in

the longitudinal reinforcement.

The load-deflection curves (Fig. 4.3) show that maximum
load was reached at 5A, a much larger value than in other tests.
Strains in loangitudinal bars at the intersection of the column and

the end block were 1600 x 1070

, 2000 x 107%, and yield at 2A, 3,
and 4A, respectively. The longitudinal reinforcement yielded before
the maximum load was reached. There was not much change in peak
lateral load between first and second cycles at each deflection
level up to 4A. From 3A to 6A, the strength was almost the same,
indicating ductile behavior., After 6A, the strength and stiffness

deteriorated rapidly.

Figures &4.6(a), (b), and (c} show the crack pattern of the
north face at the end of cyeling at deflection limits 1p, 34A, and
5A, respectively. The condition of the specimen at the end of the
test is shown in Fig. 4.6(d). At 1A, there were a few flexural
and flexural-shear cracks near the ends of the column. At 34,
many inclined cracks occurred all aleng the column. The angle of
these cracks was around 45°.  There was not much difference between
the crack patterns at 3A and 5p, but at 5A the cracks had opened
considerably. The angle of the inclined cracks did not change as

cycling progressed and remained at around 45°. Figure 4.6(d)
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Fig. 4.6 Crack patterns, specimen OUW
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shows that the specimen had severe damage and spalling of concrete
cover near the bottom of the column. Tt is interesting to note
that there was no spalling of the concrete cover in the midheight

region of the concrete.

4.4 Specimen CMS

The specimen was tested with 120 kips axial compressive
load and monotonic lateral loading in the strong directicn (N-5).
The specimen was deformed from the south to north to a deflection
of 1.4 in. and then returned to its original position. 1In order
to investigate the behavior of the column after such a high peak
deflection, the specimen was deformed in the opposite direction
(from the north to south) to the same value of deflection as

reached initially.

The load-deflection curve is shown in Fig. 4.7. The
maximum lateral load occurred at 0.48 in. The strain of
longitudinal bars at the intersection of the column and the end
blocks was around 1200 g 10"6 at a deflection of 0.2 in.,
around 1700 x 1076 ar a deflection of 0.4 in., and around
2000 x 10H6 at maximum load. The longitudinal reinforcement
did not yield at maximum load. After reaching maximum capacity,
the load suddenly dropped hecause of the shear failure which
occurred. The strength gradually decreased as deflection
increased to 1.4 in. When loading was stopped, the capacity was
only 40 percent of the maximum load because of the continual
deterioration. On loading in the opposite direction, very low
loads were maintained as a consequence of the severe damage to

the specimen during loading in the first direction.

Figures 4.8(a) through (c) show the crack pattern of the
west face of the specimen at deflections of 0.2 in., and 0.48 in.

(maximum load), and 1.4 in., respectively. The condition of the
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specimen at the end of the test is shown in Fig. 4.8(d). One
inclined erack with an angle of around 45% and a few flexural
cracks were noted at a deflection of 0.2 in., but at a deflection
of 0.48 in., several diagonal cracks extended from the top to
bottom of the column along a diagonal. The angle of these cracks
was around 300, because the axial compressive load caused the
angle of the cracks te be steeper. At peak deflection (1.4 in.),
the inclined cracks indicated a severe damage to the column.
Under loading in the opposite direction, additional diagonal cracks
formed and at the end of the test (Fig. 4.8(d)), spalling

of the concrete cover occurred in the midheight region of the

column.

4.5 Bpecimen CUS

The specimen was subjected to 120 kips axial compressive
load and unidirectional loading in the streng direction (N-8).
The first deflection limit was (0.2 in., the same as in the
specimen QUS. For CMS strain at the intersection of the column
and the end blocks was alwost half of yield at the first deflec-

tion limit (14) which was 0.2 in.

The load-deflection curve (Fig. 4.9) shows that maximum
lateral load was reached at 2A in the north direction. At 24,
shear cracks opencd. Strain in the longitudinal bars was
1200 x 1070 at 1a, and 1700 x 100 at 2p. At maximem load,
the longitudinal reinforcement did not yield. After the specimen
reached maximum load in the north direction, it was deformed to
the same deflection limit, 2A in the south direction. The 1load
was less than that reached previou 1y at 1A in the south direction.
It appeared that once the maximum load in one direction was
reached, load in the other direction decreased because of the
shear cracks which formed previously. A very large drop in

lateral load was observed between the first and second cycles
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at 2p. This phenomenon confirmed the severity of the damage
due to the shear cracks. After reaching maximum load, the

strength and stiffness of this specimen deteriorated rapidly.

Figure 4.10(a) shows the crack pattern in the cast face
at the end of cycling of 1A. The angle of initial diagonal cracks
is around 45°. Figure 4.10(b) shows the crack pattern in the
east face at the maximum load. Some damaging inclined cracks
formed from the top to beottom of the column. The angle of
these cracks was around 300, almost the same as noted in
specimen CMS. TFigure 4.10(c) shows the crack pattern in the east
face at the end of cycling at 2A. A large number of inclined
cracks is visible in both directions causing severe damage.

At the end of the test (Fig. 4.11(d)), spalling of the concrete
cover was extensive in the midheight region of the column, but
there was little damage to the ends of the column. The concrete

around the longitudinal bars spalled and left the bars unbonded.

4.6 Specimen CUW

The specimen was loaded with 120 kips axial compression
and unidirectional deformation in the weak direction (E-W);
east direction first. The first deflection limit (0.16 in.) was

the same as that for specimen OUW.

The load-deflection curves are shown in Fig. 4.11. The
strain in the longitudinal bars at the intersection of the column
and end blocks was around 900 x 1079, 1600 x 10"6, and 1900 x 1076
at 1A, 2A, and 3A, respectively. Maximum load was reached at 3A,
with the longitudinal bars not yielding prior to reaching maximum
lead. The maximum load for OUW was veached at 5A. With axial
compression, the maximum for CUW was reached at 3A, and the

specimen deteriorated rapidly. 1In the first cycle at 4p in the



58

(

a

gno uswoads ‘suxezjed yoean OI1'% "84

(s& N) vz (0

(Ne Ss) vz (@




59

MND uswIoads fsanand uoridelJap-pROT I1°% 314

VL V9 VS VY

N T = T O B

('ur) uvorideyrag

VE VI VI Y1 Ve VE Vv V& V9

|

v/

061
E

MDD

(sdy) peot

obT

]

v

A




60

east direction the load almost reached the previous peak. The load
dropped rapidly between this cycle and the next because of the
severe damage caused by shear cracking. After 4A, the strength of

the specimen deteriorated rapidly.

Figures 4.12(a) and (b) show the crack pattern in the -south
face at the end of cycling between 2A and 3), respectively.
Figures 4.12(c) and (d) show the crack pattern in the first
cycle at 4A and 6A, respectively. At 2A, several inclined
cracks occurred near the ends of the column at an angle of
about 45°., At 3\, slightly steeper cracks with angles from
40° to 45° spread all along the column and some cracks along the
longitudinal bars formed. Though the maximum load was reached
at 3A, severe shear cracks did not appear. 1In the first cycle
at 4A, the specimen exhibited severe inclined cracks, as shown
in Fig. 4.12(c), and the strength of the specimen dropped rapidly.
Figure 4.12(d) shows the crack pattern at the end of testing.
Cracks opened along the longitudinal bars, and cover in the mid-
height of the column was more severely spalled than that near the

ends of the column.

4.7 Specimen 2CUS

This specimen was subjected to 240 kips axial compression
and unidirectional loaaing in the strong direction (N=S). Two
hundred forty kips represented 80 percent of the axial capacity
at the balance point (Fig. 2.7). The specimen was deformed in
the north direction first. The first deflection limit was set

as 0.2 in., the same as that in the specimens OUS and CUS.

The load-deflection curves in Fig. 4.13 indicate a rapid
deterioration of strength and stiffness after the specimen reached
maximum lateral load. The strain in longitudinal bars at the

intersection of the column and end blocks was around 1200 Xx 10"6



6A

(@)

4A

©

3A

(8)

24

(a)

Fig. 4.12 Crack patterns, specimen CUW
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at 14 and 1600 x 10—6 at 2A. The lateral lead reached a maximum
value at 2A without yielding in the longitudinal reinforcement.
The remarkable drop in the lateral load between the first and
second cycles at 2A was the result of severe damage due to shear
cracking. The load dropped from a maximum at 2A to less than 1/3
of the maximum at 4p. High axial load increased degradation of

the short column.

Figure 4.14(a) shows the crack pattern in the west face
at the end of cycling to 1A. A few shear and flexural shear
cracks occurred near the end of the celumn. In the north
direction at the first cycle to 2A, several loomg diagonal cracks
opened from the top to bottom of the column, as shown in
Fig. 4.14(b). The angle of these cracks was around 30°.

Figure 4.14{c) shows the crack patterxn in the south direction

in the first cycle to 2A. Extensive diagonal cracks occurred

in both directions, and severely damaged the specimen with

a laxge drop in load between the first and second cycles to

2A. At the end of the test, Fig. &.14(d}, extensive spalling

of the concrete cover was evident in the midheight of the column.

Concrete near the ends of the column was relatively intact.

4.8 Specimen CDS30

The specimen was subjected to 120 kips axial compression
and skewed unidirectional loading at 30° from the strong axis
of the column. The specimen was loaded in the northeast direction
first. As mentioned in Sec. 2.3, when the deflection limit in
cne principal direction and the skew direction of loading are
selected, the deflecticon limit in the other principal direction
is also determined. [n this 'case, the deflection limit (1A) in
the strong axis was set at 0.2 in. and the limit in the direction

30° from the strong direction was 0.2 in./cos 30° = 0.23 in. A
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0.2 in. deflection in the strong direction corresponds to the

deflection limit used in tests QUS and CUS.

The resultant load-deflection curves (along the diagonal),
Fig. &4.15, show that the maximum lateral load was reached at
around ZA. Strair in the longitudinal bars at the intersection
of the column and end blocks was around 1500 ¥ 1076 at 1A and
2000 x 1070 at 2A. No yielding occurred in the longitudinal
reinforcement. There was a noticeable drop in the lateral load
between the first and second cycles at 2A. After the maximum
load at 27, the stiffness and strength of the specimen decreased

rapidly.

The crack pattern in the north and west faces at the end
of cycling at 1A is shown in Fig. 4.16(a). There were a few
flexural-shear and shear cracks near the end of the column. The
angle of the shear cracks was around 459. Figure 4.16(b) shows
the crack pattern when the maximum lateral lcoad was reached. As
the loading direction was diagonal, this figure shows that diagonal
cracks were present from teop to bottom of both faces. The angle
of the cracks was around 30° from the vertical indicating that
the orientation of the crack pattern had changed. Figure 4.16(c)
shows the crack pattern after the first cycle to 3A. Wide shear
cracks opened and indicated severe damage to the column. At the
end of the test, Fig. 4.16(d), the concrete cover spalled in the

midheight of the column and the reinforcement was left unbonded.

4.9 Specimen CDW30

The specimen was subjected to 120 kips axial compression
and unidirectional leoading along a diagonal at 30° from the weak
direction. The specimen was loaded first in the northeast

direction. The behavior of the specimen loaded at 30° from
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the weak principal axis was assumed to be similar to that of the
specimen loaded in the weak direction. The deflection limit (1A)

was 0.16 in./cos30° = 0.185 in.

Load-deflection curves are shown in Fig. 4.17. The
maximum lateral load was reached at 2A. There was a small
drop in lateral load between the first and second cycles at 2A
and almost the same drop between the second and third cycles at
2p. Strain in the longitudinal bars at the end of the column
was around 1200 x 10'6 at 1A and 2000 ¥ 10"6 at 2A was reached.
Before maximum load, the load-deflection loop was full indicating
flexural behavior and little loss of strength with cycling. After
maximum load was reached, the curves became pinched toward the
origin and showed degradation of strength with cycling. At 5A

the strength of this specimen deteriorated almost to zero.

Figures 4.18(a) through (d) show the crack pattern on
the south and east faces at the end of cycling to 1A, 2A, 3A, and
5A. At 1A, there were some flexural cracks on the south and east
faces near the ends of the column. At 2A, diagonal cracks extended
along the entire east face. On the south face, diagonal cracks
were located near the ends of the column. The angle of the cracks
was around 30° on the east face and around 45° on the south face.
The load-deflection curve showed that the strength was less in
the first cycle of 3A than at 2A. The shear cracks observed
between the end of 2A and the first cycle of 3A severely damaged
the specimen. However, the shear cracks did not open. At 37
a section of the cover near the midheight of the column spalled
off and long shear cracks opened. At 5A the concrete cover around
the longitudinal bars in the midheight of the column spalled

and these bars were unbonded.
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4,10 Specimen CBSW

The specimen was subjected to 120 kips axial compression
and bidirectional leoading alternately in the principal directions
at each deflection level. 1In testing CUS (unidirectional loading
in the strong direction) the maximum lateral load occurred at 2A,
while in the specimen CUW (unidirectional loading in the weak
direction) the maximum lateral load occurred at 35. To try to
reach maximum load in both directions at about the same deflection
level, the specimen was deformed in the weak direction first. The
order of loading was always weak (east directicn first)-strong
(north deflection first) at each deflection level. The deflection
limit at 1A was 0.16 in. for the weak direction and 0.2 in. for
the strong direction. These limits were the same as in CUW and

Cus.

The leoad-~deflection curves are shown in Fig. 4.19 (E-W) and
in Fig. 4.20 (N-S). The maximum lateral load was reached at 2A in
both the weak and strong directions. Although specimen CUW
reached the maximum load at 3A, the maximum load was reached at
2ZA in the strong direction in CBSW and strength in the weak
direction was reduced by the presence of shear cracks which
formed at 2 under loading in the strong direction. Strain in
the longitudinal bars at the ends of the column was 900 x 10-6
in the weak dircection and 1300 ¥ 10_6 in the strong direction at
1A, and 1400 x 10_6 in the weak direction and 1800 x 107% in the
strong direction at 2A. The strain readings showed that the weak
direction could have reached higher levels if the specimen had
not been damaged by the leoading in the strong direction. In
the strong direction the drop in the lateral load occurred
between the first and second cycles at 24 and 3A, while in the

weak direction there was not a big drop between the first and
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second cycles at 2A and 3A. After maximum load was reached, the
deterioration of strength and stiffness in the weak direction was

rapid in comparison with specimen CUW.

At 2A in the weak loading direction (Fig. 4.21{(a)),
flexural shear cracks were observed near the ends of the column
and diagonal cracks were noted from top te bottom of the west face.
At 27 in the strong direction (Fig. 4.21(b)), many diagonal cracks
formed all along the column especially on the west face. Though
these cracks did not open, there were many cracks which appeared
to severely damage the specimen. At the end loading te 34
(Fig. 4.21(c)), a piece of concrete in the middle of the column
spalled off and shear cracks opened. Figure 4.21(d) shows the
crack pattern on the west face near the end of testing. It was
clear that the midheight of the column was the most severely
damaged part of the specimen and the ends of the column were

relatively intact.

4.11 Specimen CDSW30

The specimen was subjected to 120 kips axial compression
and bidirectional loading alternately in the orthogonal diagonal
directions (30° from the strong axis and 30° from the weak axis)
at each deflection level. The loading of this specimen was
compared with that of the specimen CDS30 (unidirectional loading
at 30° from the strong axis) and that of the specimen CDW30
(unidirectional loading at 30° from the weak axis). Although
the first deflection limits of these two specimens (CDS30 and
CDW30) were different, both specimens reached the maximum load
at 2A. Regardless of the loading direction chosen first, the
maximum load was expected to occur at almost the same level in

each direction. In specimen CDSW30, after the maximum load in a



75

MSgD uswpoads ‘suxsijed yoea) TIZ°% "STd

208 N
208 M

(s &N VZ (9)

2083 M

(Me3)

vz (V)




76

208 N

(

penurjuod) MSgD uewpoads ‘suxsjzjed oBID

928 M 298I N
(Ss&=—N) VS (@

1¢

¥

‘314

928 M
(s¢e—N) ve (0




77

direction 30° from the weak axis (this direction is nearer the
weak axis) was achieved at 24, it was of interest to determine
whether the load at 2A in a direction 309 from the strong axis
(this direction is nearer the strong axis) dropped from the load
at 1A. Thus, the specimen was deformed in a direction 30° from
the weak axis first. In order to compare the behavior with CDS30
and CDW30, the first deflection limit was set as 0.185 in. for
309 from the weak divection and as 0.23 in. for 30° from the

strong direction.

The resultant load-~deflection curves are shown in Fig. 4.22
{SW-NE; 30° from the weak direction; northeast direction fiist)
and in Pig. 4.23 (SE-NW; 30° from the strong direction; northwest
direction first). The maximum load was reached at 2ZA in a direction
30° from the weak axis, while the maximum load was reached at 1A
in a direction 30° from the strong direction. However, in the
latter case, the load at 2A was only a little less than that at 1A
and after 24 the load dropped rapidly. Shear cracks formed during
loading in one direction reduced capacity in the other direction
of leading. Strain in the longitudinal bars at the end of the
column was 1200 x 107% in the direction 309 from the weak axis
and 1600 ¥ 10"6 in the direction 309 from the strong axis at 1A,
and 1900 x 107% in the direction 30° from the weak axis and
1800 x 107® in the direction 30° from the strong axis at 2A.
The strain at 2A in the direction 309 from the strong axis also
showed only a little increase from the strain at 13 in the same
direction to confirm the phenomenon in the load-deflection curves.
After ZA in both loading directions, the strength and stiffness
deteriorated more rapidly than under unidirectional loading

(CDS30 and CDW30).
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Figures 4.24(a) through (d) show crack patterns on the
north and west faces. At the end of cycling at 1A (Fig. 4.24(a)),
there were flexural and flexural-shear cracks near the ends of
the column on the north and west faces. Additionally, on the
west face diagonal cracks appeared from top to bottom of the
column. The load-deflection curve (Fig. 4.23) indicated a large
drop in the lateral load between the first and second cycles at
2A. Figure 4.24(b) shows the crack pattern after first cycle
to 2A. On the north face diagonal cracks spread near the ends
of the column, while on the west face diagonal cracks spread
all along the column. At the end of cycling to 2A (Fig. 4.24(c)),
the number of diagonal cracks increased and there was some
spalling of the corners at the bottom end of the column. By
the end of the test (Fig. 4.24(d)), nearly all of the cover had
spalled off and the longitudinal reinforcement was unbonded.
Some of the core concrete exhibited large shear cracks and
crushing or grinding along the cracks, but the core generally

seemed to be intact.
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CHAPTER 3

COMPARISON OF TEST RESULTS

5.1 General

In this chapter the data obtained for each specimen are
arranged for comparison with other tests. Comparisons will be
made using crack patterns, steel strains, lateral load capacity,
and deterioration of strength. In Chapter 6, the comparison of
results from rectangular columns will be compared with square

22,23,24
columns.

5.2 Crack Pattein

Typical crack patterns for the ten specimens were discussed
in Chapter 4. Tour types of idealized crack patterns are classi-
fied by loading direction and history. Idealized crack patterns
for unidirectional and bidirectional loading in the principal direc-
tion are shown in Fig. 5.1. For unidirecticonal and bidirectional
loading in the diagonal direction, idealized crack patterns are
shown in Fig. 5.2. The patterns were developed using a crack
inclination of 45° with the direction of loading. Six specimens
(0Us, OUW, CMS, CUS, CUW, 2CUS) are classified as unidirectional
loading in the principal direction, two specimens (CUS30, CUW30) as
unidirectional lcoading in the diagonal direction, and CBSW and
CDSW30 as bidirectional leading in the principal and diagonal direc-
tions, respectively. A comparison of the observed crack patterns
with the idealized patterns provides an indication of the validity

. o ., . .
of assuming a 45 inclination,

5.2,1 Principal Loading Direction

5.2,1.1 Unidirectional Loading. Two comparisons for

unidirectional leoading in the principal direction are described

83
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in this section. First crack patterns for the specimens loaded in
the strong direction (QUS, CUS) and in the weak direction (OUW,
CUW) will be compared. Second, the effect of axial load on the
crack patterns of two groups which have different loading direc-
tions (streng direction (0US, CUS, 2CUS), and weak direction

(0UW, CUW)) will be discussed.

Strong vg, Weak Loading Direction. Figure 5.3 shows crack

patterns near maximum load for specimens 0US, CUS, OUW, and CUW.
Figures 5.1{a) and (b) show the idealized crack pattern (45O diag-
onal shear cracks and flexural cracks) for these specimens. For
unidirectional loading in the strong direction (N-S), diagonal
cracks were limited to the east and west faces. For unidirectional
loading in the weak direction (E-W), diagonal cracks were limited
to the north and south faces, TFigures 5.3(a) and (b) (OUS and CUS)
indicate that the angle of initial cracks was around 450, but near
maximum load, shear cracks opened from top to bottom of the column
with an angle of about 30°, It was clear that the angle of initigl
cracking and cracking leading to failure was different. Figures
5.3(c) and (d) indicate that for specimens OUW and CUW, the crack
pattern was almost the same as idealized in Fig. 5.1(b), but not

for GUS and CUS.

Effect of Axial Load. Crack patterns at maximum load in

specimens OUS, CUS and 2CUS are shown in Fig, 5.4, The angle of
the most severe diagonal cracking extended from the top to bottom
at the maximum load was 30° to 35° for each specimen, The angle
appeared to be a little steeper as axial load increased., With
higher axial lcad, shear cracks opened wider under similar levels
of lateral deflectiens, and the concrete cover in the midheight
region of the column spalled off at lower deflection levels. Fig-
ure 5.5 shows a comparison of the crack patterns for specimens OUW

and CUW, In CUW, slightly steeper cracks with angles from 40° to
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450 opened around midheight of the column, and more cracks along
the longitudinal reinforcement occurred with increasing axial com-
pression, Once again with highex axial load, shear cracks cpened

wider and concrete cover spalled at lower deflection levels.

5.2.1.2 Unidirectional vs. Bidirectional Loading. In this

section the influence of loading history (umidirectional or
bidirectional loading in the principal direction)on the crack
patterns is described. 1In Fig. 5.1, the idealized crack pattern
of the specimen with bidirectional loading is a combination of
cracking under unidirectionral loading in the strong and weak
directions. Therefore, the crack patterns of the specimens with
unidirectional loading in the strong direction (specimen CUS)
and in the weak direction (specimen CUW) are combined with the
results of CB5W. The c¢rack patterns at peak load for CUS, CUW,
and CBSW are shown in Fig. 5.6. Patterns of CUS and CBSW are
compared as well as those of CUW and CBSW.

In the strong loading direction (Figs. 5.6(a)} and (b)),
it can be seen that there are no differences in the crack angle
leading to failure between CUS and CBSW, and almost the same

amount of cracking occurred in both specimens.

In the weak loading direction (Figs. 5.6(c) and (d)), the
angle of diagonal cracks in CBSW was similar to that in CUW, but
more cracks occurred in CIW. However, after 3A (in CBSK the
maximum load was already passed), more cracks formed along the
longitudinal reinforcement in the north and south faces of CBSW,
and the corner concrete spalled at earlier load stages than

in CUW.

It was observed that the specimen with bidirectional
loading deteriorated more rapidly than the specimen with unidirec-

tional loading after maximum load was reached. The crack patterns
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were similar to the idealized patterns except the angle of
inclination in the strong direction was steeper (30° vs. 459)
and cracks along longitudinal reinforcement in the weak direction

occurred.

5.2.2 Diagonal Loading Direction

5.2.2.1 Unidirectional Loading. Two specimens were

tested under unidirectional loading in the diagonal direction.
In one, the loading direction was 30° from the strong axis (CDS30)
and in the other the loading direction was 300 from the weak axis
(CDW30). Figures 5.2(a) and (b) show the idealized crack patterns
for CDS30, and CDW30. It was assumed that the angle of cracks
was inclined 45° with the resultant loading direction. Crack

patterns for CDS530 and CDW30 are shown in Fig. 5.7.

In the case of CDS30, some diagonal cracks formed in
adjacent faces (S-E, N-W) as shown in the idealized crack pattern
(Fig. 5.2(a)). However, in the east and west faces, diagonal
cracks opened from the top to bottom of the column. These crack
patterns were similar to those in specimen CUS (unidirectional
loading in the strong direction). The angle of the cracks was
around 30°. Therefore, the idealized crack pattern and those
observed were quite different. In the north and south faces,
there were some diagonal cracks which extended to the adjacent
faces and some cracks along the longitudinal reinforcement. The
crack patterns in these faces were similar to the idealized ones

except for some additional vertical cracks along the bars.

In the case of CDW30, diagonal cracks were spread over
all faces. As shown in the idealized crack pattern (Fig. 5.2(b)),
the idealized cracks started from the ends of the column near the
center of the east and west faces. In the observed crack patterns,

a similar phenomenon was observed, but in the east and west faces
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diagonal cracks were steeper and the angle was around 30°. 1In
the north and south faces, there were many diagonal cracks with

angles around 40° to 45°.

The crack pattern in CDS30 was similar to that of CUS,
while the crack pattern for CDW30 was a combination of that
observed in CUS and CUW, and was similar to that of CBSW. Under
loading along the diagonal, deformations in the strong direction
had a pronounced effect on the crack pattern, even when the loading

was skewed only 30° from the weak axis of the column.

5.2.2.2 Unidirectional vs. Bidirectional Loading. The

crack pattern in specimen CDSW30 skewed bidirectional loading

was compared with the crack patterns for CDS30 and CDW30.
According to the idealized crack pattern shown in Fig. 5.2(c), the
crack pattern of CDSW30 should be a combination of the crack
patterns of CDS30 and CDW30.

At low deflection levels, there were only a few diagonal
cracks observed in specimens CDS30 and CDW30. However, in CDSW30,
many diagonal cracks formed, especially in the east and west
faces. The angle of the cracks ranged from 30° to 45° because of
the different combinations of loading direction. At maximum load
(Fig. 5.8), more diagonal cracks formed in CDSW30 over all faces
and the specimen seemed to be damaged severely. 1In general, the
crack pattern of CDSW30 appeared to be a combination of CDS30
and CDW30.

5.2.3 Review of Crack Patterns. The comparison of crack

patterns led to two primary observations. First, initial diagonal
cracks produced by deformations in the strong loading direction
formed with an angle of around 45%, but cracking leading to failure
formed from top to bottom of the column with an angle of around

300, much steeper than assumed in Figs. 5.1 and 5.2. Diagonal
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cracks produced by deformations imposed in the weak loading
direction formed near the ends of the column and the angle of
inclination was around 459 for both initial cracking and cracking
leading to failure. Compressive axial load caused these cracks

to be slightly steeper. It is likely that the small column height-
to~depth ratic in the strong direction had much to do with the

inclination of the cracks at failure.

Second, the crack pattern under diagonal loading was
affected primarily by deformation in the strong direction. The
crack pattern of CDS30 (loading 30° from the strong axis) was
almost the same as that observed in CUS (loading only in the
strong direction). For CDW30 (loading 30° from the weak axis),
the crack pattern was expected to be similar to that of CUW
with loading only in the weak direction. However, the crack
patterns observed indicated that cracking and distress in the

strong dirvection were dominant over that in the weak direction.

5.3 Strain Distribution

As shown in Fig. 3.8, strain gages were attached to the
longitudinal and transverse reinforcement. There were nine
gages along two corner longitudinal bars and two gages along the
other two corner bars. The purpese of these gages was to study
the influence of the bond and anchorage deterioration on the
behavior of the short column. Four transverse ties were gaged
to investigate the distribution of shear between concrete and
steel. From the measured data, strain in the longitudinal and
transverse reinforcement at selected lead stages was cobtained
and strain distributions along the column height were plotted.
As mentioned in Chapter 4, the unit deflection (A) was changed
for the different leoading directions (strong axis, weak axis,
30° from strong axis, 30° from weak axis), and in each specimen

the maximum load was achieved at different deflection levels;
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for example, 3A, &4A, etc. The strain at the resultant deflection
corresponding to maximum load defined as Am appeared to be most
significant. Therefore, strains are plotted at the following
deflection levels: Am/Z, Am, and BAm/Z. In each plet of strain

distribution, the value of Am is indicated.

The strain distributions along longitudinal and transverse
reinforcement in each specimen were classified corresponding to

the loading direction (as for crack patterns) and compared.

5.3.1 longitudinal Reinforcement, Two gages inside the

top and bottom end blocks on the lengitudinal bars provided data
regarding bar anchorage. One gage was placed at each end of the
column--top and bottom end-block interfaces--and three were spaced

along the column.

5.3,1.1 Jleading in Principal Direction., The specimens

subjected to loading in the principal directions are divided into
groups: strong loading direction (0US, CUS, 2CUS, and CBSW (strong
direction only)) and weak loading direction (OUW, CUS and CRSW

(weal direction only)).

Strong Direction. The strain distributions of the longi-

tudinal reinforcements at each level (Am/Z, Am, 3Am/2) for specimens
OuUS, CUS, 2CUS, and CBSW are shown in Fig. 5.9. The location of
strain gages on northwest and southeast corner bars is shown in the
right top corner of Fig. 5.9, The strain at each level was taken

as the average strain in the two gaged bars under similar loading.
Tn all cases the values of strain were nearly equal. The strain
distribution along longitudinal bars is unsymmetrical about the
center of the column. Each bar will be subjected to a moment
gradient from top to bottom of the column and in the compression

zone, the concrete carries part of the force,

All four specimens failed in shear, as indicated by the

fact that the strains did not exceed yield, The effect of axial
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compressive load on the strain distribution can be observed using
specimens 0OUS, CUS, and 2CUS. As compressive load is increased,

the strains shift in the direction of compression. The compressive
strain in QUS was near zerc, while in 2CUS it was about -1000 X 10—?
Around the midheight of the column, QUS had strain of about 1000 X
107" tension, while 2CUS had almost zero strain. Maximum tensile
strains were about 1800 X 10_6 in all three specimens, With axial
compressive load the strain gradient along the reinforcement from
top to bottom was greater than with no axial load. The effect of
loading history was investigated in two specimens (CUS, CBSW).

There did not appear to be much difference between the strain dis-
tributions in these two cases. Large tensile strain (almost yield)
occurred at the intersection of the column and end block; however,
the strain at a location 10 in. inside the end bleock was almest zero

in all specimens indicating that the hooked anchorage worked well,

Weak Divection. Figure 5.10 shows the strain distribu-

tion of the specimens loaded in the weak direction (0OUW, CUW,
CBSW). The strain at each level was taken as the average strain
in the two bars, as hefore. The distribution for OUW showed
that the strains exceeded yield. However, it was observed that
shear cracks were predominant. CUW, which was loaded axially, did
not reach yvield. The strain at %n for CBSW in tension under
loading in the weak direction was less than that of CUW. Though
CUW reached maximum load at 3A (0.48 in.), CBSW reached maximum
Load at 2A (0.32 in.) in the weak loading direction because
maximum load in the strong direction had been reached in prior
cycles. Therefore, %n was at 3A for CUW and 25 for CBSW. It

is also of interest to note that the strainsg at 5m in CBSW

(0.32 in.) were hetween the strains at %ﬂ/Z (0.24 ip.) and

Am (0.48 in.) of CUW. Therefore, the strain distribution did
not appear to be changed by the loading history until the load

reached maximum in the strong direction.
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5.3.1.2 Loading in the Diagonal Direction, In this section

the strain distributions along the longitudinal reinforcement in
the specimens subjected to diagonal loading (CDS30, CDW30, and
CDSW30) are discussed. Figure 5.11 shows the strain distribution
for loading 30° from the strong axis (CDS30, CDSW30),

and Fig. 5.12 for loading 30° from the weak axis (CDW30, CDSW30).
Strain gages were attached to the southeast and southwest corner
bars. Under diagonal bidirectional lcading, one of the bars
always reflected maximum strains. Under loading 30° from the
strong axis (SE-NW) in Fig. 5.11, the southeast bar reached
maximum strains. Under loading 30° from the weak axis (SW-NE)

in Fig. 5.12, the southwest bar reached maximum strains. Tt is
interesting to note that differences between the strain distribu-
tions under unidirectional or bidirectional diagonal loading

{especially at Am) in Fig. 5.11 and Fig. 5.12 were gquite small.

5.3.1.3 Review of Longitudipnal Strain. The comparison of

strain distributions along the longitudinal reinforcement indicate
that the hooked bar in the end block anchored the bars well.

Along the column height the strain gradient was greater with

axial compressive load. The strain distribution was not affected
by the loading history until the load reached & maximum value

either in the direction considered or in the orthogonal direction.

5.3.2 Transverse Reinforcement. Four transverse hoops

were instrumented with gages on all four faces. The location of
the gages is shown in Fig. 3.8. The strains in the transverse
reinforcement did not increase until a diagonal crack in the
concrete crossed the bar., Once the crack crossed the transverse
reinforcement, the strain in the bar began to increase rapidly.
Therefore, the strain distribution in the transverse reinforcement
indicated how and where cracks initiate and propagate in the

column.
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5.3.2.1 Loading in Principal Direction. 1In this section

the strain distributions for transverse reinforcement in the

specimens subjected to loading in the strong direction (0US,

CUS, 2CUS, and CBSW) and in the weak direction (0UW, CUW, and
CBSW) are discussed.

Strong Direction. The strain at each level was taken as

the average strain in the east and west faces because the loading
was imposed in the N-§ direction. In Fig. 5.9, plots of strain
in the transverse reinforcement along the height of the column
in the specimens 0QUS, CUS, 2CUS, and CBSW are shown. At Am/z the

strains of 0QUS and CUS were more than 1000 ¥ 10_6

, while those
of 2CUS were less than 500 x 1070, However, after b almost all
strains were near or in excess of yield and it was difficult to

see major differences.

Weak Direction. The average strain of bars in the north

and south faces was plotted along the height of the column for
specimens OUW, CUW and CBSW, as shown in Fig. 5.10. TFor OUW
and CUW transverse reinforcement almost reached yield, however,
CBRSW did not. As described before (Sec. 5.3.1), CUW reached
maximum load at 3A (0.48 in.), while CBSW reached waximum load
at 24 (0.32 in.) in the weak loading direction, because maximum
load was reached in the strong direction in prior cyeles. Tt
is also indicated in the figure that the strains at An in CBSW
(0.32 in.) were similar to those at Am/Z in COW (0.24 in.).
Therefore, it is clear that the strain distribution for trans=-
verse reinforcement also did not appear to be changed by the

loading history.

5.3.2.2 Diagonal Direction. 1In this section the strain

in the ties in the specimens under diagonal loading (CDS30, CDW30,

and CDSW30) is described. Fig. 5.11 shows the strain distribution
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for the specimens with loading 30° from the strong axis (CDS30,
CDSW30) and Fig. 5.12 30° from the weak axis (CDW30, CDSW30).
The crack pattern in the north and south faces was different
from that in the east and west faces (Fig. 5.2). Therefore,

average strain distributions for the N-§ and E-W faces are shown

for each specimen (because the strains in each face were nearly the
same)., In Fig. 5.11 the strain distribution of the specimen with
unidirectional diagonal loading (CDS30) and with bidirectional diag-
onal loading (CDSW30) is compared. Except for the strain distribu-
tion in the E-W face at Am/2, there are no major differences. The
results in Fig, 5,12 also indicated that the strain distribution
for CDSW30 (bidirectional diagonal loading) was almost the same as

that for CDW30 (unidirectional diagonal loading).

5.3.2.3 Review of Strains in Transverse Reinforcement.

Comparing strains in the transverse reinforcement, it is clear
that the strains were not affected by the loading history, and

almost all ties reached yield at Am or 3Am/2.

5.4 Lateral Load Capacities

The measured maximum lateral load (resultant for diagonal
loading), Vm, sustained by each of the columns tested ig listed
in Table 5.1. Normalized shear strengths, Vm/ACV@Z; are also
listed. AC ig the area (ing) of concrete surrounded by
transverse reinforcement (core). Shear strength of concrete
is considered to be a function of J%:(25). The core area was
used in order to define shear strength under large lateral
deflections. When extensive cracking in the faces and spalling
of concrete cover occurred, the core was carrying shear. At
maximum load, severe shear cracks had opened. Therefore,
normalized values were used for comparison of maximum shear

capacity and in plotting shear deterioration diagrams. The
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TABLE 5.1 MEASURED LATERAL LOAD CAPACITIES

Specimen .Fpadin f; N Vh Vm Am R
Name Direction —szf:
ous N4S 5810 0 66 8.8 0.60 0.017
ouw Eol 5820 0 57 7.6 0.80 0.022
CMS NéS 6090 120 86 11.2 0.48 0.013
CUS N4S 5060 120 74 10.6 0.40 0.011
CUW E4Y 5060 120 60 8.6 0.48 0.013
2CUs N4S 6090 240 91 11.9 0.40 0.011
CDS30 NE4SW 6180 120 80 10.3 0.46 0.013
CDW30 NE#SW 6120 120 74 9.7 0.37 0.010
CBSW NoS 5090 120 69 9.9  0.40  0.011
E&W 52 7.4 0.32 0.009
CDSW30 NE#SW 5090 120 57 8.1 0.37 0.010
NWOSE 62 8.8 0.23 0.007
f; - concrete compressive strength, psi
N - compressive axial load, kips
Vm - measured maximum lateral load, kips

(resultant for diagonal loading)

A - core area, in.
A - peak deflection, in. (defined in Sec. 5.3)

- drift ratio, Am/L

- column height, in.
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deflection corresponding to maximum load, Am, and drift ratio, R,
which is the ratioc of qn to the column height (in this test, 36 in.)
are also shown in Table S5.1. For loading exclusively in the weak
direction, V_/A reached values of 7.6 to 8.6VEZ, and for loadi_

in the strong direction Vm/AC reached values from 8.8 to 10.6NE;.
For leading along the diagonal, Vm/Ac reached values of 9.7

to 10.3vEZ. There was little difference in the value of Vm/AC

in spite of varying loading histories.

5.5 Deterioration

Envelopes of the peak values reached in lecad-deflection
curves in the first, second or third cycles at each deflection
level for the ten specimens tested were used to investigate the
deterioration of strength after maximum loagd. Figure 5.13 shows an
example of the envelope curves. As shown in this figure, the peak
locads at each deflection limit in Ffirst and third cycles are con-
nected to make envelope curves. The envelope curve in the first
loading direction (in this case from south to north) is shown here
and is plotted in most cases. Envelope curves provide an indica-
tion of the changes in shear with cycling at a given deflection
level and permit comparison of these changes between different
tests. Using envelope curves of the relationship between normal-
ized shear 2H/ACJTZ and lateral deflection, the effect on shear
deterioration of each of the following was examined --the effect of

the compressive axial load, and the effect of the loading history.

5.5.1 Effect of Axial Compression. Envelope curves for

the specimens loaded in the strong direction (0US, CUS, 2CUS)
are shown in Fig. 5.14(a) and in the weak direction (QUW, CUW)
in Fig. 5.14(b). The envelopes of the load under first cycle

in both strong and weak directions indicate that the normalized
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Fig. 5.13 Definition of envelope curve
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shear capacity, Vm/Acggz; was larger and the maximum occurred

at a smaller deflection as the axial compressive load increased.
After reaching maximum load, the strength dropped more rapidly
with increasing axial compression. The change in strength from
first cycle to third cycle also became larger with increasing
axial compression. It is clear that the axial compressive load
increased the capacity but caused more rapid deterioration

of strength.

5.5.2 Effect of Loading History. In this section the

influence of bidirectional loading on deterioration is discussed.
Envelopes of the peak loads of the specimens with unidirectional

and bidirectional loading were compared.

Envelopes for the specimens loaded in the strong loading
direction (CMS, CUS, and CBSW) are shown in Fig. 5.15(a), and
in the weak direction (CUW, CBSW) in Fig. 5.15(b). The maximum
loads in CUS and CBSW (strong direction) reached almost the same
value as CMS (monotonic loading). There was little difference
in the slope of the descending portion of the curve for specimens
CUS (unidirectional loading) and CBSW (bidirectional loading).
The envelopes for the third cycle of CUS and CBSW also indicated
no difference in the slope. However, Fig. 5.15(b) shows that the
strength of CBSW (weak direction) started dropping before the
maximum was reached under unidirectional loading. In the strong
direction the maximum load was at 2A and produced distress which
prevented the weak direction from achieving a higher strength.
After the maximum load was reached, the descending slope of both
specimens, CUW and CBSW, indicated that the strength dropped

at almost the same rate.

Envelopes for specimens loaded 30° from the strong axis
(CDS30, CDSW30) are shown in Fig. 5.16(a) and 30° from the weak
axis (CDW30, CDSW30) in Fig. 5.16(b). First loading on CDSW30
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was in the same divection as CDW30 and maximum load was reached

at the same deflection level as CDW30(2A). The maximum load
(CDSW30) was about 85 percent of that sustained by CDW30. At

2A with loading in the same direction as CDS30, the load on CDSW30
never exceeded the value at 1A. After reaching maximum load,

the envelopes of CDS30, CDW30 and CDSW30 indicated that there

was little difference in the slope of the descending portion of

the curve.

5.5.3 Effect of Loading Direction. The envelopes of the

peak loads of the specimens which had different loading directions
(CUS, CDS30, CDW30, and CUW) are shown in Fig. 5.17. The shapes
of envelopes for CDS30 (leading 30° from the strong axis) and
CDW30 (loading 30% from the weak axis) appeared to be similar to
that in CUS (lecading in the strong axis). Although the loading
direction of CDW30 is near that of CUW (loading in the weak axis),
the shape of CDW30 is not similar te that of CUW. This phenomenon
was observed in the comparison of the crack patteras of these
specimens that the crack pattern under diagonal leoading was
affected primarily by the deflection in the strong direction.

The envelope curves confirm this observation.

5.5.4 Review of Deterioration. Based on comparisons of

the strength envelopes, it was observed that axial compressive load
produced an increase in the capacities, but more rapid deteriora-
tion of strength. The maximum load in the column under bidirec-
tional loading reached almost the same value as under unidirectional
loading. However, after the dJdeflecticn at the maximum load

under unidirectional loading was reached in columns under bidirec-
tional loading, the strecngth began to drop in both directions,

The siope of the descending part of the curves indicated that

there were no significant differences between the columns with
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unidirectional and bidirectional loading. 1In the lcad-deflection
relationship, it was observed that the shape of the strength
envelope under diagonal loading was affected primarily by

the deflection in the stromng direction. This phenomenon was

also observed in the comparison of crack patterns.
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CHAPTER 6

COMPARISON OF TEST RESULTS-—SQUARE
AND RECTANGULAR COLUMNS

6.1 General

in this chapter, the results from tests of rectangular
columns are compared with those of square columns tested in
previous investigations (Maruyama,22 Ramirez,23 and Woodwardza).
First, the test results of the square columns are reviewed and
followed by comparisons of crack pattern, lateral load capdcity

and deterioration for square and rectangular sections.

6.2 Review of Resultge=
Square Columns

The test results of square columns shown in Fig. 2.2 are
reviewed in this section. These columns were tested in the
previous three investigations. In the first investigation,22
the effect of defoxrmation paths was studied. Deformation paths
included in the study ranged from unidirectional deformations
along only one axis to bidirectional complex paths as shown in
Fig. 1.2. No axial load was applied to the specimens. In the
second investigation,23 the effect of axial load, especially
tensile lead, on the hysteretic behavior of the column was
studied. The applied axial lcads ranged from constant tension
or compression to reversals of axial Ioad as shown in Fig. 1l.4.
In the third investigation,24 the amount of longitudinal and
transverse reinforcement was varied as shown in Fig. 1.8 to
determine the influence of these variables on the behavior of
short columns. A total of about 30 square columns was tested,

In this chapter only the results which can be compared directly

Preceding page blank 117
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with rectangular columns are described. Selected specimens were
renamed for this report. The square specimens were classified
into two groups; loading in a principal direction and loading in

a diagonal direction.

6.2.1 Notation. A three group code was established to
simplify comparisons between square columns tested previously
with the rectangular columns of this investigation. The general

form of the notation is:
A-TH-S

A = level of axial load

0 = no axial load

C

120 kips axial compression

L = loading direction
P
D

principal direction

il

diagonal direction

H = loading history

M = monotonic leoading
U = unidirectional loading
B = bidirecticnal loading

8§ = number of ties within the 36 in. column

32--1.13 in. spacing
21--1.75 in. spacing
blank~~-2.57 in. spacing--standarxd specimen
9--4.0 in. spacing
3~-12.0 in. spacing
The specimens listed in Table 6.1 are identified using this

notation. Notations from Refs. 22, 23, and 24 are also listed

in this table.
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TABLE 6.1 DESCRIPTION OF SQUARE COLUMNS
Specimen Specimen Axial Loading Loading Tie
Load Direction History Spacing
New Name 0ld Name (kips) {(in.)
0-PU 00-v-0-1 0 P U 2.57
C-FU 120C-U 120 P u 2.57
0-PB 00-V-V-A 0 P B 2.57
C-PB 120C-B 120 P B 2.57
0-DM 0-86-14-DM 0 D M 2.57
C-DM C-86-14-DM 120 D M 2.57
0-DU 00-v-vV-8 0 D U 2.57
0-DBR 00-~V-V-SA 0] D B 2.57
C-DB C-86-14-D 120 D B 2,57 )
C-DB-32 C-86-32-D 120 D B 1.13
C-DB-21 C-86-21-D 120 D B 1.75 b
C-DB-9 C-86-09-D 120 b B 4.00
C~DB-3 C-86-03-D 120 D B 12.00

s

- principal direction
- diagonal direction
mouotonic loading

- unidirectional loading

B o =2 g 9
1

- bhidirectional loading

* - tests with variable tie spacing
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6.2.2 Loading in the Principal Direction. The specimens

loaded in the principal direction were classified into two groups:
unidirectional loading and bidirectional loading. The specimens
with unidirectional loading are 0-PU (no axial load) and C-PU

(120 kips axial compressive load). The loading histories are

shown in Fig. 6.1(a). Specimens with bidirectional loading are
0-PB (no axial load) and C-PB (120 kips axial compressive load).
The loading histories are shown in Fig. 6.1(b). O0-PU and 0-PB
were included in the square column specimens tested by Maruyama.22
Specimens C-PU and C-PB were in the series of square columns tested

by Ramirez.2

6.2.3 Loading in the Diagonal Direction. The specimens

loaded along the diagonal direction were tested to study the

effect of loading history and of tie spacing.

Figures 6.2(a), (b), and (c) indicate the loading histories
for specimens with monotonic, unidirectional, and bidirectional
loading. The specimens with monotonic loading are 0-DM (no axial
load) and C-DM (120 kips axial compression). The specimen with
unidirectional loading is 0-DU (no axial load). The specimens
with bidirectional loading are 0-DB (no axial load) and C=DB
(120 kips axial compression). O0=DU and 0-DB were part of the first
series of square columns tested by Maruyama.22 0-DM, C-DM, and
C-DB were part of a series of square columns tested by Woodward.24
Five specimens with different tie spacings (C-DB-32, C-DB-21,

C-DB, D-DB-9, C-DB-3) were also tested under diagonal bidirectional

loading by Woodward.24

6.3 Crack Pattern

In Chapter 5, crack patterns observed in the tests of
rectangular columns were discussed. In this chapter crack patterns

observed in the square column tests (symmetric section) and the
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e

(b} O-PB C-PB

Fig., 6.1 Loading histories on square columns
in principal direction
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Fig. 6.2 Loading histories on square columns
in diagonal direction
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rectangular columns (unsymmetric section) are compared. In the
rectangular columns it was observed that in specimens loaded in
the strong direction {specimens 0US, and CUS), the angle of
initial cracks was around 459, but the inclination of shear
cracks leading to failure was around 30°. In specimens loaded
in the weak direction (0UW, and CUW), the angle of initial and
failure crack patterns remained inclined at around 45%. With
compressive axial load, a slight change was noted in the angle
of crack inclination in the specimens. The crack pattern

of columns under diagonal loading was influenced by deformations
in the strong loading direction more than by those in the weak
loading direction. The crack pattern of the specimen with
bidirectional loading in the strong and weak directions was
similar to the crack patterns under unidirectional loading prior

to reaching maximum load.

6.3.1 Principal Direction==No Axial Load. Crack patterns

at maximum load in the specimens without axial load (QUS, 0-PU,
and OUW) are shown in Fig. 6.3. The shear span (half of the
column height) to effective depth ratios of the specimens OUS,
0-PU, and OUW are 1.25, 1.73 and 2.44, respectively. The crack
patterns indicate the following results. 1In 0US diagonal cracks
leading to failure cccurred from the top to bottom of the column
with an angle to the vertical of around 30°, In 0-PU, some
diagonal cracks opened from near the top to the bottom of the
column, but major cracks opened near the ends of the column at an
angle of about 450. Therefore, the angle of cracks ranged from 30°
to 45°,  In OUW the angle of nearly all cracks was 45°,  The angle
of cracks leading to failure became smaller as the shear span to
effective depth ratio decreased and as the failure mode changed

from flexural to shear.
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6.3.2 Principal Direction=—Axial Load. In Fig. 6.4

crack patterns at maximum load for specimens with 120 kips axial
compression (CUS, C-PU, and CUW) are shown. In CUS, the diagonal

cracks leading to failure opened from the top to bottem of the

column and the angle of these cracks from the wvertical was almost
the samz as that in OUS, around 30°,  1In C-PU, diagonal cracks
opened from the top to bottom of the column and more cracks with
angles from 30° to 40° were noted than in 0-PU. In CUW, the angle
of initial cracks which opened near the ends of the column was
around 450, but slightly steeper cracks with angles from 40° to
45° opened around midheight of the column., However, there were no
gsignificant differences in the crack patterns of tests OUW and CUW.
There were no cracks along longitudinal reinforcement in CUS, but
in C-FU and CUW some cracks opened along longitudinal bars and
diagonal craclks extended from these cracks. In the specimens with
compressive axial load, it was also clear that the angle from the
vertical of cracks leading to failure became smaller as the shear

span to effective depth ratio decreased.

6.3.3 Diagonal Direction. Crack patterns in the specimen

under diagonal loading, CDS30, CDW30, and C-DB, are shown in

Fig. 6.5. No square columns with axial compression under diagonal
unidirectional loading were tested. Therefore, the crack patterns
of C-DB (diagonal bidirectional loading) were compared with CDS30
and CDW30. Specimens 0-DU and 0-DB tested by Maruyam322 and the
rectangular columns in this study indicated that the crack pattern
under bidirectional loading was similar to the crack patterns

with deformation in each direction up to the point where maximum
load was reached. In CDS30, diagonal cracks opened from the

top to bottom of the columm, as observed for CUS. 1in CDW30,
diagonal cracks opened from the top to bottom of the column,

and also diagonal cracks opened near the ends of the column,
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as a combination of the crack pattern exhibited by CUS and CUW.
In C-DB, diagonal cracks opened from the top to near the

bottom of the column as in C-PU. The crack patterns in the
square column did not exhibit the phenomenon observed in the
rectangular column, because the strength in both directions is
identical. However, it is clear that the crack pattern of
columns loaded along the diagonal is similar to that of the
columns loaded in a principal direction. In rectangular columns,
the crack pattern of columns loaded along the diagonal is

affected primarily by the deformations in the strong direction.

6.3.4 Review of Observed Crack Patterns. The comparison

of the crack patterns in the square and rectangular columns shows
that (1) the angle of shear cracks is often assumed to be 45° for
design purposes,25 but even if the initial crack opens at an angle
of 450, the angle of the shear cracks at failure is often less
than 45° in a short column. This phenomenon is especially
apparent as the shear span-effective depth ratio becomes smaller,
and (2) the crack pattern under diagonal loading is similar to

that under loading in the principal directions.

6.4 Lateral Load Capacities

In Chapter 5 the lateral load capacities including
measured values Vm and normalized values Vm/ACV@Z‘for the
rectangular columns were listed. When the maximum shear
capacities corresponding to loading in both principal and
skewed directions are plotted, interaction diagrams such as
shown in Figs 6.6 and 6.7 are obtained. This diagram shows the
relationship between shear in the North-South (cordinate) and
East-West (abscissa) directions. It is possible to compare
the maximum capacities of square and rectangular columns in any

loading direction using this diagram. The interaction diagram
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was used for cowmparing only data of the specimens with monotonic
or unidirectional loading. With bidirectional loading, when the
deflection corresponding to the maximum load under unidirectional
locading was reached, the strength in both directions began to
drop. The maximum capacity under bidirectional load reflects
deterioration produced by leoading in an orthogonal direction.

The performance of specimens under bidirectional loading is
compared using shear deterioration diagrams on envelopes of peak

values in the load-deflection curve.

6.4.1 Interaction Diagram. Interaction diagrams for

the square columns are shown in Fig. 6.6, For both interaction
diagrams (with and without axial load), the maximum capacity
measured unidivectionally in the principal axis was plotted on
both principal axes, since the square column has a symmetric
section. The strength obtained from 0-DM and 0-DU for loads on
a diagonal are also plotted. The two points for diagonal loading
are near the circle drawn through the points on the principal
axes (0-PU). The differences between the measured values for
0-DM and 0-DU are within 15 percent of the value for the
circular dnteraction diagram (Table 6.2). The capacity of C-DM
ig located very near the circle (see values in Table 6.2).
Therefore, based on the maximum capacities of square columns
with unidirectional loading directions, it was clear that the
maximum capacity of square columns with diagonal loadings can be
estimated using strength in the principal loading direction on a

circular interaction diagram.

In Fig. 6.7, an interaction diagram for the rectangular
column with axial leoad is shown. ©No rectangular column without
axial load was tested along the diagonal loading direction.

As the rectangular column has an unsymmetric section, the maximum

capacity in the weak direction (CUW) was plotted on the east-west
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TABLE 6.2 RELATIONSHIP OF MAXTIMUM CAPACITIES BETWEEN
PRINCIPAL AND DIAGONAL LOADING DIRECTION

Square Column

) (2)

Specimen Loading Vs [eh
Name Direction¥ Ade; Circle 2)
0-PU 0° 7.9 749 1.00
0-DM 45° 7.1 7.9 0.90
0-DU 45° 9.1 7.9 1.15
C-PU 0° 10.0 10.0 1.00
C-DM 45° 9.4 10.0 0.9

Rectangular Column

Specimen Loading (é) @)
Name Direction¥* m Ellipse b i
Ac: c (2)
CMS 90° 11.2 Avg. 1.03

a 10.9
CUs 90 10.6 0.97
CDS30 60° 10.3 10.2 1.01
CDW30 30° 9.7 9.0 1.08

cuw 0° 8.6 8.6 1.00

% The angle from east-west direction
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principal axis and the capacity in the strong direction (CUS

and CMS) was plotted on the north-south principal axis. Based

on the strength of CUW and the average strength of CUS and CMS,

an elliptical interaction diagram was drawn. As can be seen,

the capacity of CDS30 (loading of 60° from the east-west axis)

and CDW30 (loading of 30° from the east-west axis) lie nearly on

the ellipse. The values in Table 6.2 indicate that the strength

of CDS30 and CDW30 is within 8 percent of the elliptical interaction

line.

Therefore, the maximum capacities of the columns with
diagonal unidirectional loading can be estimated by an interaction
line (circle or ellipse) connecting the maximum capacities of the

columns under unidirectional loading along the principal axis.

6.4.2 Comparison of Interaction Diagram—Square and

Rectangular Columns. A comparison of the interaction diagrams

for square and rectangular columns without and with axial load

is shown in Figs. 6.8(a) and (b). Normalized values of shear
vm/AcVEZ become larger with decreasing shear span to effective
depth ratio in both cases, without and with axial load. The

shear span to effective depth ratio is 1.25 for loading in the strong
direction of the rectangular column, 2.44 for the weak direction,
and 1.73 for both directions in the square column. The difference
between normalized strength in the two principal directions of

the rectangular columns is about 30 percent (11.2 vs. B'GMEZ:
Table 6.2). The square column strength (IOVE;) falls between

the values for the rectangular column. It should be noted

that the core area of the square column (Ac = 100 ing) is

almost the same as that of the rectangular column (Ac = 98 in?).
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6.5 Deterioration of Shear Capacity—
Deformation Envelopes

In this section the effect of loading history (unidirec-
tional vs. bidirectional), shear span to depth ratio, and axial
compression on the deterioration of shear capacity are discussed
using envelopes of the relationship between normalized shear and
lateral deflection. Also, the effect of tie spacing on deteriora-

tion is reviewed using the results of square columns.

6.5.1 Loading History. The effect of loading history

on the shear capacity of the rectangular columns was discussed

in Sec. 5.5. On the rectangular columns with bidirectional
loading in the principal direction (CBSW) and diagonal direction
{CDSW30), the maximum load in the column under bidirectional
loading reached almost the same value as under unidirectional
loading. However, when deflection reached the value corresponding
to the maximum load under unidirectional leading, the strength

under bidirectional loading began to drop in both directions.

Figures 6.9(a) and (b) provide an indicaticn of shear
deterioration in square columnsg loaded in the principal direction.
In Fig. 6.9(a), the comparison of 0-PU (unidirectional) and
0-PBE (bidirectional) is shown. The sequence of loading is
indicated by (1) loading direction applied first, and (2)
loading direction applied second. Direction (1) reached
maximum load at 37, the same deflection level where O-PU
reached maximum load. The maximum load in 0-PB is around
85 percent of that of 0-PU. At 33, the load in direction (2)
began to drop slightly. In Fig. 6.9(b), C-PU (unidirectional)
and C~PB (bidirectional) are. compared. Both directions (1) and
(2) reached almost the same maximum load as in C-PU. In
Figs. 6.10(a) and (b) the envelopes of peak loads in square

columns loaded along the diagonal are shown. In Fig. 6.10(a),
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the comparison between 0-DU (unidirectional) and O-DB
(bidirectional) is shown. Direction (1) reached almost the

same maximum load reached by 0-DU at 24. Direction (2) began

to drop after direction (1) reached maximum load. 1In Fig. 6.10(b),
specimen C-DM (monotonic loading) is used for comparison since
there are no data for a specimen under unidirectional diagonal
loading. C~DB (bidirectional) is compared with C-DM. Direction (1)
reached maximum load at 2A at a leoad almost equal to that of C-DM.
Direction (2) began to drop after direction (1) reached maximum.

In square columns, it is clear that the maximum load in the column
under bidirectional loading reaches almost the same value as that
under unidirectional loading, but after the deflection at the
maximum load under unidirectional loading is reached, the strength

begins to drop in both directions.

6.5.2 The Effect of Shear Span to Effective Depth Ratio.

Figures 6.11(a) and (b) indicate the influence of the shear span
to effective depth ratio on shear deteriocration of the specimen
without and with axial lead. 1In Fig. 6.11(a), a comparison of
envelopes for 0US (a/d*= 1.25), 0-PU (a/d¥= 1.73), and OUW
(a/d%= 2.44) are shown. OUS shows the largest maximum capacity,
but more rapid loss of capacity than OUW. 1In Fig. 6.11(h),

the diagrams for CUS (a/d*= 1.25), C-PU (a/d*= 1.73), and CUW
(a/d®= 2.44) are indicated. CUS shows the largest maximum
capacity, but more rapid loss of capacity than C-PU and CUW.
C-PU had larger maximum capacity than CUW, but after reaching
maximum load, the descending part of the curves for C-PU and CUW
were almost identical. Therefore, it is clear that the maximum
load becomes bigger, but affer it is reached, deterioration
occurs more rapidly, as the shear span to effective depth ratio

decreases.
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6.5.3 The Effect of Compressive Axial Load. The influence

of compressive axial load on the behavior of the rectangular
columns was described in Sec. 5.5. 1In this section the results
of square columns are compared with those of rectangular columns.
Figure 6.12 shows envelopes of the peak lecads for the square
columns (0-PU and C-PU), the strong direction of the rectangular
columns (O0US, CUS, and 2CUS), and the weak direction of the
rectangular columns (O(W and CUW). As the axial compression
increases, the maximum load increases 25 percent of 0-PU for

C-PU (square columns), 20 percent of 0US for CUS, 35 percent of
0US for 2CUS, and 13 percent of OUW for CUW (rectangular columns).
The maximum lateral load in specimens with axial load occurred at
2/3 of the deflection at which the specimens without axial load
reached the maximum loads (in both square columns and rectangular
columns). 1In the envelopes for rectangular ceclumns, it was
observed that after reaching maximum load, the strength dropped
more rapidly with increasing axial compression. Therefore, it

is clear that maximum load is larger and occurs at smaller
deflections, but more rapid deterioration of strength occurs with

increasing axial compression.

6.5.4 The Effect of Tie Spacing. Figure 6.13 shows the

shear-deflection envelopes for square columns with varied spacings
of transverse reinforcement tested by WOodward.24 In this figure,
the specimen (C-DB-32) with 1.13 in. spacing reached the highest
capacity of all five specimens, but after the maximum load the
strength dropped rapidly. 1In all specimens, there was little
difference in the slope after the maximum load is reached.

However, the transverse reinforcement increased the maximum capacity
about 20 percent and approximately doubled the deflection at which
the maximum capacity was reached. Decreased tie spacing increased

the deformation levels at which capacity could be maintained, but
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did not significantly improve the rate of deterioration once the

capacity began to decrease.

6.5.5 Review of Deteriocration. In Sec. 6.5, the

deterioration of strength as influenced by the loading history,
shear span to effective depth ratio, axial compression, and tie
spacing was discussed. Based on comparisons of the strength

envelopes, it was observed that the maximum load in the column

under bidirectional loading reached almost the same value as that

under unidirectional leading, but after the deflection correspond-
ing to the maximum load under unidirectional loading was reached,
the strength began to drop in both directions. As the shear span
to effective depth ratio decreased, the maximum load in the column
increased, but after it was reached, deterioration of the strength
occurred more rapidly. As axial compression increased, the maximum
load became larger and occurred at smaller deflection levels, but
more rapid deterioration of strength occurred. As amounts of
transverse reinforcement increased, the maximum capacity increased
somewhat and the ability of the specimen to maintain capacity was
improved, but after the maximum load was reached deterioration of

strength still occurred rapidly.
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CHAPTER 7
PREDICTION OF LATERAL CAPACITY

7.1 General

From the discussions and comparisons of experimental
results in Chapters 5 and &, it is clear that two important
factors must be considered in evaluating the behavior of short
columns: (1) the shear capacity of short columns, and (2) the
deterioration of the strength after reaching maximum load. It
was observed during testing that in many cases the strength of
the short column drepped rapidly after reaching maximum lcad,
even though the maximum load was equal to or greater than the
calculated flexural capacity which is described in this chapter.
Therefore, to ensure that the short columns will have adequate
energy dissipating characteristics, not only must the shear
capacity egual or exceed the flexural capacity, but deterioration
of strength must be controlled or eliminated. 1In thisg chapter
several methods of calculating lateral load capacity of reinforced
concrete mewbers are presented and in the next chapter the
procedure to evaluate the behavior of short celumns taken into
account shear strength and deterioration of strength is described.

The shear capacity of columns will be evaluated using

(1) equations contained in ACI 318-77,25 (2) formulations based on

plasticity theory which have been proposed by Thiirlirnann27’28’29

30,31,32

and Nielsen using a refined truss model, and (3) an

? which is based on a statistical

. 3
equation proposed by Zsutty
analysis of existing experimental data. In addition, an equation

based on a statistical analysis of data from various studies of
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beams failing in shear is introduced. For each approach, the
computed shear capacity is compared with the measured capacity
of square and rectangular short columns. The shear capacity

is also compared with computed lateral flexural capacity.

7.2 Computed Lateral Flexural
Capacity

The lateral load capacity of the short column based on
flexure was derived from consideration of a hinging mechanism
forming at the ends of the column as shown in Fig. 7.1. The

lateral load capacity governed by flexure is

2Mn
S T Sha
where Vf = lateral load capacity based on Mh
Mh = nominal moment strength
L = length of the column

The ultimate moment capacity for each column was calculated
using a computer program developed to obtain the relation
between moment and curvature of a reinforced concrete section

for loading in any direction (bending about any axis).

The program divides the section into a number of elements
as shown in Fig. 7.2, and assumes that the strain at the centroid
of each element is uniform over that element. 1In the case of
diagonal loading, the calculation of moment is slightly more
complicated, but basically is not different from loading in
a principal direction. If there are n elements, numbered
from the top, each element hés depth h/n (h is the overall depth
of the section (Fig. 7.2)). The depth from the top to the
centroid of element i is (i ~ 0.5)h/n. 1If the strain in the

top fiber and the neutral axis depth from the top fiber are



Fig.
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assumed, the strain at the centroid of the element is calculated.
The stress on the element is determined on the basis of assumed
stress-strain curves for both concrete and steel. TFrom the
stress and the area of the concrete and steel in each element,
the force in each element is calculated and summed to compute
the axial load. The iterative technique is used to make the
computed axial load equal to the given axial load. Each element
force times the corresponding moment arm is summed to calculate
the moment. Figure 7.3 shows the flow chart used to obtain

moment-curvature relationships for the column sections.

The stress-strain curves for the concrete and steel used
in the program are shown in TFig. 7.4 and Fig. 7.5, respectively.
The stress-gtrain curve for confined concrete by Kent and Park26
as shown in Fig. 7.4 was used for the compression zone of the
conterete. TFor the tension zone {first loading cycle only), the
same quadratic curve as for the compression zone was used and the
descending portion consisted of a line from the concrete tensile
strength (ft) to 85 percent of ft. The stress-strain curve shown
in Fig. 7.5 was used for the steel. The compressive yield strength
was assumed the same as the tensile yield strength and before
strain hardening, a bilinear stress-strain curve was used. After
strain hardening, a quadratic expression defined the curve until

ultimate strength was reached.

Measured material strengths were used to compute the
moment capacity of the square and rectangular columns. In
Table 7.1 the flexural capacities of the columns (Vf) are
compared with the measured maximum loads (Vm). For four
specimens, primarily square columns, the ratio of Vm to Vf
was more than 1.0. On the basis of the computed capacity,
those specimens were likely controlled by flexure. However, for the

other specimens in which Vm/Vf < 1.0, the measured capacity will

be compared with computed shear as described in the next section.
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TABLE 7.1 COMPUTED FLEXURAL AND OBSERVED CAPACITIES

RECTANGULAR COLUMN

Specimen f:: N Vm AV:‘/%, Ve Avf 7 V%
Name psi kips kips "¢' ¢ kips c'e £
0-PU 5000 0] 56 7.9 49 6.9 1. 14%
C-PU 4450 120 67 10.0 80 12.0 0.84
0-PB 6000 0 52 6.7 53 6.8 0.98
% C-PB 5950 120 77 10.0 78 10.1 0.99
B 0-DM 5950 0 55 7.1 65 8.4 0.85
3 C-DM 5250 120 68 9.4 76 10.5 0.89
1 0-DU 4950 0 64 9.1 59 8.3 1.08%
% 0-DB 5050 0 61 8.6 59 8.3 1.03#
= C-DB 4650 120 68 10.0 73 10.7 0.93
v G-DB32 5400 120 78 10.6 80 10.9 0.98
C-DB21 5750 120 76 10.0 84 11.1 0.90
C-DBY 5750 120 64 8.4 84, 11.1 0.76
C-DB3 6100 120 66 8.5 80 10.2 0.83
Qus 5810 0 66 8.8 95 12.7 0.69
oUW 5820 O 57 7.6 51 6.8 1.12%*
CMS 6090 120 86 11.2 120 15.7 0.72
cus 5060 120 74 10.6 113 16.2 0.65
CuUw 5060 120 60 8.6 68 9.8 0.88
2CUS 6090 240 91 11.9 134 17.5 0.68
CD530 6180 120 80 10.3 105 13.6 0.76
CDW30 6120 120 74 9.7 78 10.2 0.95
( CRBSW 5090 120 69 9.9 114 16.3 0.61
( 52 7.4 69 9.9 0.75
CDSW30 5050 120 62 8.8 98 14.0 0.63
57 8.1 73 10.4 0.78

(s) - strong directiocn
(w) - weak direction

% - reached computed flexural capacity
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7.3 Computed Lateral Shear Capacity

Several methods to calculate the shear capacities of
short columns are described and compared with the experimental
results. From the tests of short columns, it was concluded
(Sec. 6.4) that if the maximum capacities in the principal
directions are calculated, the capacity in a diagonal loading
direction can be calculated easily using a circle for the square
columns and an ellipse for the rectangular columns to define
the interaction curve. It was also concluded that with
bidirectional loading, the capacity in at least one loading
direction would reach almost the same capacity as a similar

column under unidirectional loading in the same direction.

The shear capacity of a diagonally loaded member is not
specifically defined in all methods described in this chapter.
However, from the empirical results of this study, it is not
necessary to calculate that capacity because an interaction
relationship can be defined. For example, the shear capacity
of the square column under loading 45° from the principal
direction is equal to that in a principal direction, because the
interaction is a circular curve. In a rectangular column, the
shear capacity under loading 30° from the strong axis can be
calculated from the shear capacities using the strength in the
strong and weak directions and constructing an elliptical

interaction curve.

The shear capacity equations in all methods to be
described in this report are based on beams loaded monotonically.
The short columns were loaded cyclically. However, previous
investigations of the square column322’23’24 showed that the
maximum shear capacity was not significantly affected by the
loading history--monotonic, unidirectional or bidirectional.

The results of the current investigation indicate that the
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specimens with monotonic, unidirecticnal and bidirectional

loading (CMS, CUS and CBSW) had almost the same maximum shear
capacities (Fig. 5.8). Therefore, all methods based on

monotonic tests are assumed to be appropriate for determining

the capacity of cyclically loaded coluwmns, provided that the
proper effective shear area is considered in each case. Tor
bidirecticonal lecading only the shear capacity in the direction
reaching the deflection corresponding to the maximum shear
strength of columns under unidirectional loading was compared with

the calculated shear capacity.

7.3.1 Shear Capacity--ACI 318-77. The shear strength

of a member according to the 1977 ACT Building Code25 is taken
as the summation of the contribution of the concrete (VC)

and the contribution of the transverse reinforcement (VS). The
VC term represents the capacity of the concrete at the onset of
shear c¢cracking. There are two equations for VC. The first one

is given by Eq. (11.3) in the ACI Code:

- T
v, 2b d Ji! (7.2)

l

where VC nominal shear strength provided by concrete, lbs.

=
1]

o web width, in.

o
I

distance from extreme compression fiber to centroid

of lengitudinal tension reinforcement, in.
For members subjected to axial compression, Eg. (11.4) in the

ACI Code is used.

= - N ier
v 2(1 A 2000Ag)bwd JE (7.3)
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where N = applied axial compression
Ag= gross area of cross section

N/Ag is expressed by psi unit.

The second one is given by Eq. (1L1.6) in the ACI Code:

v
Vo= bd (1.9ﬁ§ + 25000 o= d ) (7.4)
il
where p, = ratio of longitudinal reinforcement, AS/bwd
AS = area of lopngitudinal tension reinforcement, in?
Vu = factored shear force at section, lbs.
Mu = factored moment at section, 1lbs., in.

M 1is occurring simultaneously with Vu at section considered.

The calculated value of Vc by this equation should be less than
3.5b d VET. For members subjected to axial compression, M
W c il

shall be substituted for Mu (Eq. (11.7) in the ACI Code}.

M = M - NM (7.5)

m u 8

where h = overall depth of section, in.

However, VC shall not be taken greater than (Egq. (11.8) in the
ACT Code)

- T T o oI h
v, 3.5b,d JEL WL+ 0.002N/A, (7.6)

For transverse reinforcement perpendicular to the axis of member,

the equation for VS (Eq. (11.17) in the ACY Code) is

A £ d
v, = ~—S3’i (7.7)
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where VS = pnominal shear strength provided by transverse

reinforcement

A = area of transverse reinforcement within a distance
v
in2
5 -
h?
fys= yvield strength of transverse reinforcement, psi
s, = spacing of transverse reinforcement, center-to-

center, in.
The total shear capacity is Vn = Vc + VS,

The ACI Code also contains special provisions for deep
beams. Deep beams are defined by the ACI Code as having a
length-to-effective depth (d) ratio of less than 5 and loaded on
the compression face. The deep beam provisions are based on
simple beam tests with one or two loading points on the
compression face as shown in Fig. 7.6(a). The applied load is
transferred to the reaction through a compression strut. In
the deep beam, two compressive struts occur from the applied
load to the supports. As shown in Fig. 7.6(b), the short
column can be considered to have only one compressive strut from
top to bottom in the column. Unlike the simple beam of Fig., 7.6(a)
which has moment of the same sign over its entire length, moment
in the short column changes sign at the midheight of the column.
The mechanism of the short column is similar to that of continuous
beams. Therefore, deep beam provisions were not considered in

calculations for the shear capacity of the short colummns.

In the ACL Code the effective depth (d) is defined as
the distance from extreme compression fiber to centroid of
longitudinal tension reinforcement. Therefore, the values of
effective depth as shown in Fig. 7.7 were used. In comparison
with calculated shear using this effective depth, the effective

depth (d*) defined as the distance from extreme conpression fiber
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to extreme tension reinforcement is also used. The shear capacity
of the column under diagonal loading was computed from the shear
capacities in the principal loading directions using circular

and elliptical interaction curves. Therefore, there was no

need to attempt to define the skewed sectional area carrying

shear under diagonal loading.

In Table 7.2 the shear capacities computed using the
ACI equations and observed capacities are compared. TFor the
rectangular columns, only the observed shear capacities in the
strong direction of CBSW and in the direction 30° from the
weak axis of CDSW30 were selected since those directions reached
maximum capacity first. The shear capacities computed using
Eqs. (7.2) and (7.3) are compared with those computed using
Egs. (7.4), (7.5), and (7.6) first (d is used as the effective
depth in both cases). The calculated values using the former
equations are slightly greater than those using the latter
equations. Therefore, the former equations are used to compare
with observed capacities and also to compute the shear capacities
using the effective depth d*. The ratio of observed capacity to
the capacity by ACI provides some indication of the applicability
of the ACI equations to the short columns tested. From the values
of Vm/Vn (average is 1.66), the shear computed using the ACI
equations is conservative. When d* was selected as the effective
depth, the average of Vm/Vn was 1.38. The values of Vm/Vn
calculated using d* are nearer 1.0 than those calculated using d.
However, the shear computed using d* is still conservative. It
should be noted that the specimens which reached computed flexural
capacity are not included in the calculation of the average and
standard deviation of V /V .. The results of some short columns

20,21

tested in Japan (Fig. 7.8) show that shear deterioration

occurred after maximum capacity was reached. 1In this case Vn(ACI)
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was much larger than V_. because a large amount of transverse

f

reinforcement was used, TFor Vn >V the behavior of a short

>
column should be governed by flexuri. Therefore, in some short
columns designed using ACI equations the detericration of shear
capacity may occur leading to a severe reduction of energy dis-
sipating capacity. The tests in which shear detericoration occurred
(Refs. 20 and 21) will be discussed in detail in See. 7.3.4.4 and

in Chapter 8.

7.3.2 Shear Capacity-Plasticity Theory. Over the past

ten years research groups at the Swiss Federal Institute of
Technology at Zurich and at the Technical University of Denmark
have been developing approaches to design for shear and torsion
in reinforced concrete and prestressed concrete members using
plasticity theorems. The plasticity theorems are applied to a
refined truss model. A similar approach has been proposed by

5

researchers in Canada (Collins and Mitchell 4), but was not

available at the time this evaluation was made.

7.3.2.1 Thirlimann. Thiirlimann's approach27’28’29

based on the plasticity theory applied to the truss model shown

in Fig. 7.9, The truss model consists of longitudinal reinforce-
ment, concrete in the compression zone acting as a chord, vertical
stirrups, and concrete diagonals as inclined compression struts.
In the ACI method, the inclination g of the concrete compression
strut is assumed to be at 45%. 1In the Thurlimann approach, ¢ is

a variable. Since the section is analyzed using plasticity
theorems, the inclination ¢ corresponds to ultimate and not to
first inclined cracking. This approach is intended to provide

the maximum strength of the reinforced concrete member. The

development is based on six assumptions:
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(1) At ultimate lgad the concrete resists only compression.

(2) The reinforcement causes only uniaxial forces (no

dowel forces).

(3) Failure occurs due to yielding of the longitudinal
reinforcement prior to crushing of the concrete

{underreinforced section).

(4) The reinforcement must be properly detailed to

prevent local failure.

(5) At ultimate load, after all elastic and inelastic
deformations and redistribution of internal forces
have taken place, the following holds true:
uniaxial vielding of the steel reinforcement and
the opening of the final cracks in the concrete is

normal to the crack direction.

(6) To prevent crushing of the concrete, there must be
an upper limit for the concrete stresses, and also
limits on the angle of inclination ¢ of the

compression struts.

Figure 7.10 shows the idealized web of a concrete section
where shear V, bending M, and axial force N are acting. The
truss forces are the upper and lower stringer forces Fu and Fg’
the stirrup forces 5, and the resultant diagonal force D resisted
by the concrete compression struts under the variable inclination .
From an equilibrium analysis, the following relations can be

developed. The diagonal force D:

v
Sing

(7.8)

Therefore the compressive stress in the concrete diagonals

is :
9
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5 = D S (7.9)
¢ bh’ cosw bh’ sinpcosy

where the positive sign indicates compression in only the concrete.

The stringer forces Fu and F :

&

= N _ M ¥V
Upper: Fu = 5 T + 5y coter (7.10)
N M vV
- = = 4 = = .
Lower: F£ >t L + 5 coto | (7.11)
Since the shear force V:
_ h'
V = § x — cotg (7.12)
s
h
then the force in the stirrup S:
°h
S = V x —5 tang (7.13)

For an underreinforced section the following conditions must be

met (strain hardening of reinforcement is neglected):

Upper Stringer: Fu = Fyu = Aufyu (7.14)
Lower Stringer: Fg = Fyﬂ = Aﬁfyﬂ (7.15)
Stirrup: S = Sy = Avfys (7.16)
Concrete Strut: o, = fc (7.17)

where F , F and S are the yield forces; A , A,, A the cross
vu vi v u A

sectional areas; f fys the yield stresses of the respective

f
yu’ Ty
reinforcement; and fc the effective concrete strength. Only the
case in which bending and shear occur together is considered.

At ultimate load the lower stringer and the stirrups wmust yield.
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(7.18)
S = g (7.19)

Neglecting the axial force, the ultimate wvalues of moment Mf, and
shear VP along with Eqs. (7.18) and (7.19) can be substituted into
Egqs. (7.11) and (7.13):

oVp

Fy£ = H7'+ o cotey (7.20)

*h
Sy = VP % n tano (7.21)
h{
tany = Sy (7.22)
Vpsy

Combining Eqs. (7.20) and (7.22):

2
V., s
S

For convenience, the following reference values are used. For

VP = 0, the "plastic moment" MPO is derived from Eq. (7.23)

= F h'! = AFf h' .2
MPO vi Lyl (7.24)
For MP = 0, the "plastic shear force" V__. is derived from

PO
Eq. (7.23)

2F S h'

- [ yLy
Voo (7.25)

0 ke
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Equations (7.23), (7.24), and (7.25) produce the following

equation for the interaction between shear and bending:

2
v

o +(‘—]3~—) = 1 (7.26)

Mo PO

Ultimate shear in the beam and the column as shown in Fig. 7.11 can

be computed using Eq. (7.26). MP and VP are related as follows:
— = a (7.27)

where a is the shear span. Combining Eqs. (7.26) and (7.27):

v.2a4 -y -y = 0 (7.28)
0

The quadratic equation (7.28) is solved for ultimate shear VP:

- PO 2y 2 2 .
V5 2, /a Voo T 4Mpg aVpq (7.29)

From experimental results reviewed by Thurlimann, the crack angle

has the limits:
0.3 = tamny = 2.0 (7.30)

The bending-shear interaction diagram, based on Eq. (7.26) can be
divided into three types of failure mechanisms as shown in Fig. 7 12.
These mechanisms are governed by the inclination of the angle .

The limiting values of tang are represented as dashed lines in

the figure. TFor values of tang less than 0.5, a shear mechanism
will occur. It means that the transverse reinforcement yields

without yielding of the longitudinal reinforcement. For values
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of tang greater than 2.0, a bending mechanism will occur, which
means the longitudinal reinforcement yields without yielding of
the transverse reinforcement. Thurlimann suggests that a
combined mechanism, where both the longitudinal and transverse
reinforcement yield, will occur for values of tang specified

in Eq. (7.30). V_ from Eq. (7.22) can be substituted into

P
Eq. (7.30) to obtain:

S h' S h'
0.5 x—’g’—— s V, £ 2.0 x—‘sf—— (7.31)
h h

Using Eqs. (7.29) and (7.31), the shear capacities of short
columns were calculated. For short columns with axial compres-
i F =F -~ N/2 substituted for F = F_ in Eq. (7.18).
sion, 1y 2 /2 was u 2y g in Eq ( )

In this case N/2 is equal to the compression acting on the

longitudinal reinforcement in tension under lateral loads.

Table 7.3 shows a comparison of the shear capacities
calculated using Thurlimann's approach and observed capacities.
As the shear capacity of the square column under diagonal loading
is the same as that under principal loading direction, the wvalues

of V tany and V_ in the specimen under loading in the

p0* “po’ P

principal direction are used. For the rectangular column, the
value of VP can be estimated by the values under principal
loading directions using an ellipse, but the values of VPO’ MPO’
and tany are different from those under principal loading
directions. There is no way to estimate such values; therefore,

no entry is shown in the table.

The shear capacities of more than half of the columns
were determined by the limiting values of tang (0.5 < tany < 2.0).
The values of  corresponding with tany = 0.5 is about 27°. From

observations of the crack pattern, the angle of the cracks in all
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THURLIMANN'S APPROACH AND OBSERVED CAPACITIES

weak direction

Vp governed by tang = 0.5,

tang from caleulation in ( )

specimens reached computed flexural capacities

neglected in average and sitandard deviation

. v M v i v
Specimen po po ‘p .m /?A;
Name kips kips in. tang kips kips P
0-PU 66 905 0.52 36 56  1.56%%
C-PU 76 1203 0.5(0,42)% 37 67 1.81
0-PB 66 905 0.52 36 52 1.44
% C~PB 69 986 0.5(0.49)% 38 77 2.03
3 0-DM 78 1196 0.5(0.44)% 40 55  1.38
8 C-DM 79 1211 0.5(0.44)% 40 68 1.70
3 0-DU 73 1110 0.5(0.45)% 37 64 1.73%%
o 0-DB 73 1110 0.5(0.45)% 37 61  1.65%%
5 C-DB 82 1288 0.5(0.42)% 40 68 1.70
“ C-DB32 120 1273 0.79 56 78 1.39
C-DB21 97 1273 0.56 51 76 1.49
C-DB9 64 1273 0.5(0.30)% 25 64  2.56
C-DB3 37 1273 0.5(0,15)% 8 66  8.25
ouUs 76 1704 0.5(0.33)% 34 66 1.9
& oUW 79 936 0.57 39 57  l.46%%
3 CMS 78 1828 0.5(0.31)* 34 86  2.53
3 cUs 79 1838 0.5(0.31)%* 34 74 2.18
CUW 83 1025 0.53 42 60  1.43
E 2CUS 81 1959 0.5(0.30)* 34 91  2.68
] €DS30 - - -- 39 80  2.05
= CDW30 - _— -- VA 74 1.68
5 (s) cesw 79 1838 0.5(0.31)% 34 69  2.03
B (w) CDSW30 - -- -- 40 57  1.43
Average 2.19
Standard Deviation 1.48
(s} - strong direction
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specimens was less than 4£5°. 1In the rectangular columns loaded

in the strong direction (0US, CUS, CMS, etc.) the angle of the
eracks leading teo failure is arvound 30°. However, the average

of the ratios of the measured-to-computed capacity (Vm/VP) is
around 2.0 and is very conservative. In the case of the square
columns with a large spacing of transverse reinforcement, C-DB9Y
and C~DB3, the measured shear capacities are almost the same,

but the ratios of Vm/VP are 2.6 and 8.3. Trom tests and
experience Thurlimann divides the state of behavior of the member
into a transition zone and a full-truss zone. 1In the transition
zone, 4 diminishing tensile force is transmitted by such mechanisms
as aggregate interlock and Eqs. (7.8) through (7.31) are corrected
to satisfy the experimental results. In the full-truss zone, the
member exhibits fully plastic behavior and Egqs. (7.8) through
(7.31) can be applied. For short columns, the contributicon of the
concrete is much more important than that of transverse reinforce-
ment and the member may fall into the transition zone where
equations must be adjusted to fit the experimental data. A
comparison using the approach feor a transition zone was omitted,
because the adjustments proposed for beams were not appropriate
for short columns. Therefore, comparing the ratios of the
measured-to-calculated capacities using Fgqs. (7.8) through (7.31)
for the full-truss zone, it may be concluded that Thilrlimann's
approach is very conservative and does not provide a good measure

of the performance of short columns.

30,31,32 s based on

7.3.2.2 Nielsen. Nielsen's approach
the plasticity theory applied to the truss model as in Thurlimann's
approach. The same assumptions are used and the procedure is
similar to Thiirlimann's. The difference between the two approaches
is in determining the forces which affect the shear capacity of

the truss model shown in Fig. 7.9. In Thirlimann's approach,

the equation for shear capacity is derived from the equations of
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lower stringer force FL (Eq. 7.11)}, and the force in the stirrup
S (Eq. (7.13)). 1In Nielsen's approach, the equatiocn for shear
capacity is derived from the equations of the diagonal force
resisted by the concrete compression struts D (Eg. (7.8)) and

the force in the stirrup 5 (Eq. (7.13)).

From Fig. 7.10 which shows the idealized web of a concrete
section, the equilibrium equations are developed as described

before.
The diagonal force D:

_ v
b= sing (7.8)

Therefore, the compressive stress in the concrete diagonals is 0.t

_ D _ ¥ 1
¢ bh'cose  bh’ * singcosw (7.9)
and the shear force V:
v = qcbh’cosasina (7.32)
where the positive sign indicates compression in the concrete.
The stringer force FLl and F£:
- N _M_ ¥
Upper: P, 5 ~ 7 by cota (7.10)
N M Vv
Lower: Fg = 5+ W +-5 cotgy (7.11)
The force in the stirrup §:
*h
§ = V x o7 tana (7.13)
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The following assumptions are added. The yield strength of the
lower stringer is Fg = FEy = Aﬂfyz' The yield strength of the
stirrups is § = 8§ = Abfys' The crushing strength of the web

concrete is o, = gf; where fé is the compression strength of the
concrete and v is a web effectiveness factor. The beam is
assumed to be underreinforced in flexure, and the strength of the
upper stringer is immaterial. The effectiveness factor is
determined empirically. Therefore, it is necessary to find =a
value of v which will fit the shear capacity of the short ceclumn.

However, 1f v is constant or depends on some function in the

short column, an estimate may be obtained by using this approach.

There are two equations for the shear force.

From Eq. (7.32) vy o= ocbh’cosasina (7.33)
_ sn’

From Eq. (7.13) v = - cotw (7.34)
h

Eliminating o between Egqs. (7.33) and (7.34),
5

o bs

¢ h

/ S

cosy = 1 -
Gcbsh

;S

b

sing

Vv = bh » (Oc - i;) (7.35)

The two criteria to be satisfied are
a. = l/fé (7.36)
S = Af (7.37)
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Assuming the beam has failure due to crushing the concrete, V in

Eq. (7.35) is represented by

S S
VvV = bh' —— fpf! - = (7.38)
V/ish ( c bsh)

Eq. (7.38) can be expressed by only one function--5. The maximum

shear capacity VN is calculated using the maximum value of

S =4 f . If the stirrup reaches yielding (f s(bs [2A )vf’):
sy Vs h v c

Av A
v = Dbh’ ;—f S(vf(’: - ]—D'V—f ) (7.39)
n PE Y Sy, ¥s
- = bs '
coty = h vfc-~ 1] {7.40)
Af
v ¥S

1f the stirrup does not reach yielding (f > (bs /24 )Vf’):
Vs h v C

Y SR
Vi o PV, (7.41)

It

coty 1.0 (o = 459) (7.42)

In this case the lower stringer is assumed to have sufficient

capacity so that the beam can achieve the maximum shear capacity

given by the web crushing criterion. To ensure this,
N, M v
' =4 =+ -
FyE Bt > coteo (7.43)

where Fyz is the yield force of lower stringer.

For the short columns with axial compression, £’ -+ oy was
c
substituted for.f;in Egqs. (7.39) to (7.43). 1In this case oy is

equal to the concrete stress under axial compression. As before,
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the shear capacity of the column under diagonal loading was
computed from the shear capacities under principal loading

directions using circular and elliptical interaction relationships.

As mentioned before, the value of V is determined
empirically. Nielsen applied the equation toc the results of
one hundred ninety-eight shear tests on simply supported T-beams
with vertical stirrups in order to calculate the web effectiveness
factor y and the best fit was obtained with v = 0.74, standard
deviation ¢ = 0.03. He concluded that for reasonably designed
beams, the effectiveness factor appeared to be fairly constant.
However, this result was not valid in the case of a/d < 2.4.
Therefore, in the case of short columns, the value of ¥ must be
calculated using the empirical results to determine if a constant

value for v can be derived.

Table 7.4 indicates a comparison of the shear capacities
calculated using Nielsen's approach and observed capacities.
The value of v for each specimen was calculated using measured
capacities. In the square columns p ranged from 0.3 to 0.6,
except for a specimen with large spacing of transverse reinforce-
ment (v = 1.0 for C-DB3). In the rectanéular columns loaded in
the strong direction, v ranged from 0.5 to 0.7 and in the weak
direction, ¥ ranged from 0.25 to 0.3. Shear span-effective
depth ratio (a/d) is 2.69 for the square column, 1.61 for the
rectangular columpn loaded in the strong direction, and 2.44 for
the rectangular loaded in the weak direction. The effectiveness
factor appears to increase as the shear span-effective depth ratio
becomes smaller. Using this observation, v was assumed tec be
equal to d/fa, and the shear capacity of each specimen VN was
calculated and compared with observed capacity. For these
calculations, the stirrups reached yielding in caleculations of
all gpecimens. The average of the ratios of the measured-to-

computed capacity (Vm/VN) is around 1.0 and the standard
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TABLE 7.4 NIELSEN'S APPROACH AND OBSERVED CAPACITIES
\Y
Specimen Vm =/§/’ VN /;K{
Name kips v tang a kips N
0~-PU 56 0.40 0.33 62 0.90%
C-PU 67 0.54 0.28 63 1.06
0-PB 52 0.30 0.35 68 0.76
g C-PB 77 0.54 0.24 72 1.07
2 0-DM 55 0.31 0.36 70 0.79
8 C-DM 68 0.45 0.30 71 0.96
0-DU 64 0.52 0.29 0.48 62 1.03%*
g 0-DB 61 0.47  0.30 62 0.98%
8, C-DB 68 0.50 0.30 67 1.01
w C~DB32 78 0.32 0.56 101 0.77
C-DB21 76 0.37 0.39 87 0.87
C-DB9 64 0.56 0.20 59 1.08
C-DB3 66 1.00 0.08 36 1.83
g 0Us 66 0.52 0.26 0.62 72 0.92
= ouw 57 0.27 0.39 0.41 72 0.79*
8 CMS 86 0.73 0.20 0.62 79 1.09
cus 74 0.64 0.23 0.62 72 1.02
z cuw 60 0.29  0.38 0.41 71 0.85
8 2CUs 91 0.74 0.19 0.862 33 1.10
% CDs30 8¢ - - -- 78 1.03
E COW30 74 -- -- -- 76 0.97
E (s) CBSW 69 0.57 0.24 0.62 72 0.96
(w) CDSW30 57 - - - 71 0. 80
Average 1.00
Standard Deviation 0.23
(s) - strong direction

w) -

5
e
|

weak direction

specimens reached computed flexural capacities

neglected in average and standard deviation
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deviation is 0.23. Although the average is around 1.0, the value
of py must be known for all cases of columns and beams in order
to calculate design shear capacity. TFor this reason Nielsen's

appreach involves too many uncertainties to apply te design,

It should he noted that the specimens with large spacing
of transverse reinforcement had azlmost the same capacity as those
with small spacing. The longitudinal reinforcements in the
rectangular columms leoaded in the streng direction did not yield,
Therefore, in the short columns the strength of the concrete
compression strut appears to control the shear capacity. Nielsen's
approach, in which it is assumed that maximum shear capacity
occurs when the concrete compression reaches crushing, seems to
be more appropriate than Thiirlimann's approach (in the full-truss
zone) in which it is assumed that crushing of the concrete
compression struts does not occur. However, for practical
calculations of shear capacity, Thirlimann's approach is much

easier to apply than Nielsen's.

7.3.3 Shear Capacity--Zsutty. Zsutty developed an equation

to calculate shear capacity of beams using statistical analysis.
Experimental data indicated that beams with shear gspan-effective
depth ratio a/d less than about 2.5 increased in strength after
first shear cracks occurred. Therefore, beams were divided

into two categories based on the a/d ratio as follows:

(1) Beam action, meaning combined bending and shear stress,
afd > 2.5. The load at first shear cracking is

equivalent to ultimate strength.

{2) Arch action, meaning some type of compression stress
or direct load transfer to supports, a/d <« 2.5. The
load at first shear cracking is less than the ultimate

strength.
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Zsutty proposed the following equation to predict the ultimate
shear strength (concrete contribution) of beams with a/d - 2.5
and no vertical stirrups.
L
d\3
-~ sova (e2,%) |
VZC 60b fcpw S (7.44)

For beams with a/d > 2.5 and vertical stirrups, a VS term as

in the ACI method was added to obtain the shear capacity.

d % Ayfysd
V. = 60bd (f’p —) b —YE (7.45)
Z cC'wa Sh

For beams with a/d’ < 2.5 and no vertical stirrups, Eq. (7.44) is
modified as follows.
14

150Dbd (f;pw)?, (ﬂh)?‘ (7.46)

a

<]
il

ZcC

For the beams with a/d - 2.5 and vertical stirrups,

I
% g3 A d
V. = 150bd (f'p) (—) 4w ys (7.47)
Z c' W a Sh

However, Eqs. (7.46) and (7.47) are intended for simple beams with
direct load and cannot be directly applied for calculating the
shear capacities of the short test columns, because the mechanism
of the short column is similar to that of continuous beams.
Therefore, Eq. (7.45) was used to calculate shear strength.

Since this equation does not include the effect of axial load,
specimens with axial load were not considered. The shear

capacity of the column with diagonal loading was calculated

using the circular or elliptical interaction lines.
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Table 7.5 shows a comparison of the shear capacities
calculated using Zsutty's equation (Eq. (7.43)) and measured
values for the short columns without axial load. The ratio of
the measured-to-calculated shear capacity ranges from 1,2 to 1.5.
These ratios indicate the Zsutty equation is conservative, but
it does not include the effect of axial lcad on the shear

capacity of short columns.

7.3.4 Development of Equation for Shear Capacity. The

measured shear capacity of short columns was compared with values
obtained using ACI 318-77, plasticity approaches developed by
Thirlimann and Nielsen, and statistical equations proposed by
Zsutty. There appears to be several reasons why these methods did
not accurately estimate shear capacity of the short celumms. 1In
most cases, short column shear strength increases after firstc
shear cracking. Some Lype of arch or strut action in the concrete
governs shear behavior and emphasizes the contributicen of the
concrete as opposed to that of the transverse reinforcement.

In scme cases the computed shear capacity may be greater than

the flexural capacity, however, the member exhibits rapid
deterioration of shear capacity and energy dissipating
characteristics. In addition, the loading and deflection

of the short columns is not the same as that of simple beams
(shown in Fig. 7.6) from which most shear data have been obtained.
Therefore, a new equation for the shear capacity of short columns
was developed. The equation was derived from empirical data
using statistical methods (regression analysis). Only empirical
data from beams with a/d*ratios less than 2.5 were considered.

The effective depth (d*) is defined as the distance from

extreme compression fiber to extreme tension reinforcement.

These data were separated inte two groups. One group consisted

of the data from simple beams as shown in Fig. 7.13(a), and the

other from continuous beams as shown in Fig. 7.13(b). The intent
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. fc VZC VZ Vm j?//
Specimen ?/ v
Name psi d kips kips kips Z
(" 0-PU 5000  2.09 23 44 56 1.27%
0-PB 6000 2.09 24 45 52 1.16
A < 0-DM 5950  2.09 24 46 55 1.20
0-DU 4950 2.09 23 hé 1§34 1.45%
\ 0-DB 5050 2.09 23 4ty 61 1.39%*
{ oUs 5810  1.61 27 46 66 1.43
ouw 5820 2044 25 50 57 1.14%
Average 1.26
Standard Deviation 0.04

A - Square column
B - rectangular column

~ specimens reached computed flexural capacities
neglected in average and standard deviation



184

MOMENT

a/d¥< 2 5//\ DIAGRAM

(a) Simply supported Beam

i
AN
a /d*< 2.5 e 8, e 2, =] MOMENT

DIAGRAM
a,/@%< 2.5 /\\\

(b) Continuous beam

d=
- I
—
¥ \
a \
\
MOMENT -ir \ aldk< 2.5
DIAGRAM \ '
a A
k2 \

(c) Short column

Fig. 7.13 Schematic diagrams of compression struts
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was to examine which beams (simple or continuous) behaved in a
manner similar to that of the short column shown in Fig. 7.13(c).
The equation could not be derived directly from the short columns
tested, because the data base was insufficient, even when data

0,

on short columns reported in Japan were included.

The following procedure was used to derive the equation
for shear capacity. First, the contribution of the concrete
was derived using data from beams without web reinforcement. To
include the capacity provided by the compressive struts after
the concrete first cracks, the ultimate capacity of beams without
web reinforcement was used. For the statistical analysis, a
computer program for stepwise multiple regression35 wag used.
Second, the contribution of web reinforcement was derived using
data from beams with web reinforcement. The equation for the
contribution of web reinforcement was derived by subtracting
computed concrete capacity from the total measured capacity.
Third, the equation was modified for influence of axial compressive

load.

7.3.4.1 Beams without Web Reinforcement. To derive the

equation, only tests in which (1) shear failure occurred, and

(2) the maximum load was less than the calculated flexural capacity
were used. From the test results of short columns, it was found
that the shear capacity increases with increasing axial compres-
sion and decreasing shear span to effective depth ratioc a/d*. 1In
the regression analysis, the effective shear area, the concrete
strength, the ratio of longitudinal tension reinforcement, and
shear span to effective depth ratio were chosen for parameters.
It should be noted that almost the same paramefers are included
in the equation proposed by Zsutty. The Zsutty approach seemed
to provide the closest correlation with measured results. A
review of short column results indicates the importance of the

selected parameters also.
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simply Supported Beams. The results of seventy-one simply

supported beams with 1 < a/d®< 2.5 and without web reinforcement
(Refs. 36 to 47) were used to derive an equation for the contribu-
tion of concrete {Table 7.6). Using regression analysis, the

following equation was derived:

5~ = 10.6 - 5.0 g“-ﬁ 3.7/ 6% (7.48)
bd/E!

where d” was défined as the distance from the extreme compression
fiber to the extreme longitudinal tension reinforcement.

Figure 7.14 shows the distribution of the ratio of test to
calculated values. The average ratic was 1.0 and the standard

deviation was 0.12.

Continucus Beams. The results of fifty-eight continuous

beams with 1 « a/d*< 2.5 (the definition of a is shown in Fig. 7.13)

36,40,41,48 were used to derive a second

without web reinforcement
equation representing the contribution of concrete. The data
are shown in Table 7.7. Using a regression analysis, the
following equation was derived:

v
re

bd\V/E

= 7.3 - 2.6 jv+ 1.7/ &% (7.49)

Figure 7.15 shows the distribution of the ratio of test to
calculated values. The average of the ratioc was 1.0 and the

standard deviation was 0.11.

Both equations, Eqs. (7.48) and (7.49), provide a good
estimation of the shear capacity contributed by concrete because

the standard deviation is around 0.1.
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Fig. 7.14 Histogram of the ratio of test to calculated shear

strength - simply supported beams without web
reinforcement
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TABLE 7.6 COMPARISON OF MEASURED AND CALCULATED CAPACTTY--
SIMPLY SUPPORTED BEAMS WITHOUT WEB REINFORCEMENT

189

v Vv v v v v
m re m o Xe. m
Beam  &a* g bA* P bARE ¢ Beam & d* o bAXJE bdw/E v
c c re [od [+ re
Source: Moody, Elstner, Viest, Hognestad (36) Source: Watstein, Mathey (42) (46)
11T 24a 1.52  2.72 §.91 9.16 0.97 a-15 2,086 1.53  6.49 4.93 1.3
2L 1.52  2.72 8.46 9.16 0.97 BlB-1 1.51 3.05 9.07 9.57 0.95
252 1.52 3.46 8.12 9,94 0.82 B18-~2 1.51 3.05 9.47 9.57 0.99
25b 1.52  3.46  8.85  9.94 0.89 cig-L 1.5 1.8 8.39  8.13 1.02
26a 1.52  4.25 11.47 10.70 1.07 c18-2  1.51 1.88 8.89 8.17 L.09
26b 1.52  4.25 11.07 10.70 1.03 D18-1  1.51 L1y 7.73 7.09  1.09
27a 1.52 2.72 9.53 9,16 1.04 DL&=2  1.51 1.16 7.54 7.07  1.07
27b 1.52  2.72  9.44  9.16  1.03 Ele-1  L.51  0.75 6.8  6.29 1.09
282 1.52  3.46 7.96 9.94 0,80 EL8-2 1,51 0.75  6.32 6.29 1.00
28b 1.52  3.45 9.13 9.94 0.92 II-3  L.51 1.88 8.24 8,17 L.01
29a 1.52  4.25 10.61 10.70 0.99 -6 1,31 1.8 8.45  8.13 1.04
296 1.52 4.25 11.08 10.70 1.03 -7 1.51 1.86 8.71 8.14  1.07
Iv-38 1.51 1.86 8.96 8. 14 1.10
Source: Bower, Viest (40) V-9 1.51 1.16 6.86 7.07  0.97
Ta-1la 2.50 1.59 3,21 2.82 1.13 Vi-11 1.51 .17 6.54 7.09 0.92
b 2.50 1.59 3.64 2,82 1.29
Source: Chang, Kesler (43)
Sgurce: Morrow, Viest (37) I-Bl 2,42 1.86 3.54 3.60 0.98
Bl4-B2 1.00 1.85 10.30 10.82 0.95 r-¢l  2.42 2,89 5.80  4.86 1.19
E2 1.00 0.57 8.23 8.67 0.95 ITT-A2 1.86 2.37 7.43 7.05 1.05
A4 1.00  2.50 11.76 11.60 1.01 III-Cl  2.42 2,89 6.35 4.86 1.29
B4 1.00 1.85 10.46 10.82 0.97
E4 1l.00 1,24 10.21 9.91  1.03 Source: Taub, Neville (44)
A6 1.00 3.83 14.84 12,90 1.15 1.2 2.09 4.47  8.51 8.05 1.06
B6& 1.00 1.85 12.21 10.83 1.12
B21-B2 1.45 1.86 6.89 8.44  0.82 Source: Kresfeld, Thurston (45)
AL 1.45 2.46 10.27 9.21 1.11 LI-4A3 1.42 1.55 3.02 4.21  0.72
B4 1.45 1.85 8.16 8.43  0.97 543 1.42 L.55  4.74 5.42  0.87
A6 1.50 3.83 9.55 10.40 (.92
B2 1.96 1.88 5.70 5.93  0.96 Source: Acharya, Kemp (47)
E2 1.91 0.57 1.66 1.87 0.95 ERLb 2.53 2,06  3.96 3.32 1.19
AL 1,93 2.46 6.60 6.81 0. 97 AR4D 2.14 2.60 5.72 5.93 G.96
B4 1,93 1.85 4. 83 6.03 0.80 DRIb 2,44 4.15 7.21 5.01 1.19
Eh 1.93 1.24 4,98 5. 1% 0.97 2b 1.63 %.15 10,23 10. 06 1.02
A6 2.01 3.83 5.39 7.86 0.6%9 4b 1.63 4,15 11.23 10.06 1.12
B6  1.93 1.85 5.14 6.03 0.85 AR3a 2,22 7.57 10.16 9.77 1.04
Source: Baldwin, Viest (38) Source: Rodriguez (41)
OB28 1.93 1.86 5.08 6.05 0.84 E6GN1 1.36 2.64 10,95 9.87 1.11
OF28 1.93 1.83 5.05 6.00 0.84 2 1.36 2.64 9.62 9.87 0.98
3 1.36 2.64 9.79 9,87 0.99
Source: Cossic, Siess (39) C6N1 1.36 2.64 10.80 9.87 0.9
=1 2.01 3.36 7.92 7.40 1.07 2 1.36 2.64 9.32 9,87 0.9
A-1 2.00 1.00 4.31 4,34 0.5%9 3 1.36 2.64 10.03 9,87 1.0z
A-11 2,00 3.33 6.05 7.42 0.82

v

Irc a
= 10.6 - 5, *p 3.
Ny 5.0 ¥a%+ 3.7/5

c

1.0 = ¥g%< 2.5

71 tests
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TABLE 7.7 COMPARISON OF MEASURED AND CALCULATED CAPACITY--
CONTINUOUS BEAMS WITHOUT WEBR REINFORCEMENT

Vm Vrc vm vm vrc vm
Bean  fax o bANE, baRE, V__ Beam Ya¥ ¥, bIF/E bIF/T N
Source: Bower, Viest (40} Source: Moody, Elstner, Hognestad, Viest
I&-2a  2.45 1.59 3.72 3.18  1.17 (continued)
3b  2.50 1.59 3.17 3.05 1.04 3b 1.36 4.76 7.51 7.56 0.99
4da 2.50 1.59 2.93 3.05 0.96 i 1.36 1.47 6.11 5.90 1.03
5b  2.50 1.59 2.79 3,05 Q.91 jid L.36 2.10 7.16 6.31 1.13
6b  2.50 1.59 3.55 3.05 1.1 4a 1.36 2.8 6.17 6.72 .92
7b 2,50 1.59 3.10 3.05 1.02 b 1.36 2.86 5.74 6.72 0.85
8a  2.45 1.59 2.72 3.18 0.86 Sa 1.36 3.76 7.62 7.15 1.06
g8b 2.50 1.59 3.33 3.05 1.09 b 1.36 3.76 7.02 7.15 G.98
118 2 2.00 ).59 3,67 4,34 0.85 6a L.36 4.76 6.92 7.56 0.92
3 2.00 L.59 3.21 4.34  0.74 b 1.36 4.76 B.14 7.56 1.08
ITA 16 1.50  1.59 4.63 5.63 0.82 1 1.36 1.47 6.01 5.90 1.02
2 2.00 1.59 3.67 4,34  0.85 m 1.36 2.10 6.42 6.31 1.02
3 2.50 L.59 2.80 3.05 0.92 7a 1.36 2.86 6.73 6.72 1.00
b 1.36 2.8 5.73 6.72 ¢.85
Source: Redriguez, Blanchini, Viest, 8a 1.36 3.76 8.50 7.15 1.18
Kesler (41) b 1.36 3.76 6.51 7.15 0.91
E3 N1 2.06 2.64 5.33 4.86  1.09 9a 1.36 4.76  7.25 7.56 G.96
2 2,04  2.64 3.30 4.8 1.09 b 1.36 4.76 7.73 7.56 1.02
C3I N2 2.04 2.64 5.49 4.8 1.13 n 1.36 1.47 6.60 5.90 1.12
a 1.36 2.10 7.28 6.31 1.15
Source: Guralnick (48) P 1.36 2.8 6.98 6.72 1.04
TA-IM  1.43 2.37 5.73 6.28 0.91 q 1.36 3.76 8.08 7.15 1.13
IC-IM 1.44 4.29 5.74 7.16 .80 r 1.36 476 7.37 7.56 0.97
IV h 2.04 1.47 3.97 4.15 0.96
Source: Moody, Elstner, Hognestad, Viest (36) i 2.04 2,10 3.97 4,56 0.87
I-h  1.36 1.47 6.05 5,90 1.02 ] 2.04 2.86 4&.84 4.97 0.97
i 1.3 2.10 6.92 6,31 1.09 k 2.04 3.76 5.05 5.39 0.94
la 1l.36 2.86 6.25 6.72 Q.93 1 2.04 4.76  4.53 5.81 0.78
b 1.36 2.86 6.74 6.72 1.00 v d 1.82 2.86 6.41 5.54 1.16
2a 1l.36  3.76 6.26 7.15 0.88 e 1.82 3.76 6.71 5.96 1.13
b 1.36 3.76 7.38 7.15 1.03 g 1.82 2.86 6.38 5.54 L.15
e 1.36 3.76 6.26 7.15  0.88 h 1.82 3.76 7.75 5.96 1.29
32 1.36 4.76 7.54 7.56  1.00 i 1.82 4.76  6.87 6.38 1.08

rc
bd¥ g = 73 - 26 ar 115
<

1.0 < ¥a%< 2.5
58 tests
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7.3.4.2 Web Reinforcement. Using the measured shear

capacity of the beams with web reinforcement in which the load
in shear failure is less than the calculated flexural capacity,
the contribution of the web reinforcement to the shear capacity
was derived. Two assumptions were made. 1t was assumed that the
total shear capacity was the sum of the contribution of concrete
and web reinforcement. Therefore, the contribution of the web
reinforcement was computed by subtracting computed concrete
capacity from total measured shear capacity. It was assumed
that the contribution of web reinforcement could be expressed

by an equation similar to that in ACI 318-77, Eq. (7.7). The
following equation was assumed for the contribution of web

reinforcement:

A_f Sd‘f’f
Vrs (simple} = Bl S (7.50)
h
or
AL Sd“‘
~ t '- g o
Vrs {continuous) 82 5t (7.51)

where Bl and BZ represent reduction factors to reflect the reduced
efficiency of transverse reinforcement in short members. The
values of El and BZ were sclected so that the sum of the computed
contribution of concrete and web reinforcement is equal to the
total measured shear capacity.

From thirty-six simply supported beams with web reinforce-
49,50,51
nt,

me a value of Bl = 0.42 was computed by averaging the
reduction factors shown in Table 7.8. For simply supported beams

with web reinforcement (no axial load), the shear capacity is:
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TABLE 7.8 TFFICIENCY OF TRANSVERSE REINFORCEMENT--
Bl FOR SIMPLY SUPPORTED BEAMS

\ v v Af
m ¢ £s v ys

% T4 % for % [E? ’
Beam bd ch bd VFC bd q@c bsﬁJﬁc B,

Source: Moretto (49)

1v /4 9.87 .32 0.55 2.62 0.21

27 1/4 9.7L 9.32 0.39 2,22 0.18

11 1/4 9.78 9.32 0.46 3.26 0.14

21 1/4 9.59 9.32 0,27 2.9 0.09

1D 1/4 i0.02 9.32 0.70 3.68 0.19

2D 1/4 11.91 9.32 2.49 3.70 0.67

v 3/8 13.11 9.32 3.79 5.28 0.72

2v 3/8 11.15 9.32 1.83 4.56 0.40

11 3/8 12.96 9.32 3.64 b.44 0.57

21 3/8 12.76 9.32 3.44 5.96 0.58

2D 3/8 11.79 9.32 2.47 6. 86 0.36

Source: Clark {50)

Al-1 6.82 5.43 1.39 3.10 0.45

2 6.55 5.43 L1.12 3.16 0.36

3 7.00 5.43 1.57 3.18 0.50

4 7.49 5.43 2.06 3.12 0.66

Bl-1 8.78 7.38 L.40 3.04 0.46

2 7.75 7.38 0. 37 2.92 0.13

3 8.91 7.38 1.53 3.04 0.50

& 8.45 7.38 1.07 3.06 0.35

5 7.61 7.38 0.03 2.96 0.01

Cc3-1 9.08 8.12 0.9 3.68 0.26

2 §8.21 8.12 0.09 3.70 0.02

Ca-1 9.52 9.32 0.20 2.80 0.07

Dl-6& B8.37 7.80 0.57 3.50 0.16

7 8.53 7.80 0.73 3.48 0.21

8 g§.88 7.80 1.08 3.48 .31

D2-6 7.81 5.36 2.45 4,54 0.54

7 7.35 5.36 1.99 4.60 0.43

8 8.30 5.36 2.94 4,82 0.61

D4-1 8.11 5.36 2.75 3.76 0.73

2 7.82 5.36 2.46 3.88 0.63

D5-1 6.99 3.36 1.63 2.80 0.58

2 7.36 5.36 2.00 2.76 0.73

3 7.61 5.36 2.25 2.84 0.79
Scurce: Siess, De Paiva (51)

G33 512 14.36 10.42 3.96 6.50 0.61

32 17.61 11.60 6.01 6.48 0.93

Average .42

v Af
o a/.x —vys
bd®E 7F - (10.6 - 5.0 ¥d*+ 3.72/pB= p
./Ec 1 bshﬁc

1.0 = Y a*=z 2.5

36 tests
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A £ d¥

e 2l Se e v ys
= 6 - 5.0+ 3. ' + 0.42 7.52
v (10.6 5 Odk 3 LJp )] de 1 ( )

From thirty-four continuous beams with web

. 36,41,48
reinforcement,

a value of 82 = 0.61 was calculated by
averaging the reduction factors shown in Table 7.9. For
continuous beams with web reinforcement (no axial load), the

shear capacity is:

I

_ _ A £ d'}f
V. = (1.3 - 2,65+ 17/ bdfEL + 0.61 %l"ﬁ— (7.53)
h

Tables 7.10 and 7.11 give the ratio of calculated capacity
vrt to measured capacity Vm using Eq. (7.52) for simply supported
beams and Eq. (7.53) for continuous beams. TFigures 7.16 and 7.17
indicate the distribution of the ratio of test to calculated
values in simply supported and continuous beams. Both equations
seem to provide a good estimate of the shear capacity of speci-
mens with web reinforcement with values of standard deviation

less than 0.1.

7.3.4.3 Axial Compression. The effect of axial

compression on the ghear capacity of beams was estimated by

using a concept shown in Fig. 7.18 proposed in the Swedish and
Nordic codes. 1t is assumed that the axial load restricts the
deformation of the member apd the occurrence of the shear crack

is delaved until the deformation due to the axial load is overcome
by lateral displacement or by moment. Therefore, Va’ the
contribution of axial compression to the shear capacity, was

derived by calculating the applied lateral load necessary to
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TABLE 7.9 EFFICIENCY OF TRANSVERSE REINFORCEMENT--
82 FOR CONTINUOUS BEAMS

v v v A £
m re rs v ys

Beam bd*‘Jﬁ; bd*VE; bd*Jf; bshVE; B,

Svurce; Rodriguez, Bilianchini, Viest, Kesler (41)
C3 A2 8.30 4.85 3.45 4.36 0.79
E2 Al 6.34 4.36 1.98 3.10 0.63
2 6.72 4.36 2.36 3.58 0.66
3 6.98 4.36 2,62 3.50 Q.75
C2 Al 5.18 4,36 0.82 2.32 0.25
2 6.34 4.35 1.99 3.32 0.60
E3 Hl 8.58 4.86 3.72 6.26 0.59
C3 H1 9.72 4,86 4.86 8.58 0.57
2 8.90 4.86 4,04 6.84 0.59
E2 H1 8.0L 4. 36 3.65 7.24 0.50
2 7. 34 4.36 2.98 4,64 0.64
Cc2 H1 7.98 4.36 3.62 7.34 0.49
2 6.47 4.36 2.11 4.12 0.51
B2 Al 4.96 3.95 1.01 2.32 0.43
HL 7.25 3.95 3.30 4. 90 0.67
H2 6.38 3.95 2.43 3.00 0.81

Source: Elstner, Moody, Viest, Hognestad (36)

I 10a 11.67 7.04 4.03 4.52 0.89
b 10.32 7.64 2.68 4.72 0.57
11a 12,63 7.64 4,99 7.12 0.70
b 12.24 7.64 4.60 7.92 0.58
12a 11.93 7.64 4.29 9.50 0.45
b 11.13 7.64 3.49 10.52 0.33
Is 14.82 7.64 7.18 15.92 C.45
t 15.67 7.64 8.03 16.70 0.48
I 13a 12.48 7.64 4,84 5,98 0.81
b 12.60 7.64 4.96 6.58 0.75
14b 15.80 7.64 8.16 16.0 0.82
15a 15.91 7.64 8.27 14.94 0.55
Iu 10.38 6.80 3.58 4.70 0.76
v 11.27 6.80 4,47 6.32 0.70
W 11.00 6.80 4.20 6.82 C.61
Source: Guralnick (48)

T A2 8.80 6.61 2.64 3.76 0.70
B2 7.24 5.53 1.71 3.80 0.45
c2 9.70 7.16 2.54 2.82 0.80
Average 0.61

v A f

T = (7.3 - 2.6 Y+ 1.4 8, — L2
hd* fE bshﬁ
c
1s ¥da¥s 2.5

34 tests
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TABLE 7.10 RATIO OF TEST T0O CALCULATED STRENGTH--SIMPLY
SUPPORTED BEAMS WITH WEB REINFORCEMENT

o Avfys Vm Vrt Vm
an " WERE
Source: Moretto {49)

v 1/4 1.10 9. 87 10.42 0.95
2V 1/4 0.93 9,71 10.25 0,95
11 1/4 1.37 9.78 10.69 0.92
21 1/4 1.23 9.59 10.55 0.91
D 1/4 1.55 10.02 10.87 0.92
2D 1/4 1.55 11,91 10.87 1.09
v 3/8 2.22 13.11 11.54 1.13
2V 3/8 1.92 11.15 11.24 0.99
11 3/8 2.70 12.96 12,02 1.08
21 3/8 2.50 12.76 11.82 1.08
2D 3/8 2.88 11.79 12.20 0.97
Source: Clark (50)
A1-1 1.30 6.82 6.73 1.01
2 1.33 6.55 6.76 0.97
3 1.34 7.00 6.77 1.03
4 1.31 7.49 6.74 1.11
Bl-1 1.28 5.78 8.66 1.01
2 1.23 7.75 8.61 0.90
3 1.28 8.91 8.66 1.03
4 1.29 8.45 B8.67 0.97
5 1.24 7.41 8.62 0.86
c3-1 1.53 9.08 9.67 0.9
2 1.35 821 9.67 0.85
Chl 1.18 9.52 10,50 0.91
DL=6 1.47 8.37 9.27 0.90
7 L.46 8.53 9.26 0.92
8 L.46 8.88 9.26 0.96
D2-6 1.9 7.81 7.27 1.07
7 1.53 7.35 7.29 1.01
8 2.02 8.30 7.38 1.12
D4-1 1.58 5.11 §.94 1.17
2 1.63 7.82 6.99 1.12
D5-1 1.18 6.99 6.54 1.07
2 1.14 7.36 6.52 1.13
3 1.19% 7.61 6,55 1.16
Source: Siess, De Paiva (51)
G33512 2.73 14.36 13.15 1.09
3z 2.72 17.61 14.32 1.23
et 2 10.6 - 5.0 A aer 3.7 pH+ 0,42 Ay
_ = - - 3. w+ 3. - . -
bd*Jf; o bsth::

1.0 < ¥ @z 2.5

36 tests
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TABLE 7.11 RATIO OF TEST TO CALCULATED STRENGTH--
CONTINUCUS BEAMS WITH WER REINFORCEMENT
0.61 Avfys Vm Vrt vm
Seam bs, /€7 bd* /E bax/E -
Source: Rodriguez, Bianchini, Viest, Kesler (&41)
C3 AZ 2.66 8.30 7.51 1.10
E2 Al 1.89 5.34 6.35 1.00
2 2.18 6.72 6.54 1.03
3 2.14 6.98 6.50 1.07
Cc2 Al 2.03 5.18 6.39 0.81
2 2.03 6.34 6.38 0.992
B3 H2 3.82 8.58 8.68 0.99
C3 HL 5.23 9.72 10.09 0.96
2 4.17 B.90 9.03 0.99
E2 HIL 4.42 8.01 8.78 0.91
2 2.83 7.34 7.29 1.0t
c2 HL &£.48 7.98 8.84 0.90
2 2.51 6.47 6.87 0.94
B2 Al 1.42 4.96 5.47 0.91
Hl 2.99 7.25 6.94 1.04
H2 1.83 6.38 5.78 1.10
Source: Elstner, Moody, Viest, Hognestad (36)
Il0a 2.76 11.67 10.40 1.1z
b 2.88 10.32 10.52 0,98
lla 4,34 12.63 12.00 1.05
b 4.83 12.24 12.47 0.98
12a 5.80 11.93 13.44 0.8%
b 6.42 11.13 14.06 0.80
Is 9.71 14.82 17.35 0.85
t 10.19 15.67 17.83 0.88
113a 3.65 12.48 11.29 L.10
b 4.01 12.60 11.65 1.08
l4a 6.10 15.80 13.74 1.15
15a 9.11 15.91 16.75 0.95
Tu 2.87 10.38 9.67 1.07
v 3.85 11,27 10.63 1.06
w 4.16 11.00 10. 96 1.0
Scurce: Guralaick (48)
a2 2.29 8.80 8.435 1.04
B2 2.32 7.24 7.85 0.92
c2 1.72 9.70 8.88 1.09
v £
—Et = 7.3 - 2.6 Y+ 1.7 5%+ 0.61 Alys
bd&@: bsmﬁz

1.0 = Y a*s 2.5
34 tests
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Fig. 7.16 Histogram of the ratio of test to calculated shear
strength -~ simply supported beams with web
reinforcement
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Fig. 7.17 Histogram of the ratio of test to calculated shear
strength - continuous beams with web reinforcement
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produce a stress of zero in the tension face of the concrete with

axial compression acting onthe section.

AT W
Ag I 2
a - f%ih {7.54)
where Va = contribution of axial compression to shear capacity, 1lbs.

N = applied axial compression, lbs.
I = moment of inertia of uncracked section, inﬁ
a = ghear span, in.
Ag = gross area of cross section, in2
h = pverall depth of section, in.

The validity of this equation was confirmed in experiments ceonducted
by Hedman and Losberg.52 To check the applicability of the equation
for the effect of axial load on shear to short columns, the
contribution of axial compression to the shear capacity for the
specimens in the current investigation was studied. 1In Table 7.12,
each pair of specimens listed were identical except for the level

of axial compression. The measured contribution of axial
compression AVm was obtained by subtracting the measured strength

of the specimens without axial compression from the measured
strength of the specimen with axial compression. Because the
concrete compressive strength was different in some pairs, AVm

was adjusted using equations for the contribution of the concrete
(Eqs. (7.48) and (7.49)). TFor simply supported beams, the

corrected difference in shear strength is:

ro_ e a FeNg el . Rl
W= A+ bd(20.6 - 5.05+ 3.7,/8) (L, - JEL, ) (7.55)



TABLE 7.12 CONTRIBUTION OF AXYAL COMPRESSION TO

SHEAR CAPACITY

201

'
3oty
a

i £ v av v
Specimen c m m a
Name psi kips kips kips Simp, Cont. Simp. Cont.
0-PB 6000 52
25 14 25 25 1.79 1.79
C-PB 5950 77
0-~DM 5950 55
13 14 ié 16 1.14 1.14
C-DM 5250 68
ous 5810 66
8 17 i3 13 0.77 0.77
Cus 5060 74
0us 5810 66
20 17 18 19 1.06 1.12
CMS 6090 86
0us 5810 66
25 34 23 24 0.68 0.71
2CUs 6090 91
AVm = Vm {(axial compression) - Vm (no axial compression)
QV; = AVm adjusted using Eqs. 7.55 or 7.56
v

- 24
o4
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For continuous beams, the corrected differepnce in shear strength is:

1 a Y et P
W= W+ bd (7.3 - 265+ 17/ (EL - WJELY) (7.56)

where AV; adjusted measured contribution of axial compression

f;l = concrete compressive strength in the specimen

without axial compression

I

féz = concrete compressive strength in the specimen with

axial compression
Tt should be noted that virtually the same correction would have
been obtained if VEZI7EZ;‘had been applied to Vm. The values of
AV; (simply supported beam, and continuous beam) are compared with
the calculated contribution of axial compression (Eq. (7.54)). The
ratio of AV% to V_ in both equations ((7.55) and (7.56)) shows
the equation of calculating the contribution of axial compression
is acceptable. However, in the case of 2CUS, AV% is less than Va'
Specimen 2CUS is the only specimen with 80 percent of the axial
load corresponding to balanced strain condition (Pb). All other

specimens were subjected to 40 percent of P Therefore, it seems

b
reasonable £o limit the level of Va because of the lack of data
for specimens with high axial compression (more than 0.4Pb}.
Based on the available data, the limit was set as the value

corresponding to an axial compressive load equal to 0.4P as

bJ
follows:

for N > O.APb, use N = O.4Pb
to compute Va'

The contribution of axial compression was added to the Egqs. (7.52)
and (7.53). The total shear capacity for beams with web reinforce-

ment and axial compression is:
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i

- -a‘- T ——
Ve (simply supported) (10.6 - S.Od*4'3.ﬂjp‘) b&b&;

A E g%
+ 04218y ii‘lh (7.57)
h E
- Q_ '__: Ly
Vr {continuous) = (7.3 - 2.66*-¥1.7VHP) bdﬁE;
A £ g¥
vi
+0.61— 8 afh (7.58)
h g
a
1 = ESI‘ = 2-5

N = O.4Pb when N > 0.4Pb

7.3.4.4 Short Columns. In this section the application of

Eqs. (7.57) and (7.58) for beams to short columns is discussed. As
mentioned before, the only studies of the shear behavior of short
columns under monotonic or reversal loading are those in several
Japanese laboratories and at The University of Texas. The

results of the Japanese investigations have been compiled by the

Building Research Institute.zo’21

Jdpanese Tests. One hundred eleven short columns with

1 < a/d*s 2.5 under reversal loading were reported. However, in
almost all of the columns the measured maximum capacities were
greater than calculated flexural capacities, because the
longitudinal extreme tension reinforcement ratic 5ﬁ was relatively
small=—1less than 1.0 perceant in more than half of all columns,
Equaticns (7.58) and (7.59) were used to estimate the capacity of
the one hundred eleven tests. In one hundred tests, the measured
maximum capacities were greater than calculared flexural capacities.

Therefore, only eleven tests were appropriate for confirming the
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validity of the equations. It is intervesting to note that nearly
half of the columns showed rapid deterioration of capacity after
each peak load in spite of the fact that the flexural capacity
was reached. Therefore, the tests provide data for a more

detailed study of shear deterioration in the next chapter.

Table 7.13 indicates the comparison of computed (simply
supported beam in Eq. (7.57), and continuous beam in Eg. (7.58))
to measured- capacity for the 11 Japanese tests. The ratio of
measured-to-~computed capacity (Vm/Vr) shows that the average for
both equations is the same, but the standard deviation for the
continuous beam equation (0.03) is much better than the simply
supported beam equation (0.14). It should be noted that in
some cases, the computed shear capacity was larger than computed
flexural capacity, especially when the simple heam equation was
used. Therefore, to calculate the shear capacity of the short
columns, the equation derived from the data of continuous heams
provides a better estimate of strength than that derived from the
data of simply supported beams for the Japanese tests of short

columns.

Table 7.14 provides an estimate of the effect of tranmsverse
reinforcement on shear capacity. The contribution of transverse
reinforcement was cbtainad by subtracting the contribution of
concrete (Vrc) and axial load (Va) from measured shear capacity
(Vm). The equation derived from the data of continuous beam is
used for calculating Vrc' From the continuous beam tests, the
reduction factor BZ is 0.61; however, for the Japanese column
tests, the average value of 82 is 0.51. The ratio of the
contribution of transverse reinforcement-to-measured capacity
ranges from 0.15 to 0.45, and the average of this ratio is 0.29.
The average ratio of the steel contribution to the the total
strength indicates that more than 70 percent of the strength is

contributed by the concrete.
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TABLE 7.14 EFFECT OF TRANSVERSE REINFORCEMENT —
JAPANESE COLUMN TESTS

Avfysd*

Specimen Vm Vrc va Sh Vm_vrcmV
Name kips kips kips kips 32 Vm
AF 3108 36 26.0 0.0 19.3 0.52 0.28
320A 18 12.2 0.0 11.2 0.52 0.32
32CB 30 12.6 9.3 16.5 0.49 0.27
4208 26 14,2 0.0 19.3 0.61 0.45
Ws2 5BH 39 29.0 4.0 13.1 0.46 0.15
5BT 41 29.0 4.0 13.1 0.61 0.19
AR 15B54 31 20.0 4.0 16.5 0.42 0.23
15B5T 3L 20.0 4.0 16.5 0.42 0.23
20A51 18 8.6 3.1 12.0 0.53 0.35
AR2 5BH l/4 32 14.3 6.0 22.4 0.52 0.37
S5BT 1/4 33 14.7 6.0 23.4 0.53 0.37
Average (.51 0.29

v o-v -y =g AEd¥

Sh
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Current Investigation. FEquations (7.57) and (7.58) were

used to calculate the shear capacity of the gquare and rectangular
short celumns (1 < a/d* < 2.5) in the current investigation.

Table 7.15 shows the comparison of computed and measured results
for the short columas. For four specimens, 0-PU, 0-DU, 0-bB, and
QUW, the measured maximum capacities (Vm) were greater than the
caleculated flexural capacities (Vf). The calculated shear capacity

V_ for 0-PU, 0-DB, and OUW was not greater than V but was nearly
r

f’

equal to V For the other tests, the ratioc of measured-to-

£
computed capacity (Vm/Vr) was calculated. The shear capacity of
the column under diagonal loading was computed from the shear
capacities in the principal loading direction using circular

and elliptical interaction curves. QOnce again, the ratio Vm/Vr
indicates that the average and standard deviation for the

continuous beam equation (average = 0.97, standard deviation = 0.08)

is better than the simply supported beam equation (0.90, 0.12).

Based on the two test series (Japanese tests and current
investigation) it is clear that tHe equation based on continuous
beam results is more appropriate for calculating the shear capacity
of short columns than that based on the data of simply supported
beams. The vesults confirm the hypothesis that shear behavior of
short columns is closer teo that of continuous beams than that of
simply supported beams. The applicability of these equations for

the control of shear deterioration is described in the next chapter.

Table 7.16 indicates the effect of transverse reinforce~
ment on the measured shear capacity. The contribution of
transverse reinforcement is obtained by subtracting the
contribution of concrete (Vrc) calculated using the equation
based on the data of continuous beams and the contribution of
axial load (Va). Specimens in which the computed flexural capacity

(Vf) was less than measured maximum capacity (Vm) and rectangular
)
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TABLE 7.15 COMPARISON OF COMPUTED AND MEASURED CAPACITY —

UNIVERSITY OF TEXAS COLUMN TESTS

v V%/V
T

. Vv v .
Specimen m £ kips
Name kips kips Simp. Cont. Simp. Cont.
O-PUO 56 49 61 55 -— k% -— *%
C-PU 67 80 72 67 0.93 1.00
0~PB 52 53 66 59 0.79% 0.88%
C-PB 77 78 79 72 0.97% 1.07
g 0-DM 35 65 66 60 0.83% 0.92
=3 C-DM 68 76 77 71 0.88% 0.96
S 0-DU 64 59 61 55 -— &% -= W%
y 0-DB 61 59 61 55 -— W% -— %%
% C-DB 68 73 74 68 0.93 1.00
= C-DB32 78 30 92 92 0.85% 0.85%*
©“ C-DB21 76 84 85 81 0.89% 0.94
C-DB9 o 84 75 67 0.85 .96
C-DB3 66 80 72 62 0.92 1.06
- 0us 66 25 83 69 0.80 0.96
é ouw 57 51 42 45 -— W -—— ®%
o CMS 86 120 103 a8 0.83 0.98
- cus 74 113 96 83 0.77 0.89
g cuw 60 68 50 54 1.20 1.11
5 2CUs 91 134 104 88 .88 1.03
2 CDS30 80 105 84 79 0.95 1.01
= CDW30 74 78 66 67 1.12 1.10
§ (s) CBSW 60 114 96 82 0.72 0.84
(w) CDSW30 57 73 55 58 1.04 0.98
Average 0.90 0.97
Standard Deviation 0.12 0.08
(s) - strong direction
(w) - weak direction

Shaata
W

the computed shear capacity Vr is greater than
computed flexural capacity Vf
the computed flexural capacity Vf is less than
measured maximum capacity Vm
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TABLE 7.16 FEFFECT OF TRANSVERSE REINFORCEMENT —

UNIVERSITY OF TEXAS COLUMN TESTS

F
b

v A _a¥
Vm Vrc a J__é}’___ v -y -V
Specimen h m "re a
Name kips  kips kips kips 82 Vm
o-pu 56 40.1 0.0 2.4 - .-k
C-PU 67 37.8 13.0 2.4 0.66 0.25
0-PB 52 43,9 0.0 2. 4 0.33 0.16
z C-PR 77 43.7 13.0 2.4 0.83 0.26
5 0-DM 55 43.7 0.0 26,2 0.43 0.21
5 c-pM 68  4l.1 13.0 26.2 0.53 0.20
© 0-DU 64 39.9 0.0 244 - - %
o 0-DB 61  40.3 0.0 264 - % -
=] C-DB 68  38.7 13.0 26.2 0.61 0.24
4 C~-DB32 78  41.7 13.0 59.4 0.39 0.30
C-DB21 76 43.0 13.0 39.2 0.51 0.26
C-DR9 64  43.0 13.0 17.1 0.47 0.13
C-DB3 66 46,3 13.0 6.1 1.43 0.13
z 0US 66 53.8 0.0 2.1 0.51 0.18
5 oUW 57 29.6 0.0 25.2 .-k — %
5 CMS 86 55.1 17.0 2.1 0.58 0.16
< cus 74 50.2 17.0 261 0.28 0.09
§ CUW 60 27.6 10.0 25,2 0.89 0.37
= 2CUS 91 55.1 17.0 24.1 0.78 0.21
= CDS30 80 ok — —— -—kk e
g ChwW30 74 - Xk N - k% -k —
% (s) CBSW 69 50.3 17.0 24.1 0.07 0.02
(w) CDSW30 57 O e K% — k% -k g
Average 0.58 0.20
d
v - v. -V =28 v yS
m rc a
°h
(s} - strong direction
{(w) ~ weak direction

the computed flexural capacity Vf is less than
measured maximum capacity Vm

the rectangular column with diagonal loading
direction; there is no way to calculate Vrc’

Avf Sd*"-‘
Va’ —L—-S , and [32

h
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columns loaded in the diagonal direction were not included in
this comparisen. Note that although the average of 8, is 0.98
(with a ranpge of 0.07 to 1.43), the ratio of the contribution of
transverse reinforcement-to-measured capacity ranges from 0.02
to 0.37 with an average of only 0.2. In spite of the large
amounts of transverse reinforcement in specimens C-DB3Z and
C-DB21, only 30 percent of the measured capacity was attributed
to the transverse reinforcement. The contribution of the
transverse reinforcement to the measured capacity in specimens,
CUS and CBSW, was nearly zero. It is clear that the concrete
contribution to the total shear capacity is of primary importance
and that the concrete contributes at least 70 to 80 percent of

the total shear capacity of a short column.

7.4 Summary

In this chapter the shear capacity of short columns was
calculated using the ACI 318-~77 approach, formulaticns based
on plasticity theory and equations propesed by Zsutty. The
equations reviewed have been developed from simple beams with
moderate a/d¥ ratios. The shear strength contributed by the
concrete is based on first cracking. Short columns have extra
strength after first cracking, because lateral forces may be
transferred by compression (through arch or strut action) in
the concrete. In addition, the shear behavior of short columns
between stiff fleors is similar to that of continuous beams.
Based on data from continuous beams with 1 < a/d"< 2.5 which
failed in shear, an equation for shear strength was proposed.
This egquation was used to calculate the shear capacities of short
columns tested in Japan and at The University of Texas in order
to evaluate the applicability of the equation to short columns.
The comparison of measured and calculated shear strength indicates

that the equation is acceptable,



CHAPTER 8

PROCEDURE TC CONTROL THE PERFORMANCE
OF SHORT COLUMNS

8.1 General

In Chapter 7, an empirical equation for calculating the
shear capacity of short columns was derived from data of continuous
beams failing in shear. However, this equation considers only
the shear capacity and does not address the problem of deteriora-
tion of strength and the control of enmergy dissipating character-

igtics of the columns.

In this chapter a procedure to control the performance of
short columns is introduced. First, an equation for calculating
shear strength is proposed. This equation is a simplification of
the empirical equation introduced in Chapter 7. Second, this
proposed equation is examined relative to the results of Japanese
tests of short columns in which almost half of one hundred eleven
columns exhibited rapid deterioration after reaching maximum load
even though the calculated flexural capacity was achieved or
exceeded. Third, the procedure to control the performance is
described and characteristics of this appreach are compared with

those in Appendix A of ACI 318-77.

8.2 Shear Strength

As described in Chapter 7, empirical equations for
calculating the shear capacity of short columns were derived from
the data of simply supported and continuous beams with 1 < afd* = 2.5
which failed in shear. From the application of these equations to

short columns, it was clear that the equation based on data of

211
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continuous beams was mere appropriate to short columns than that
based on data of simply supported beams. The empirical equation

introduced in Chapter 7 was

A £ d*

= - -y _2NI _y___
Vr (7.3 2. 6 iy 1. ij (bd’VEc + == A h + 0.61 (8.1
g *h
153—*—525

= O.lLPb when N > 0.4Pb

As mentioned in Chapter 5, at maximum load, spalling of concrete at
the corner of the column and extensive cracking of the faces
occurred. Therefore, the core area of concrete (measured
out-to-out of transverse reinforcement, Ac) was substituted for
bd* in calculating the contribution of concrete using Eq. (8.1).
Since the equation provided a good estimate of the shear capacity
of Japanese column tests and those of the current investigation,
the wvalue of the contribution of concrete Vrc was kept the same

by adjusting the constants in the equation. Since bd”" is about

equal to 1.2Ac, Eq. (8&.1) takes the following form:

%

f d
= _ 22 I ., _2NL ___1___
Vr = (9 35% + ZJQ ) ACVEC + —=  h + 0.61 (8.2)
g h
1Sic525

d

= O.&Pb when N > O.4Pb

The equation will be simplified further by examining each term in
the equation and eliminating any terms which do not significantly

change the strength for typical column geometries.
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8.2.1 Transverse Reinforcement. As mentioned in

sec. 7.3.4.4, the contribution of transverse reinforcement is
not likely to exceed 30 percent of the total shear capacity of
short columns even when large amounts of transverse reinforcement
are used. Figure 8.1 indicates the relationship between the
measured maximum capacities and the spacing of transverse
reinforcement in square columns specimens, C~DR32, C-DB21, C-DB,
C-DB9, and C-DB3. This figure indicates that there was a

20 percent increase in measured shear capacity when the tie
spacing was reduced from 12 in. to 1.13 in. It appears that the
contribution of transverse reinforcement to the shear capacity
can be ignored without significant loss of accuracy, but with

considerable improvement as far as simplicity is concerned.

2N1

a =3 =
v o= (9 - 3d—,v; + 2,/p7) Ac,/f’c + aAgh (8.3)

r

In addition, the equation becomes more conservative with regard

to shear failure of short columns than Eq. (8.1).

8.2.2 Ratio of Longitudinal Extreme Tension Reinforcement

p* (Percent). 1In Appendix A (Seismic Design) of ACI 318-77, the

total longitudinal reinforcement ratio P in columns ranges from
0.01 to 0.06. Therefore, p*, the reinforcement in the extreme
tension layer ranges from a minimum of 0.5 percent to a maximum

of 3.0 percent. TFigure 8.2 shows the range of Vr (axial load = 0.0,
Eq. (8.3)) for varying values of p* at a/d® = 1.0 and a/d* = 2.5,
Because the flexural capacity will be limited to permit develop-
ment of desirable hysteretic behavior, the ratio of longitudinal
extreme tension reinforcement will probably fall in a range from
0.5 percent to 1.5 percent for typical designs. This range will

be examined further in Sec. 8.5.3. ©Note that the difference of

Vr for values of p* between 0.5 percent and 1.5 percent is about
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1.0ACJ€ (Fig. 8.2). 1If it is assumed that the contribution of
p* to the concrete portion of the equation is constant at a wvalue
of p* = 1.0 percent, the term of ZJEE can be eliminated and the
constant (9) increased to 11 as follows:

2N1

= Y- I =y
v, (11 sd,:) Achc + aAgh (8.4)

8.2.3 Axial Compression. The term involving the contribu-

tion of axial compression is rearranged as follows:

3
_ _ bh~ * oo
Ag = bh I 12 d 0.85h
L _ owh’ o omo_ oo %% .5
aA h 6abh2 ba a a :
: Fid e

Pb for all the specimens was 300 kips. Therefore, the axial stress
at balanced stress conditions is 2000 psi and at 0.4Pb the stress

is 800 psi, so that the axial load term has a limit of 160Ag/(a/d*).
In terms of the format used in the ACI Code, the nominal shear

strength for short columns subjected to cyclic deformations is:

W

= - é.-,.. ! d_
v (11 - 3%%) AJEL + 0.28° (8.6)
1604
D.2N < g
2 4
d:f dm‘

a
1 < FE3 < 2.5

where v

nominal shear strength of short columns = V /¢
nr u

<3
i

design shear force, factored dead load plus live

load shear
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Table 8.1 shows the comparison of the shear forces of the specimens
in the current investigation calculated using the empirical
equation (8.1) for Vr and the proposed equation Vnr (8.6). Shear
capacities of all specimens calculated using the proposed equation
were less than the flexural capacity. The average ratio of Vm to
Vnr is 1.27 and the standard deviation is 0.17. The average ratio
of Vm to Vr is 0.97 with a standard deviation of 0.08. The
difference can be attributed to the removal of the term for the
contribution of transverse reinforcement in the proposed equation.
It should be noted that computed capacities using Vnr are obviously

more conservative.

8.3 Effect of Deterioration

The proposed equation is examined vis-a-vis the Japanese
data on short columns. Almost half of the one hundred eleven
column tests reported deteriorated rapidly after reaching
maximum load. Table 8.2 shows a comparison of measured maximum
and calculated shear capacities and the flexural capacity for the
Japanese tests. The behavior was classified as flexural or
degrading in shear. Examples of each type of behavior are shown
in Figs. 8.3 and 8.4. The commentary of the SEAOC code53
indicates that the flexural behavior is satisfactory if the
displacement ductility factor, p (defined as the ratio of
deflection at ultimate strength, Au, to that at yield strength,
Ay), is at least 3.0. VTFigure 8.3 illustrates this concept of
flexural ductility. The observed specimen behavior is indicated
in column 5 of Table 8.2. The calculated flexural capacity
Vf (col. 3) and the capacity calculated using the proposed
equation Vnr {col. 1) were compared to determine whether flexure
or shear degrading behavior would be expected. It is interesting
to note that whenever Vnr is greater than Vf, the flexural behavior
requirement stated in the SEAQC code was met {cols. 5 and 8).
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TABLE 8.1 COMPARISON OF EMPIRICAL EQUATION Vr
AND PROPOSED NOMINAL STRENGTH Vnr

v v v v v v
. m f T nr m m
Specimen /I /V
Name kips  kips kips kips T nr
0-PU 56 49 55 41 - % - %k
C-PU 67 80 67 53 1.00 1.26
0-PB 52 53 59 45 0.88%% 1.15
& C-PB 77 78 72 59 1.07 1.30
5 0-DM 55 65 60 45 0.92 1.22
O C-DM 68 76 71 56 0.96 1.21
© 0-DU 64 59 55 41 - % - %
g 0-DB 61 59 55 42 ik —- %
=) C-DB 68 73 68 53 1.00 1.28
b7 C-DB32 78 80 92 57 0.85%% 1.37
C-DB21 76 84 a1 58 0.94 1.31
C-DBY 64 84 67 58 0.96 1.10
C-DB3 66 80 62 59 1.06 1.12
% ous 66 95 69 54 0.96 1.22
3 oUW 57 51 45 28 - % -— %
S CMS 86 120 88 75 0.98 1.15
o cus 74 113 83 69 0.89 1.07
4 CUwW 60 683 54 36 1.11 1.66
2 2CUs 91 134 105 75 1.03 1.21
% CDS30 80 105 79 58 1.01 1.38
H CDW30 74 78 67 43 1.10 1.72
g (s) CBsW 69 114 82 69 0.84 1.00
(w) CDSW30 57 73 58 40 .98 1.43
Average 0.97 1.27
Standard Deviaticn 0.08 0.17
(s) - strong direction

(w) - weak direction

* - the computed flexural capacity V. is less than

] . f
measured maximum capacity Vm

** - the computed shear capacity V_ is greater than
computed flexural capacity Vf
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TABLE 8.2 CLASSTFICATION OF THE BEHAVIOR OF
JAPANESE TEST COLUMNS

1) (2} ) %) (5} {6) [t )] )]
Yt 't Yo Azceptia
Specimana kips  ipe kipo kips Behavior mG\ff Vnzvf Vm_l £ A:; Zoda&

AF 2104 24 L9 25 25 D ] X X X
22C8 22 33 23 23 [} 0 [} X X

3104 b1 43 28 38 ] 0 Q X o}

3108 24 3L 37 36 D X X X X

3204 14 29 20 18 o L4 0 X [

32CA 22 43 29 29 i} 0 0 X X

3z2¢R 22 40 31 30 [ X 0 X X

4104 31 [ 49 49 D Q b9 X X

4204 14 43 27 28 D Q [} 4 [

4208 L% 31 27 26 B X 0 X 3

4208 22 43 36 36 1) 9 0 X o

wS2 184 40 51 41 41 D L] 0 X [
LET 40 51 a1 42 D 0 0 x ¢

2EH 24 25 21 22 13 0 a o [

2ET 24 25 21 22 F 9 Q Q 0

SBH 37 51 45 39 [ x 0 X [\

SBT 37 51 45 41 D X Q X X

GEH 21 23 24 24 D L] X X X

6BT 1 23 2% 4 D Q X X X

7EH 24 56 36 2% D 0 0 X Q

78T, 24 56 36 36 D 0 0 X 9

L8 LaA 29 ab 29 29 F 0 0 0 0
LAB 29 (2 29 29 F 0 0 0 Q

1oa 24 4b 25 26 D ] [¢] X ]

18 24 29 25 26 D 1} 0 X Q

2AA 28 4 29 29 D Q 0 X 0

ZAB 28 36 29 30 D 0 0 X 0

2RA 24 22 18 19 P ] 0 [} 0

288 HA 15 18 19 F o X 0 X

110533 28 44 31 32 )] 9 9 X ]

LE 2BAL 21 27 20 22 F 0 o] Q 0
6ACL 18 22 20 20 ? 0 0 X X

JBCL 21 46 31 31 F 0 0 x 0

BACL 20 46 27 27 4 0 o X 0

8BAL 20 19 27 27 ] 0 0 X 0

AR 15B3H 25 46 35 1 D X V] b4 1]
15BST 25 46 35 3 D X 0 X Q

20A21 17 29 18 18 D 0 0 X 0

20A2T 17 29 1B 18 D s} 0 X X

20ASH 17 29 20 18 D X [} X o

20B2H 17 46 22 22 D [ [} X [+}

20821 17 31 22 22 D 0 0 X X

20B5H 17 46 20 20 ;3 13 0 X Q

[ 9 0 x X

20B5T 17 46 23 2%

(1) - V"r nominal shamr atrength of short columma
2) - V" nominal shear atrength in ACI Code

@) - VE calculated flexural capacity

%) - vm mepaured maxioun lateral load

{5} - Behavior oboerved apecimen behavier

F = Elexure
= shear deterioraction

61 - v =2V

[ £
= 0 = Yes
Gy -v, =¥ X = o
8) -Vm_ = Vf
(03] Accepring ACI Code chacking Vn E Vf and datails

(tie spacing, i diamacar)
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TABLE 8.2 CLASSIFICATION OF THE BEHAVIOR OF
JAPANESE TEST COLUMNS (Cont, )

[49] @) 3) @) ) 6} 7} 8) (s}
Var Vn Vf @
Specimena kips kips kips kips  Behavior VZVf VIV, vnrzvi 2;?2:::3

ARZ 2BH 1/8 20 a8 25 29 F [ Q b4 0
2BH /6 22 48 32 33 D ¢ 0 X c

28T L/8 20 48 25 27 F [} [ X X

28T L/4 22 48 a2 a3 D 1) 0 X X

5BH L/8 20 48 29 3z D 1} o} £ 0

584 1/6 23 48 35 33 2} x 0 b o

SBT 1/8 20 48 2% 32 D [ G X X

SET L/4 23 48 34 33 D £ [ X X

2pH 1/8 20 43 20 22 F [+ o 0 V]

2AH Lf4 23 43 25 27 D 0 o X o

ZAT L/B8 20 42 20 22 F [« o Q 0

ZAT /4 23 42 25 27 D [} o] 4 0

544 1/8 20 43 19 24 F Q 0 0 Q

S5aH 1/ 21 43 25 28 D [+] o] 4 4

SAT 1/8 20 42 19 25 ¥ 0 [¥] 1] 0

SAT 1/4 23 42 25 28 D 1] o X 1]

LE2 JACL 26 38 28 29 ] 0 0 X 0
JBCL 26 29 28 29 D 1] 1] X X

AF2 1 22 45 24 25 »] 4] 1] X 0
CHT 1 98 136 89 95 F Q 0 Q 1]
2 74 114 7 80 1] 0 0 X 0

3 74 129 a7 87 F Q Q X 0

4 14 127 35 95 D 0 4] X 1]

e 18 38 &% 39 39 D o [ X 0
A 22 38 20 21 F 0 5] 0 9

B 22 25 20 20 F Q 0 o] Q

A 15 46 30 il F 0 ] 0 Q9

3B 15 28 30 31 F 0 X [} X

44 19 13 15 15 F 0 0 0 Qq

4B 19 14 15 15 F 0 X 0 X

50 35 49 40 44 ] 0 0 S il

SB35 &% 40 44 b Q Q X 9

A 19 3 L9 22 ¥ 0 0 o 0

68 19 22 19 22 F 0 o 0o 4

n 22 49 3l 3 D 0 0 X Q

7B 22 49 31 31 ] 0 s} X 0

8a 19 49 26 26 F Q 0 X Q

g8 19 35 zb 26 ) ] 0 X 1]

FC 18 50 5t 31 $3 o Q 0 X x
JA 45 23 38 40 F 0 X 0 X

3B 45 L7 a8 39 F 0 X Q X

44 23 16 1% 20 F 0 X o] X

5A 45 59 47 47 F 0 0 X 0

58 45 38 Ly &7 o il ¢ X b4

6A 23 27 z1l 24 F bl a 1] 0

6 22 18 21 26 F 0 b g b

74 28 66 33 36 F Q ] X [+)

78 28 45 33 k[3 F a Q X Q

g4 22 17 27 28 F 13 ki X 0

8g 22 25 27 28 F o X X X

25 28 10 22 24 F G 1) g 4]

23 _28 22 22 25 F 1] ) 1] X

WS 13 43 52 [ 46 1] 0 0 X 0
3B 38 25 30 kx] F Q b4 Q b

240.33 21 42 24 6 1} ¢ 9 X 0
280,33 21 25 264 26 o 0 0 X 4

A 21 34 22 23 B 0 9 X ]

18 21 2 22 23 3 1] 0 X X

580.25 43 52 54 55 I+ 13 X X X

58 318 52 42 43 D 0 9 X Q

640,33 21 52 3l 32 o] 0 0 X Q
6a0.25 31 52 27 30 F 0 Q X Q
6B0.25  z1L 34 27 28 D 0 0 X Q

54 20 32 0 22 F 0 Q 0 0

5B 20 20 20 22 F ] 0 ¢ X

78 21 52 kL) i1 D 0 aQ X X

88 20 30 26 26 D 0 o X X
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Whenever Vnr was less than V the observed behavior was shear

f7
degrading (sixty-seven of the eighty-one columns). In fourteen

columns the observed response was flexural, however, vnr was less

than V Tn no case did a specimen exhibit a shear mode when Vn

£

exceeded Vf. The results show that had the short columns been

proportioned so that Vnr was greater than Vf, it is likely that the

r

behavior would have been dominated by flexure.

Although the proposed equation does not include the effect
of the transverse reinforcement, there are valid reasons for
including some minimum transverse reinforcement in the column.
First, the transverse reinforcement does carry a part of the
shear force even if it is nof included and, therefore, increases
the margin against failure. 1In addition, transverse reinforcement
helps confine the core and maintain the flexural capacity of column
hinging regions, when flexural ductility is required. In Sec. 6.5
it was observed that increased amounts of transverse reinforcement
did not improve the rate of deterioration after the maximum load
was reached, but did improve the ability of the specimen to

withstand large deformations.

To wmeet these requirements, it is recommended that in the
design of short columns the minimum diameter and the maximum
spacing of tramsverse reinforcement should be sgpecified. It is
reasonable to require that at least #3 bars at a maximum spacing
of d*/h should be required. Such a requirement is nearly identical
to that in Appendix A of the ACI Building Code.25 When large cross
sections are chosen for a short column, a winimum amount of
transverse reinforcement may be necessary. TIn the thirty specimens
tested in Japan in which Vnr was greater than Vf and whose behavior
was dominated by flexure, the amount of transverse reinforcement
varied widely. The range of Avfysd*/sh was from 0.12 Vnr to 2°8Vnr'

Therefore, it may be reasonable to require that the transverse

reinforcement meet the following requirement:
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AT Sd*
Y5 . 0.12v__ (8.7)

sh

In terms of a ratio of transverse reinforcement, P the minimum

becomes
0.12v
nr
Py ® Tpdvf (8.8)
where
A
- v
Prh bs,

8.4 Procedure to Control
the Performance

Figure 8.5 shows a flow chart of the proposed procedure to
control the performance for short columns with 1 =« a/d® < 2.5
using the equation Vnr (Eq. (8.6)). T¥First, factored external shear
to the frame is estimated and external shear to each column VU is
calculated using any appropriate analytical techniques. Second,
the column cross section is selected and nominal flexural capacity
Ve = Mn/a is calculated. Third, the values of V and Ve (¢ is
the strength reduction factor for flexure) are compared. If ¢Nf
is less than Vu, the cross section must be revised, and Vf is
calculated for the revised section. When me is greater than
Vu’ the nominal shear capacity based on the proposed equation
vnr can be calculated. Fourth, beth the values of Vf and Vnr and
the values of qvnr (¢ is the strength reduction factor for shear)
and Uu are compared. TIf Vf is less than Vnr and Vu is less than
anr’ the transverse reinforcement is detailed to satisfy minimum

requirements. Otherwise, the cross section must be revised.
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8.5 Comparison of ACI Design and
Proposed Procedure

In this section, the shear capacity calculated using the
ACI method and the proposed equation are compared using the results
of the current investigation and Japanese tests. The characteris-

tics of both approaches are contrasted.

8.5.1 University of Texas Tests. Figure 8.1 indicates

the effect of the spacing of transverse reinforcement to the

shear capacity in the square short columns, C-DB32, C-DBZ21, C-DB,
C-DB9, and C-DB3. The data of these five specimens are shown by
solid square points. The shear capacity calculated using the
proposed equation, Vnr’ is shown by the line just below

the test values. However, the shear capacity using the ACI
Building Code terms VC and VC + VS indicate that there is a large
difference between the measured capacity and the value of VC + Vs
in the specimen with 12 in. spacing of transverse reinforcement.
It is clear that the measured shear capacity of the short column
does not vary significantly with the amount of transverse reinforce-
ment. The ACI equations do not reflect this behavier, but the
proposed equation indicates a fairly high constant shear capacity
with increase in transverse reinforcement. Figures §.6 through 8.9
{repeated from Chapter 6) are interaction diagrams for the square
and rectangular columns. All figures indicate that the proposed
equation provides a better estimate of the shear capacities than
the ACI equations. However, in the case of columns with a/d* near
2.5 (east direction strength in Figs. 8.8 and 8.9), the contribu-
tion of the concrete to the shear capacity becomes small and the
preposed equation yields nearly the same capacity as the ACIT
equation. The beam geometry is approaching that of a slender

beam.
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NORTH
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. 0 %*=2.44
O TIE SPACING = 3.5 in.
(8.9 cm.)
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Fig. 8.8 Rectangular column without axial load
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Fig. 8.2 Rectangular column with axial load (120 kips)
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8.5.2 Japanese Tests. In Table §.2 measured maximum

capacities were compared with calculated values of shear and
flexure for one-hundred eleven short columns tested in Japan.
Seventy-four specimens meet ACI Building Code requirements for
size and spacing of transverse reinforcement and the calcuiated
flexure is greater than the shear capacity using ACI procedures.
However, of the seventy-four specimens, forty-five specimens failed
in a shear degrading made after reaching maximum load. Tigure 8.4
showed an example of a specimen exhibiting shear deterioration
even though it met all ACI Building Code requirements. However,
using the proposed equation, in all caseg in which the calculated
shear capacity was greater than calculated flexural capacity,

the behavior of the column was governed by flexure (Fig. 8.3).

8.5.3 A Comparison of ACI and Proposed Procedure. The

proposed procedure appears to ensure better performance than ACI
design requirements. Figure 8.10 shows a cowparison of the lengitu-
dinal reinforcement ratio (total Iongitudinal reinforcement divided
by the area of the cross section) for the case of Vnr (proposed

equation) = V_ and the case of Vn(ACI) » V_. Three levels of

f f

transverse reinforcement were used to calculate Vn. Vn = Vc

+ BJEL b (V= 2(1 + O.OOOW/AE)JE bd*) indicates the maximum

value of V , and V. =V + 50bd™ indicates the minimum. vV =V
I Lﬂ n c n C

+ QJTQ bd™ is chosen at the mid-range of transverse reinforcement.

To determine the limits of pg for which the Vnr = Vf or the

V_ = V. criterion will be met, the flexural (Vf) and shear

n b
capacities (Vnr or Vn) were computed in terms of Py substituted

into v[‘ll’ = Vf £’

different a/d” ratios. Two limiting cases were considered;

or Vn 2 V., and the equation was solved for Pe for

p* = pg/Z and p* = pg/é. In most cases the ratio of lengitudipal
reinforcement in the extreme tension zone will range from a maximum
of pg/2 to a minimum pg/4 as shown in Fig. 8.10. Assuming a square

column with f; = 5 ksi, fy = 60 ksi and axial compressive stress
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Oy = 0.8 ksi (the maximum axial load to be used in Eq. (8.6)), Vnr,
Vn and Vf were calculated. Figure 8.10(a) (p* = pg/2) indicates
that the maximum Py for vnr = Vf is about 1.8 percent and

Fig. 8.10(b) (p* = pg/&) indicates that it is around 2.4 percent.
Minimum pg is determined as 400/fy which is 1.0 percent for prade 40
and 0.67 percent for Grade 60. The minimum p is determined from
Eq. (10.3) of the ACI Building Code25 by sett?ng pg/Z = 200/fy' In
the case of Vn’ Figs. 8.10(a) and (b) show that it is impossible to
design short columns using high longitudinal reinforcement ratio
with decreasing a/d* ratio. Some short columng:which satisfied the
relation Vn = Vf and did not satisfy~5he relation Vnr ZVf (the
rvegion between the line v, =V, +~8VT; bd* and Vnr) may exhibit
shear deterioration. For a given a/d¥ ratio, columns with Pg
falling within the shaded zone (Vnr e Vf) would be expected to

perform satisfactorily with regard to shear deterioration and the

ability to dissipate energy.

It is interesting to note that using the ACI Code for short
columns, a designer could choose a small cross section with
substantial amounts of longitudinal and transverse reinforcement.
Short columns proportioned by the proposed method would tend to
have large cross sections, fairly small areas of longitudinal
reinforcement and transverse reinforcement governed by minimum

requirements.

The ACT Code does not specifically refer to short columns
subjected to cyclic reversed loading. The proposed procedure was
very effective in evaluating the Japanese data on short columns
under unidirectional reversed loading. Therefore, the procedure
can be considered acceptable for the short column under static
and unidirectional reversed loading. Although there are not
sufficient data to verify the procedure for short columns under
any pattern of bidirectional reversed loading, it is likely that

the procedure will provide sections that perform in a satisfactory
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manner. Some tests indicate that large deformations in one
direction may be detrimental to the regponse in the other direction.
However, the proposed procedure may be applied to bidirectional
loading with much greater confidence than existing ACI

procedures.

8.6 Summary

The proposed procedure for the shear capacity of short
columns has several significant characteristics. The transverse
reinforcement does not contribute directly to the shear capacity,
The prime variables are the concrete strength, the a/d* ratio
and the level of axial compressicn. Transverse reinforcement is
necessary only for maintaining the integrity {confining) of the
concrete core. Using the proposed procedure, shear degradation
under static and unidirectional reversed loading is avoided
while columns designed using the ACI Code may exhibit severe

reduction of energy dissipating capacity under lead reversals.



CHAPTER 9

SUMMARY AND CONCLUSTONS

9.1 Summary of the Investigation

The objective of the study was to develop a design
procedure for reinforced ceoncrete short columns subjected to cyclic
lateral deformations which would provide adequate strength and
maintain that strength through cyclic reversals of deformation.

An experimental investigation of a series of short columns provides

a basis for evaluating various design approaches.

9.1.1 FExperimental Investigation. Ten rectangular short

columns were tested in the current investigation. The columns
were subjected to slowly applied cyclic deformations at the upper
end of the column relative to the bottom end to simulate the
action of a column between stiff floors subjected to lateral
deformaticns. TLeading direction, loading history, and axial
compression were the prime variables. The behavior of the
rectangular columns was compared with the behavier of square

columns tested carlier.

9.1.1.1 Test Specimen. The test specimen was a 2/3-scale

model of a prototype column. The test specimen had a 9x16 in.
rectangular secrtion with ten #6 (19 mm) longitudinal bars, 6 mm
closed stirrups at 3.5 in. (87 wm) as transverse reinforcement
and 1 in. (25 mm) cover. The specimens were tested to simulate

a short column between stiff floors.

9.1.1.2 Test Schedule. TFour specimens were deformed in

the strong direction. In three of the four, unidirectional

reversed loading and zero, 120 kips, or 240 kips axial compression

235
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were applied. Axial compression was constant throughout the test.
Monotonic loading with 120 kips axial compression was imposed on

the fourth test.

Two specimens with zero and 120 kips axial compression
were deformed in the weak direction. One specimen had bidirectional
reversed loading along both strong and weak axes. The remaining
three specimens were deformed diagonally; two had unidirectional
reversed loading 30° from the strong axis, and 30° from the weak
axis, respectively. The other had bidirectional reversed loading

applied 30° from the strong and 30° from the weak axis.

The lateral load was controlled by deformation. Three
cycles of reversed deflection were applied at each deflection

limit and the deflection limit was incrementally increased.

In each specimen the applied forces, lateral deformation,
strain in longitudinal and transverse reinforcements and rotations
of the column ends were measured. Cracks were marked at every
peak deflection limit. Experimental data from square columns
tested in earlier investigations at the University of Texas were
used for comparison with the results for rectangular column

tests.

9.1.2 Conclusion from Test Results

9.1.2.1 Crack Pattern

(1)} The angle of shear cracks is often assumed at 45° in
design, but even if initial cracks opened at an angle
of 450, the angle with respect to the column vertical
axis of the shear cracks at failure was less than 459
in the short columns. This phenomenon was especially
noticeable as the shear span to effective depth ratio

was reduced.
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The crack pattern under diagonal leading was similar
to that under Ioading in the principal direction.
Especially in rectangular columns the crack pattern
under diagonal loading is affected primarily by the

deformation in the strong direction.

2.2 Strain Distribution

Along the longitudinal reinforcement, the strain

gradient is greater with axial compression.

The strain distributions in the longitudinal and
transverse reinforcement are not affected by the
loading history (unidirectional or bidirectional)

until the maximum load is reached in any direction.

.2.3 Detericration

Axial compressive load produced an increase in the

capacities, but more rapid deterioration of strength.

The waximum lead in the column under bidirectional
loading reached almost the same value as that under
unidirectional loading. However, after the deflec-
tien at the maximum load under unidirectional lcading
was reached in columas under bidirectional leading,

the strength began to drop in both directions,

The slope of the descending part of curves indicated
that there were no differences between the columns

with the unidirectional and bidirecticnal loading.

As shear span to effective depth ratio decreased, the
maximum load in the ¢olumn increased, but after it
was reached, deterioration of strength occurred

rapidly.
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(5) Increased amounts of transverse reinforcement added
somewhat to shear strength and improved the ability
of the specimen to withstand large deformations, but
did not improve the rate of deterioration after the

maximum load was reached.

9.1.2.4 Lateral Load Capacity. The maximum capacities

of the columns with diagonal unidirectional lecading could be
estimated by an interaction line (cirele or ellipse) connecting
the maximum capacities of the columns under unidirectional

loading along the principal axis.

9.2 Evaluation of Lateral Load Capacity

Measured shear capacity was compared with calculated
flexural capacity and shear capacity using the ACI 318-77 approach,
formulations based on plasticity theory (Thirlimann and Nielsen),
and equations proposed by Zsutty. These methods did not
accurately estimate shear capacity for the following reasons:

(1) In most cases, shear capacity of short columns increases after
first shear cracking because of some type of arch or strut action
in the concrete; (2) The loading and deflection of the short
columns is not the same as that of simply supported beams on which
most methods are based, but is similar to that of continuous beams;
{3) Short columns for which the calculated shear capacity using
existing approaches is greater than flewural capacity may exhibit
loss of energy dissipating capacity. Therefore, the egquation to
calculate the shear strength of short columns was developed using
regression analysis based on data from continuocus beams with

Il = a/d* < 2.5 which failed in shear. Measured shear capacities
were compared with calculated shear capacities based on this

equation and it was shown that this equation was acceptable.
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9.3 Proposed Approach

An equation to control the performance of short columns
was developed by simplifying the equation derived from the data
of continuous beams failing in shear. The equation has the

following form:

_ L a8 — , 0.2N
v (11~ 35 AL + =
ax
1
0.2N _ 604,
2 a
ar a%

In this simplification, the contribution of the transverse
reinforcement is ignored bhecause the results of short column
tests indicate that the contribution of concrete was at least

70 to B0 percent of the total shear capacity. The equation is

a function of the shear span to depth ratio (a/d*), the concrete
strength (f;),and the level of axial compression (N). Transverse
reinforcement is necessary oanly for confinement of the concrete

core,

Short columns designed using Appendix A of the ACI Code
may degrade rapidly in shear after maximum load is reached.
However, short columns designed by the proposed procedure would be
expected to maintain energy digsipating characteristics under
static or unidirectional reversed leoading. A short column loaded
in any direction can be designed or evaluated by this procedure.
In general, the procedure will result in columns with large
concrete cross sections and low percentages of longitudinal

reinforcement. Based on comparisons with all data available,
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the proposed procedure represents a considerable improvement
over existing ACI and other approaches for designing or

evaluating the strength of short columns.

9.4 Recommendations for Future Work

The following studies are suggested for future research

based on the results of the current investigation.

9.4.1 Axial Compression. The effect of much higher axial

compression (more than the axial load at balanced strain condition)
on the hysteretic behavior of short columns needs study. Axial
compression may cause a much more $Severe shear deterioration of the
section. Such studies may help define the limit on the contribu-
tion of axial compression in the proposed equation and provide

data for a more accurate expression for the shear capacity of

short columns.

9.4.2 Bidirectional Loading. There are limited data on

which to verify that short columns meeting the requirements of the
proposed procedure will perform satisfactorily under any bidirec-
tional loading pattern. The proposed equation was verified using
tests of columns loaded unidirectionally and further research on

bidirectional loading needs te be conducted.



APPENDIX A
SECOND ORDER EFFECTS—AXIAL COMPRESSION

Figure A.l shows the free body diagram of a column specimen
under applied loads and also shows the related equilibrium equations.
These equations were derived by Ramirez.23 The application of
lateral deformations through the loading frame causes the axial
load te be inclined. Second order effects are induced which

increase the applied shear with respect to that measured.

The applied shear is given by the first equilibrium
equation shown in Fig. A.1. Considering that Av and A are
small compared with the dimensions of the loading frame, the

following simplification can be made:

NA v
Va = Ve of Yy T (LA
where V is measured shear and e, = 1.5INAMV represents the percent

error in assuming the measured shear is equal to the total applied
shear force. The simplifications assumed in the formula for Va
are satisfactory because the errors computed without the simplifica-

tions are very near those computed with the simplifications.

Table A.1 presents the computed error in the maximum
capacity for rectangular columns. The maximum error is only
1.6 percent for the specimen 2CUS. It is clear that the error
is not significant and no modifications in shear due to second

order effects are needed.

241
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Fig. A.1 Free body diagram of the specimen
and equilibrium equations
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Specimen N Vm Am "
Name kips kips in. %

CMS 120 86 0.48 1.0

cus 120 74 0.40 1.0

CUw 120 60 0.48 1.4

2¢Uus 240 91 0.40 i.6
CDS30 120 80 0.46 1.0
CDW30 120 74 0.37 0.9

(s) CBSW 120 69 0.40 1.1
() 120 52 0.32 1.1
(s) CDSW30 120 62 0.23 0.7
(w) 120 57 0.37 1.2

1.51 A/ V
m m

(L + ev/loo) v
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APPENDTIX B
GEOMETRY CORRECTTION

The deflection measuring devices (potentiometers) monitor
the movement of the specimen along the north-south, east-west,
and vertical axes of the specimen. The orientation of the
potentiometers does not vary during the test. The load cells,
however, are attached to the rams so that they measure load
along the axes of the rams. During movement to the diagonal
direction in the specimen, the axes of the rams also move.

Thus the load values read from the load cells are not oriented
along axes coincident with the axes of deflection measurement.
In order to have values of load which act along the axes of
deflection measurement, the load cell readings are adjusted to
account for the geometry change of the loading system. The
method is simply to break the leoad cell reading into components
along the desired axes and then sum the components in each
direction to obtain the corrected value of load.

24

The correction equations were derived by Woodward.
Figure B.l shows a coordinate system in which the original
position of the specimen is shown as point Q0. A movement of the
specimen shifts its position to point 0. The components of
deflection are As along the north-south axis, AE along the east-
west axis, and AV along the vertical axis. Figure B.2 shows the
components of leoad for each of the load cells. The values of
load as measured by load cells are denoted by NM’ HSM’ and HEM
for the axial load cell, south lateral ram load cell, and east

lateral vram load cell, respectively. The components of load

for each load cell are shown as well as the original length of

Preceding page blank 245
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the rams LV’ L and LE (axial, scuth lateral, and east lateral).

S’
The resolution of the load cell readings te their components is
quite simple and the equations are presented in Fig. B.3. The
final step is the algebraic sum of the components with due

regard to sign convention.

The geometry correction was applied to three specimens
loaded in the diagonal direction and all of reported values of
load in these three specimens include the correction. An example
of the effect of the correction on the envelope of a load-deflection
curve is illustrated in Fig. B.4, which is the resultant load
versus resultant deflection with a compressive axial load (NE

direction of CDS30).
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