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SEISMIC BEHAVIOR OF LIGHTWEIGHT

CONCRETE COLUMNS

by

B. G. Rabbat, J. I. Daniel, T. L. Weinmann
and N. W. Hanson*

HIGHLIGHTS

In earthquake regions, columns in building frames are nor

mally designed to maintain strength even after large inelastic

deformations have occurred. Properly designed columns will

perform satisfactorily during earthquakes. The experimental

investigation described in this report was conducted to develop

design information for columns subjected to simulated seismic

forces.

Test Program

Sixteen full-scale column-beam assemblies were tested. They

represented a portion of a frame subjected to simulated seismic

loading. Controlled test parameters included concrete type,

column size, amount of main column steel, size and spacing of

column confining hoops, and magnitude of column axial load. The

columns were subjected to constant axial load and slow moment

reversals at increasing inelastic deformations.

Conc lu sions

Based on the results of the experimental investigation, the

following conclusions are made:

1. Lightweight concrete columns with properly detailed

reinforcement provided ductility and maintained

strength when subjected to inelastic deformations from

moment reversals.

*Respectively, Senior Structural Engineer, Structural Engineer,
Project Assistant, Structural Experimental Section; and Prin
cipal Structural Engineer, St~uctural Development Department
Construction Technology Laboratories, a Division of" the
of the Portland Cement Association, Skokie, Illinois.
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2. Properly detailed columns made with lightweight con

cre te performed as well as columns made with normal

weight concrete when subjected to moment reversals.

3. Supplementary crossties engaging the column steel per

formed very satisfactorily in confining the column

core. These crossties had a 135 0 hook at one end and a

90 0 hook at the other end. Crossties were alternated

end for end along the column steel.

4. Requirements for column confinement in ACI 318-77 are

conservative for normal weight concrete columns with

axial loads up to 30% of the column design strength.

These requirements can also be extended to lightweight

concrete columns.

5. Simultaneous hinging of columns above and below a joint

resulted in pinching of the load-deformation hysteresis

loops.

6. In all specimens with column hing ing, measured column'

strength exceeded the calculated nominal flexural

strength.

7. As long as the nominal shear in the joint was less

than 15~ psi (1.25 ~ MPa), damage of the joint was

avoided.

Recommendations

Based on test results of this investigation, and the above

conclusions, the following is recommended:

1. Properly designed lightweight concrete columns may be

used in ductile moment resisting frames for seismic

resistance.

2. Current confinement requirements of ACI 318-77 for

normal weight concrete columns can be extended to

lightweight concrete columns with axial loads up to 30%

of the column design strength.

3. Supplementary crossties engaging the column steel may

be used to confine the column core of lightweight and
.,
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4.

normal weight concrete columns. These crossties have a

135 0 hook at one end and a 90° hook at the other end •

These crossties should be alternated end for end along

the column steel.

Further research is needed to clar ify the boundar ies

between mechanism of column hinging and that of joint

distress.

, ':

INTRODUCTION

Columns in building frames are normally designed to neither

hinge, crush, shear, or otherwise lose their capacity to support

the building. However, columns in buildings subjected to an

earthquake sometimes hinge, crush, or shear. This experimental

study was conducted to develop design information on hinging in

columns. Lightweight and normal weight concretes were used in

specimens representing a portion of a frame subjected to simu

lated seismic loading. Tests were performed on 16 full-size

frame joint assemblies.

The usual seismic resistant design of ductile frame build-
. (1-3)* 'd 1 t' d" f 1lngs provl es a re a lve con ltlon 0 a strong co umn and

weak beams at any junction. The intent is to encourage hinging

in the beams as the primary location to absorb extreme displace

ments forced on the frame by seismic forces. Selna, Martin,

Park,. and wyllie(4) examined design aspects of columns in

frames. They expressed concern that a greater multiplier in the

relative strength of column and beams is needed to encourage

beam hinging. That is, the summation of column moment capaci

ties at a joint must be greater than the summation of beam

moment capacities. However, in "gravity load dominated frames,"
it is possible for hinging to occur in the column. (5)

The possibility of column hinging, and the continuing evi

dence of damage in poorly designed columns dur ing earthquakes

have prompted research of column hinging. Testing has been

*Supercript numbers in parentheses denote references at the end
of this report.
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directed toward understanding the function of lateral ties as

(1) confinement for the column core, (2) means of preventing

buckling of main steel, and (3) reinforcement for shear.

Sheikh and Uzumeri (6) subjected square columns to axial

loading. One of their conclusions was "concrete, when confined

with rectangular ties and well distr ibuted long i tudinal steel,

exhibits a very significant strength gain as well as increased

ductility." In addition to confining the concrete, the ties

also controlled buckling of the longitudinal bars. Spacings of

ties for confinement were sufficient for buckling control.

Tests involving shear reversals in columns were reported by

Wight and Sozen. (7) They examined procedures for design of

transverse reinforcement. Shear and confinement functions were

identified for the transverse reinforcement. When insufficient

transverse reinforcement was used, data indicated a progressive

decrease in strength and stiffness under repeated reversals of

hinging. However, when there was sufficient transverse rein

forcement to confine the concrete and also to carry the total

shear, the columns maintained strength and stiffness. Axial

compressive load in the col~mn specimens reduced the effect of

repeated cycles of hinging.

Many other tests(8-22) have also indicated the usefulness of

ties for confinement and to delay buckling of longitudinal

steel. One important variable that has not been studied con

cerns anchorage of the main column reinforcement. Studies of

beam hinging (23) at a frame joint have identified loss of

anchorage of beam reinforcement as an important source of any

reduction of stiffness. Similar condi tions of high tensile

force on one side and 'compressive force on the other side of the

joint on the same column reinforcing bar may disturb anchorage.

Correct anchorage and other appropriate end conditions can be

represented in a complete frame joint test specimen as used in

this test program.
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Objectives

The specific objectives of the test program are:

1. To develop design recommendations based on laboratory

tests for seismic resistant design of lightweight con

crete columns in ductile moment-resisting frame build

ings and structural wall-frame buildings.

2. To determine column design details necessary to ensure

the ductile behavior required to prevent catastrophic

collapse.

Scope

Test specimens represent, at full scale, the intersection of

beams and column of a frame. The portion of column above and

below the joint approximates half story height. Strength of the

column was designed to be less than that of the beams or the

joint so that inelastic bending occurred in the column as seis

mic frame displacements were simulated. Different amounts of

longitudinal reinforcement and confinement reinforcement in the

form of rectangular hoops and supplementary ties were provided

in two different column sizes. Concretes were "made with two

different lightweight aggregates and also a normal weight aggre

gate. ·Axial column load was maintained at several selected

levels dur ing each test. Range of var iables for the columns

were as follows:

Column size - l5x15 in. (38lx38l mm) and l5x20 in.

(38lx508 mm)

Longitudinal reinforcement - 1.47, 1.56, and 1.84%

Confinement reinforcement - 0.75, 1.5, and 3.0%

Axial load - 10, 20, 30, and 60% of column design strength

EXPERIMENTAL PROGRAM

This section gives a brief description of the test specimens

and test procedure. A more detailed description is given in

Appendix A.
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Test Specimens

Sixteen full-scale columns were tested. Each test specimen

represented a portion of the building frame at the joint between

column and beams. The column portion extended from approxi

mately mid-heights of the stories above and below the joint as

show n i n Fig. 1.

In most specimens, height of column portion projecting above

and below the joint was proportioned so that the column moment

immediately above the joint equaled the column moment immedi

ately below the joint. However, in Specimens NC3, LCll, LC12,

and LC13, height of the top column portion was increased while

the height of the bottom column portion was decreased. The pur

pose was to force hinging into the top column. Ratio of ' bottom

to top column moments for each specimen as well as test program

variables are given in Table 1.

Reinforcement Details and Materials

Reinforcing steel used in each column is listed in Table 1.

Reinforcement details are shown in Fig. 2. Columns containing

two different size bars had the larger size bars placed in the

corners. The reinforcement conformed to ASTM Designation A6l5
Grade 60. (24)

Column hoop and supplementary crosstie arrangements are

illustrated in Fig. 2. "Candystick n supplementary crossties had

a 135 0 hook with a la-diameter extension at one end and a 90 0

hook with a six-diameter extension at the other end. Crossties

were alternated end for end along the column longitudinal rein

forcement. Crossties were fitted tightly around column bar s

without difficulty. In all specimens, bar size for supplemen

tary crossties was similar to that of the confining hoops. The

confining hoops had 135 0 hooks with a 10 diameter extension.

As the objective of this investigation was to determine

required confinement to obtain ductile behavior of the column,

the joint was overdesigned and yielding of the beam reinforcing

steel was avoided. Clear concrete cover was maintained at

1-1/2 in. (38 mm) in columns and beams. ..

-6-



~-:

i •

i, "

r ",

,I

......

i
\-

'-',
L

I _

1..:."

," -

i

, '.......-

i ;

F

Fig. 1 Test Specimen

-7-

F

I ft = 305 mm



I

I
00
I

TABLE 1 - TEST PROGRAM VARIABLES

Column
Column Steel Confining Hoops

Initial Axial Top to Bottom
Specimen Concrete Size Column Load, ColumnType (in. ) Bars* , Bar Spacing , , of If> P ** Moment RatioNo. (in. ) 0

LC1 Lightweight 1 15x15 4 No. 7 & 4 No. 6 1.84 4 2 3.19 10 1.00

LC3 Lightweight 1 15x15 4 No. 7 & 4 No. 6 1.84 3 4-3/4 0.74 10 1.00

LC4 Lightweight 1 15x15 4 No. 7 & 4 No. 6 1.84 4 4 1.60 10 1.00

LC6 Lightweight 1 15x15 4 No. 7 & 4 No. 6 1.84 4 4 1.60 20 1.00

LC12 Lightweight 1 15x15 4 No. 7 & 4 No. 6 1. 84 4 4 1.60 30 0.74

LC10 Lightweight 2 15x15 4 No. 7 & 4 No. 6 1.84 3 4-3/4 0.74 10 l.00

LC9 Lightweight 2 15x15 4 No. 7 & 4 No. 6 1.84 4 4 1.60 10 1.00

NCI Normal Weight 15x15 4 No. 7 & 4 No. 6 1.84 4 4 1.60 10 1.00

NC3 Normal Weight, 15x15 4 No. 7 & 4 No. 6 1.84 4 4 1.60 10 0.74

LC7 Lightweight 1 15x15 8 No.6 1.56 4 4 1.60 10 l.00

LC8 Lightweight 2· 15x15 8 No.6 1.56 4 4 1.60 10 1.00

LCU Lightweight 2 15x15 8 No.6 1.56 4 4 1.60 10 0.83

NC2 Normal Weight 15x15 8 No. 6 1.56 4 4 1.60 10 1.00

LC5 Lightweight 1 15x20 10 No. 6 1.47 4 3-1/2 1.57 10 1.05

LCl3 Lightweight 1 15x20 10 No. 6 1.47 4 4 1.37 10 0.77

LC2 Lightweight 1 15x15 4 No. 10 & 4 No. 9 4.04 3 ' 2-1/4 1. 56 10 1.00
.. ,

*Where two different column bar sizes are used, the larger bars are placed in the corners.
**Po = Column Axial Load Design Strength 1 in. = 25.4 rom
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Three concrete mixes were used to manufacture the columns.

Two were lightweight concretes and one was normal weight con

crete. Type I portland cement was used in all mixes. Sand and

gravel were from Elgin, Illinois. Lightweight Aggregate 1 con

sisted of an expanded clay produced on the west coast of the

United States, while Lightweight Aggregate 2 consisted of an

expanded shale produced on the east coast. Fresh uni t weights

of concrete made from Lightweight Aggregates 1 and 2 were 117

and 122 lb/ft 3 (18.4 and 19.1 kN/m 3 ), respectively. Both light

weight aggregates have been used extensively for structural

applications.

Specimen Manufacture

The column reinforcing cage was assembled first. It was

placed vertically in the form. The beam steel was then'inserted

through the joint and beam stirrups tied in place. Before cast

ing, loading ducts and pipes for attaching external instrumenta

tion were placed in position.

Casting of each specimen was completed within one working

day. Each specimen required 13 concrete batches. The first two

batches were placed to cast the bottom column early in the morn

ing. The concrete was directed into the lower column through

the joint in the space immediately below the bottom flexural

reinforcement of the beam. The next nine batches were used to

cast the beams and joint. Casting started from the ends of the

beams with alternate batches placed in opposite beams. The last

batches filled the joint. This occurred approximately two hours

after placing concrete in the bottom column. This amount of

time was adequate to allow plastic shrinkage to occur in the

bottom column. The top column concrete was placed late in the

afternoon. Two concrete batches were needed to cast the top

column.

The same concrete type and mix proportions were used in the

beams and columns of each specimen. One exception was Speci

men LC9, where accidentally a leaner concrete mix was placed in

-10-
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the joint and beams. The mix was later duplicated. Concrete

compressive strength and splitting tensile strength are reported

below under the heading nMaterial Properties. n

Beams and column were covered with a sheet of polyethylene

for three days. Control cylinders were cured in a similar

manner. Specimens and cylinders were then stripped and moved to

the test location. Testing began approximately 14 days after

casting.

Test Setup

The overall test setup is shown in Fig. 3. The specimen

column was centered in a one-million pound (4.45 MN) capacity

testing machine. The lower column end rested on a pin pivot.

The upper column end contacted the spherically seated head of

the movable platten of the testing machine. At the end of each

beam, load was applied by a double-acting ram. Three separate

hydraulic systems were used during each test. The first was

used to apply the columPl. axial load. The other two systems

were one for each of the two double-acting rams applying load to

the beams. Equal and opposite loads were applied to each beam.

Instrumentation

Each specimen was instrumented externally and. internally.

Exter nal measurements included column load, beam loads, column

drifts, column rotations, and beam deflections. In some spec

imens, the lateral joint movement and/or the joint shear distor

tion were also measured. Internal measurements included strains

of main column steel and column confining hoops. Details of

instrumentation are presented in Appendix A.

Loads

Column axial load was controlled manually. It was main-

tained constant on the testing machine dial. Beam loads were

determined by averaging the load in ~NO tension-compression load

cells.
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Fig. 3 Test setup
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Column drift

Top and bottom column Pdrifts P were measured using a verti

cal rigid arm connected to the joint as illustrated in Fig. 4.

When the beam ends were loaded, the joint rotated. Therefore,

the vertical arm also rotated. Lateral movements of the top and

bottom ends of this arm relative to the columns were used as an

indication of the column drift.

Distance between the joint center and top and bottom drift

sensors were 58.5 and 43.5 in. (1.49 and 1.10 m), respectively,

for Specimens NC3, LC12 and LC3, and 55.5 and 46.5 in. (1.41 and

1.18 m), respectively, for Specimen LCII. For all other speci

mens, these distances were 51 in. (1.30 m) for both top and

bottom drift sensors.

Column rotation

Column rotations were measured above and below the joint

over distances of 10 and 20 in. (25 and 51 mm) for Specimens

LC5 and LC13, and over distances of 7-1/2 and 15 in. (190 and

381 mm) for all other specimens. Linear potentiometers mounted

between frame works on the column were connected to the beam to

sense column rotation.

Beam deflection

Vertical deflection of each beam was measured at a distance

of 9 ft 8 in. (2.95 m) away from the column face.

Horizontal joint movement

The lateral movement of the joint was measured in Speci

mens LC12, LC13, and NC3. A potentiometer was secured to the

top of a rigid arm clamped to the pedestal supporting the

column. The end of the potentiometer's plunger was connected to

a threaded rod projecting out of the joint as shown in Fig. 4.

Joint shear distortion

Shear distortion of the joint was measured in Specimens LC13

and NC3. Two potentiometers were mounted diagonally across the

-13-



Fig. 4 Joint Instrumentation
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joint as shown in Fig. 4. The change in the length of diagonals

was used to calculate the joint shear distortion.

Reinforcement strains

Internal instrumentation included measurement of strains on

the column steel and confining hoops. Details are given in

Appendix A.

Data Acguisition

Loads, deformations, and steel strains were recorded at

selected points along the load cycles by a digital data acquisi

tion system. This system printed the data and simultaneously

stored it in a desk computer. The on-line 'computer provided a

tabulation of data within seconds of recording the readings.

Continuous plots of loads versus drift were recorded on X-Y

plotters. The applied beam. loads were expressed as column

moments computed at a section immediately above or below the

joint.

Test Procedure

After placing the specimen in the test setup and attaching

all instrumentation, an axial load was applied to the column.

This axial load was maintained constant while the beams were

loade9. When one beam end was pulled down, the other beam end

was pushed up. Then the beams were unloaded and the loading

sequence reversed. This resulted in reversal of the moments in

the beams and consequently in the columns. Several cycles of

load reversals were appl ied to the beams. Therefore, column

stubs above and below the joint were subjected to a constant

axial load and to moment reversals. Specimens that survived the

scheduled cycles of moment reversals were then subjected to a

higher axial load followed by additional cycles of moment rever

sals.

-15-



Column axial load

The load applied to each column represented a fraction of

the column axial load design strength as shown in Table 2. The

column design strength, Po' was defined by the following

equation:

p = ¢l (0.85 f' (A - Ast ) + Astfy ) (1 )
0 c g

where ¢l = capacity reduction factor (0 • 7 )

Ag = gross area of section, sq in.

A = area of reinforcement, sq in.st
f' = specified compressive strength of concrete, psi

c
f y = specified yield strength of reinforcement, psi

Beam loads

After applying the constant axial load to the column, the

beams were loaded to produce cycles of moment reversals in the

column. On the first cycle, the beams were loaded to attain

calculated column yield moment. Subsequent beam loading cycles

were controlled by column deformation as discussed below.

Column yield moment, in the presence of an axial force, was

computed based on Navier' s hypothesis of "plane section before

bending remains plane after bending." A computer program was

used to determine the yield moment and nominal flexural strength

of each column. Calcula tions were made us ing equilibrium of

forces and strain compatibility. Concrete compressive strength

was assumed to be 5000 psi (35 MFa). Concrete tensile strength

was ignored. Reinforcing steel yield stress was assumed to be

6Oks i (419 MP a) .

Beam loads at positive and negative peaks of the first load

ing cycle were applied to obtain calculated yield moment in the

column. The largest value of either top or bottom column drift

measured at the first positive peak was defined as "yield

drift." This yield drift was used as a deformation control for

all subsequent cycles. Multiples of the yield drift were

imposed on the column to produce the drift ductilities as shown

in the loading schedule of Fig. 5. Drift ductility was definea

-16-
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TABLE 2 - LOAm~G SOlEDULE

I'>lllal Column
Specimen Lood, ~umber of Cycles ~ Ductility

% of ~ Po

LCl 10 I Basic Loading Cycles*
20 2 ,~ 2. 2 @ 4, 3 @ a
30 2 @ 4, ) @ 8
60 2 ~ 4. 1 @ 7.5

-
I LC3 10 Basic Loading Cycles

20 2 @ 4. 2 ~ a
30 2 @ 8

LC4 i 10 Bas i c Loadi:'lg Cycles
20 2 @ 4. 2 @ a
30 2 @ 4, 2 @ a
60 2 @ 4. 0.5 @ is.3

LC6 20 Basic Loadi:'lg Cycles
30 2 @ 4, 2 @ a
60 2 @ 8

LC12 30 Basic Loading Cycles

LC10 10 Basic Loading Cycles I

20 2 @ 4. 2 @ 8
I

LC9 10 Basic Loading Cycles
20 2 @ 4, 2 @ 8

NCl 10 Basic Loading Cycles
20 2 @ 4, 2 @ 8
30 2 ~ 4. 2 @ a
60 2 @ 4, 1 !~ 5.5

NC3 10 Basic Loading Cycles
20 2 ~ 4, 2 @ a
30 2 @ 4, 2 @ a
60 2 @ 4, 1 @ a

r.C7 10 B'.Isic Loading Cycles
20 2 @ 4, 2 @ 8
30 2 @ 4. 2 @ a
60 2 @ 4, 1 @ 6

r.ca 10 Basic Loading Cycles
20 2 @ 4, 2 @ 8
30 2 @ 4, 2 @ a
60 2 @ 4, 1 @ a

r.CH 10 Basi c Loadi ng Cycles
20 2 @ 4, 2 @ a
30 2 @ 4, 2 @ 8
60 2 @ 4, 1 @ 8

NC2 10 Basic Loading Cycles
20 2 @ 4, 2 @ a
30 2 @ 4, 2 @ a
60 2 @ 4. 1 @ 6

LC5 10 Basic Loading Cycles
30 1 ,~ a

LCU 10 Basic LO'.lding Cycles
20 2 @ 4, 2 @ 8
30 2 @ a

10 ~ 1, 6 @ 2, 4 @ 4, 0.5 @ 6

*Sasic Loading'Cycles: 2 @ 1, 6 @ 2, 4 ,~ 4, 3 @ a

. -17-
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as the ratio of the largest value of ~ither top or bottom column

drift in any cycle to yield drift.

While the column axial load was maintained constant, the

fifteen basic loading cycles were appl ied as follow s: two

cycles at ductility 1, six cycles at ductility 2, four cycles

at ductility 4, and three cycles at ductility 8. This loading

~chedule pattern was suggested by Wight and Sozen. (25) This

pattern of ever in~reasing deformation in each group of cycles

is not intended to represent any specific major earthquake. For

specimens that survived the basic loading cycles, the column

axial load was increased, and additional cycles of load rever

sals were applied as summarized in Table 2.

SUMMARY OF TEST RESULTS

This section contains a summary of properties of materials

used in each specimen. Response of specimens is discussed in

terms of behavior modes and load-deformation characteristics.

Flexural strength history of columns is summarized.

Material Properties

Yield stress and strength of reinforcing steel used in each

specimen were determined from coupons. These properties are

listed in Table 3. Compressive and splitting tensile strengths

of the concrete were determined from 6x12.-in. (152x305-mm)

cylinders. Control cylinders were taken from concrete placed

immediately below and above the joint. The average strengths

determined from these cylinders are also listed in Table 3.

Behavior of Specimens

Behavior of specimens is discussed based on four observed

modes. These behavior modes are depicted in Fig. 6 where photo

graphs of specimens are shown at the end of the basic loading

cycles. Photographs of the same specimens at the end of test

are shown in Fig. 7.

In behavior Mode A, one plastic hinge occurred in either the

top or bottom column, immediately above or below the joint.

-19-



TAB I.E 3 - MATE RIAL PROP ERr IES

I
N
a
I

------
No. 3 Bar No. 4 Bar No. 6 Bar No. 7 Bar No. 9 Bar No. 10 Bar

Specimen (k si) (ksi) (ks i) (ksi) (ks i) (ks i)
-

f f f f f f f f f f f f
Y su Y au Y su Y su Y su Y 6U

LC1 - - 63.9 104.4 61.9 106.0 64.9 110.9 - - - -

LC3 69.9 105.0 - - 63.4 106.4 67.3 110.6 - - - -

LC4 - - 63.9 104.4 63.9 105.7 64.8 111. 3 - - - -

LC6 - - 61.0 106.8 63.6 105.7 64.6 109.2 - - - -
LC12 - - 67.8 109.0 64.3 107.3 64.4 107.9 - - - -

LCI0 71.0 107.3 - - 64.2 105.8 64.8 109.1 - - - -

LC9 - - 67.8 109.0 66.1 107.1 66.4 112.5 - - - -

NCI - - 63.9 104.4 64.7 106.8 66.5 112.3 - - - -

NC3 - - 67.8 109.0 64.5 106.4 64.4 108.8 - - - -

LC7 - - 67.8 109.0 63.8 106.2 - - - - - -

LC8 - - 67.8 109.0 67.0 108.2 - - - - - -

LCU - - 67.8 109.0 65.4 108.2 - - - - - -
NC2 - - 67.8 109.0 63.4 105.4 - - - - .- -

LC5 - - 63.9 104.4 63.2 104.9 - - - - - -

LCU - - 67.8 109.0 64.2 106.4 - - - - - -

LC2 69.9 105.0 - - - - .- - 64.8 104.8 67.4 105.5
L.-. -~'--. -

----------
Concrete

(psi)
----I I

f' f ctc
- --

5050 430

5470 460

5980 410

6210 410

5000 410

5120 470

4860 490

5340 510

4710 500

5300 370

5210 500

5060 470

5160 540

5820 380

4740 420

6150 430

---- ---
f .a Yield Stress

y
f
su

= Ultimate Strength 1000 psi = 1 ksi = 6.895 MFa

f~ = Concrete Canpressive Strength f
ct

., Splitting Tensile Strength
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Fig. 6 Conditions of Specimens after
Basic Loading Cycles
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(a) Mode A - One Column
Hinging

(c) Mode C - Joint Damaged

(b) Mode B - Both Columns
Hinging

(d) Mode D - Hinge Penetratin
Joint

Fig. 7 Behavior Modes
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This is depicted in Fig. 8. a where hysteresis loops for column

moment versus drift are plotted for both top and bottom columns

of Specimen LCl. The loops shown are for the basic loading

cycles. It is obvious that hinging occurred in the top column

where the loops are largest. In fact as cycles at higher yield

ductili ty were applied, the top column hysteresis loops became

larger while the bottom column loops become smaller. In such

cases, most of the energy was dissipated by the hinge. Figures

G.a and 7.a indicate a bottom column hinge. This behavior mode

was observed in Spec imens LCl, LC4, LC7, LCll, LCl2, NC2 and

NC3.

In behavior Mode B, plastic hinges occurred simultaneously

in the top and bottom columns, as shown in Figs. 6. band 7. b.

Hysteresis loops of Fig. 8.b attest that about equal energy was

dissipated by top and bottom columns. For Specimen LC8, shown

in Fig. 8.b, bottom column drift was slightly larger. As a

result, size of the bottom column loops at Ductility 8 was

slightly larger than that of the top column. Specimens LC3 and

LC8 behaved in a similar manner.

Specimens where all the damage occurred in the joint are

classified under behavior Mode C. In these specimens, very

little cracking and spalling of the concrete shell was observed

in the columns, as shown in Figs. G.c and 7.c. All the damage

was cqncentrated in the joint. The hysteresis loops of Fig. 8.c

indicate similar drift in top and bottom columns. Pinching of

the loop characterized by smaller area within the loops was

observed in these specimens. Specimen~ grouped under behavior

Mode C include LC2, LCS, LC9, LClO and LCI3.

Behavior Mode D includes specimens where a partial column

hinge penetrated the joint as shown in Figs. G.d and 7.d. In

these specimens, large cracks formed in the joint starting at

the beam-column intersections and extending diagonally for a few

inches towards the center of the joint. The hysteresis loops of

behavior Mode 0 resemble those of Mode C shown in Fig. 8. d.

Included under behavior Mode D are Specimens LCG and NCI.
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Fig. 8 Hysteresis Loops of Basic Loading Cycles 
for Different Behavior Modes

-24-



r
( \
'._-.}

r-
I '
j --,- -

1"-,

I '
'----'

ro
."

, 'I . ~

I .~

r-,
l.. "
, _J

f"'<'
\ 'j '-
\_ ..'

r'.) .
~ .. '
' ..
(~
\ ;

r-<I .

\ :c.~~

)'~;;

("I- ,

u

; ';

l :
L.:

c

Column Flexural Strength History

In this section, flexural strength maintained by the columns

is examined. Maintained flexural strength is defined in this

report as the ratio of the smallest peak moment to first peak

moment for consecutive cycles of equal drift ductility under a

constant column axial load. Flexural strengths maintained by

the test specimens are summar i zed in Table 4. The table also

shows the behavior mode classification of each specimen.

There is no generally accepted limit for tolerable strength

reduction in seismic resistance. It would not be unreasonable

to state that a structural element maintaining 80% or more of

flexural strength under consecutive repeated cycles of equal

ductility is adequate for seismic designs. Table 4 indicates

that most specimens maintained better than aO% strength during

the basic loading cycles. All specimens suffer ing damage in

the joint, behavior Mode C, maintained less than 80% of their

strength at Ductility 4. For Specimen LCIO, this occurred at

Ductility 2. Specimen LC12 had early strength loss due to the

sudden spalling of the concrete shell unde r high axial load.

In Specimen LC3, up to Cycle 11 at Ductility 4, the top column

drift controlled loading. On the first negative cycle at sched

uled Ductility 8, the bottom drift increased rapidly and acci

dentally a ductili ty of 13 was imposed on the specimen. This

probably caused the maintained strength to drop to 0.76 in sub

sequent cycles.

Maximum column strength measured dur ing the basic loading

cycles is compared to the calculated nominal flexural strength

of each specimen in Table 5. The calculated strength was

computed based on the design concrete compressive strength of

5000 psi (34.5 MPa) and steel with yield stress of 60 ksi

(414 MPa) and including strain hardening. Although the behavior

mode varied among specimens, the measured flexural strength

exceeded the calculated nominal flexural strength.
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TABLE 4 - MAINTAINED FLEXURAL STRENGTH

Column Ductility Column Ductility Column Ductility Behavior

Specimen
Load % 1 2 4 8 Load % 4 8 Load % 4 8 Mode

LCl 10 0.87 0.83 0.83 0.93 20 0.98 0.94 30 1.00 0.95 A

LC3 10 0.97 0.86 0.87 0.76 20 0.81 0.79 - - - B

LC4 10 0.92 0.80 0.90 0.87 20 0.95 0.93 30 0.91 0.93 A

LC6 20 0.94 0.84 0.88 0.84 30 0.99 0.87 - - - D

LC12 30 0.94 0.71 0.87 0.67 - - - - - - A

LC10 10 0.87 0.74 0.75 0.69 20 0.58 0.82 - - - C

LC9 10 0.85 0.81 0.77 0.75 20 0.73 0.90 - - - C

NCl 10 0.97 0.81 0.84 0.81 20 0.80 0.90 30 0.74 0.87 D

NC3 10 0.92 0.86 0.87 0.90 20 1.00 0.98 30 0.96 0.95 A

LC7 10 0.95 0.92 0.92 0.88 20 0.9,6 0.94 30 0.94 0.92 A

LC8 10 0.91 0.86 0.85 0.86 20 1.00 0.96 30 0.83 0.94 B

LCU 10 0.93 0.86 0.86 0.90 20 0.98 0.97 30 1.00 0.96 A

NC2 10 0.92 0.82 0.90 0.90 20 1.00 0.93 30 1.00 0.96 A

LC5 10 1.00 0.82 0.78 0.67 - - - - - - C

.. ,
LC"13 10 0.93 0.83 0.79 0.72 20 0.80 0.90 - - - C
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TABLE 5 - MEASURED VERSUS CALCULATED
COLUMN FLEXURAL STRENGTH

Specimen Flexural Strenqth, in.-kip Measured

Measured Calculated Calculated

LC1 2144 204'0 1.05

LC3 2325 2040 1.14

LC4 2216 2040 1.09

LC6 2477 2290 1.08

LC12 2900 2650 1.09

LC10 2252 2040 1.10

LC9 2098 2040 1.03
.

NC1 2329 1950 1.19

NC3 2386 1950 1. 22

LC7 1954 1765 1.11

LC8 2034 1765 1.15

LC11 2091 1765 1.18

NC2 2077 1690 1.23
-" .. ---

LC5 3200 3160 1.01

LC13 3906 3254 1.20

1 in.-kip = 0.113 kN·m
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DISCUSSION OF TEST RESULTS

In this section, effect of confining hoops, column axial

load, and type of concrete on the hysteretic behavior of the

columns is discussed. Shear resisted by the joints is sum

marized.

Effect of Column Confinement

The amount of confinement used in the tested columns varied

between 0.74 and 3.19%. This percentage represents the ratio of

volume of hoop reinforcement to total volume of column core.

Specimens containing different amounts of confinement but simi

lar in all other respects included Specimens LC3, LC4, a~d LC1.

Confinement in these specimens was 0.74, 1.60, and 3.19%,

respectively. Amount of confinement required by ACI 318-77(1)

is 2.02% for normal weight concrete.

Moment versus drift loops for Specimens LC3, LC4 and LCI are

plotted in Fig. 9 for column axial loads of 10%, 20% and 30% of

the column axial load design strength. During the basic loading

cycles, a large amount of energy was dissipated as depicted by

the large size of the hysteretic loops. As mentioned ear lier,

in the ear ly par t of Spec imen LC3 tes t, the top column dr if t

controlled loading. On the first negative cycle at Ductility 8,

the bottom drift increased rapidly and accidentally a ductility

of 13 was imposed on the specimen. This may have prompted the

strength degradation during the last two negative cycles of

Specimen LC3.

Hysteretic loops at 20% column axial load, in Fig. 9, indi

cate adequate energy absorption and adequacy of the confining

hoops for the three specimens. At 30% column axial load, the

amount of energy absorbed by Specimen LC3 decreased. However,

it should be emphasized that the specimen had already been sub

jected to 19 cycles of load reversals. This simulates the

effect of several severe earthquakes. Also, in all these speci

mens the column hinged during the basic loading cycles under 10%

axial load. A different behavior would be expected had the

. -28-
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columns been subjected ini tially to higher axial load. This is

discussed in the next section.

Specimens LC9 and LCIO had same column steel as Specimens

LC3, LC4 and LCI. However, Specimens LC9 and LCIO were manu

factured with Lightweight Concrete 2. Column confinement was

0.74% for Specimen LCIO and 1.G% for Specimen LC9. A comparison

of the behavior of these two specimens as far as effect of

column confining hoops is not possible as they both were damaged

in the joint (behavior Mode C).

The minimum amount of confinement used in these tests was

sufficient to provide substantial ductile behavior.

Effect of Colu.mn Axial Load

Specimens LC4, LCG, and LC12 had similar column steel and

confinement, and were manufactured with Lightweight Concrete 1.

The columns were. ini tially loaded to 10, 20, and 30% of the

column axial load design strength, respectively. In addi tion,

the top column of Specimen LC12 was 7.5 in. (191 mm) taller and

the bottom column was 7.5 in. (191 mm) shorter than those of the

other two $pecimens.

Hysteretic loops for basic loading cycles of Specimens LC4,

LCG, and LC12 are shown in Fig. 10. As would be expected, the

flexural capacity of the column increased with increased column

load. However, strength degradation was also higher as the

column load increased. As the top column of Specimen LC12 was

taller than that of Specimens LC4 and LCG, the top drift arm was

also longer. This explains the larger measured top drift for

Specimen LC12 in Fig. 10.c.

Effect of Column Size

Columns tested in this investigation were either lSxlS in.

(38lx38l mm) or lSx20 in. (38lxS08 mm) in size. The two

lSx20-in. (38lxS08-mm) columns did not hinge but suffered damage

in the joint. Therefore, it is not possible to draw conclusions

regarding the effect of column size.
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Fig. 10 Effect of M~gnitude of Column Axial Load
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(b) Specimen LC6 
Column Load = 20%

(c) Specimen LC12 
Column Load = 30%

(a) Specimen LC4 
Column Load = 10%
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Effect of Concrete Type

Three types of concretes were used to manufacture the speci

mens: Lightweight Concrete 1, Lightweight Concrete 2, and nor

mal weight concrete. Comparisons are made between the behavior

of columns manufactured with the three concretes based on the

moment versus drift plots of Figs. 11 and 12. The plots shown

in Fig. 11 are for columns containing 1.a4% vertical reinforce

ment, while those of Fig. 12 are for 1.56% column steel. All

the specimens plotted in these two figures had 1.6% confining

hoops, except Specimen LCIO of Fig. ll.b which had 0.74% con

finement.

Hysteresis loops of Fig. ll.a depict excellent ,energy

absorption in the column of Specimen LC4 manufactured with

Lightweight Concrete 1. On the other hand, hysteresis loops of

Specimens LCIO and NCl, manufactured with Lightweight Concrete 2

and normal weight, respectively, denote some pinching. Specimen

NCI was duplicated. However, the top and bottom column heights

were al tered to force hing ing in the top column. Hysteresis

loops of this repeat specimen, Specimen NC3, are shown in

Fig. ll.d. This plot denotes large loops that depict excellent

energy absorption.

Moment versus dr ift plots for four specimens are show n in

Fig. 12. Two lightweight concretes and one normal weight con

crete are represented. In Specimen Lca, top and bottom columns

hinged. Specimen LCII was a repeat of Specimen LCa, except that

hinging was forced in the top column by changing columns height.

Figs. 12.a and 12.c for columns manufactured with two light

weight concretes denote as good energy absorption as the normal

weight column of Fig. 12.d. The above comparisons indicate that

lightweight concrete and normal weight concrete columns have

comparable seismic behavior.

Joint Shear

This investigation was conducted to determine seismic behav

ior of columns. However, as discussed earlier, columns did not

hinge in all cases. Four behavior modes were observed. Modes C
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(a) Specimen LC7 
Lightweight Concrete 1

I in.-kip =0.113 kN·m
1 in. =25.4 mm

(b) Specimen LC8 -,
Lightweight Concrete 2

~ottom = Mtop

(c) Specimen LCII 
Lightweight Concrete 2
~ottom/Mtop = 0.83

(d) Specimen NC2 -
Normal Weight Concrete

Mtop = ~ottom

Fig. 12 Effect of Concrete Type - Column Steel = 1. 56'%

-34-



r~
L·

r.
/ "L.:

(~
I ;'
'; . ..Ji

r",
)'
1..:

r~

L

r,'
L

and D concerned joint damage. For this reason, it is of inter

est to consider magni tude of joint shear. Table 6 summari zes

the maximum horizontal shear force, Vj , computed in the joint

during the basic loading cycles.

Also shown in Table 6 are the normalized shear stresses. In

the third column, they are normalized with respect to the gross

column area. In the last column of the table, the shear stress

is normalized with respect to width of the column, b, and

distance. from the extreme compressive fibers to the tensile

steel, d. The following discussion makes reference to values

listed in the last column:

Range of normalized shear stress for the different behavior

modes was (1) Mode A: 13.7 to 18.1, (2) Mode B: 14.3 and 15.6,

(3) Mode C: 16.0 to 18.2, and (4) Mode D: 16.0 and 16.3. These

values do not show any particular trend, although it seems that

as long as the nominal shear is less than 15.0 ..Jf! psi (1.25 -If':.c c
MPa), damage of the joint can be avoided.

CONCLUDING REMARKS

Sixteen full-size joint assemblies were tested to determine

the seismic behavior of lightweight and normal weight concrete

columns. A brief description of the test program, conclusions,

and recommendations are given at the beginning of this report

under the heading "HIGHLIGHTS."
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TABLE 6 - MAXIMUM JOINT SHEAR

Maximum Shear* V. v.
Specimen J J

v. (kips) bh'lf' bd ..,If'
J c c

LCI 203 12.7 15.5
I

LC3 217 13.0 15.6

LC4 209 12.0 14.6

LC6 I 234 13.2 16.0,

LC12 238 15.0 18.1
,

LC10 213 13.2 16.0

LC9** 198 15.0 18.2

NC1 220 13.4 16.3

NC3 196 12.7 15.4

LC7 185 11.3 13.7

LC8 192 11.8 14.3

LCll 181 11.3 13.7

NC2 196 12.1 14.7

LC5 333 14.5 16.8

LC13 319 15.4 17.6

LC2 415 23.5 28.4

*During Basic Loading Cycles 1 kip = 4.45kN

**f ' (J 0 i n t ) = 3440 psi = 23. 7 MPac
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APPENDIX A - EXPERIMENTAL PROGRAM

Details of the experimental program including specimen geom

etry, re i nforcement detail s , mater ial proper ties, fabr ica tion,

and testing are given in this appendix.

Test Specimens

Sixteen full-scale columns were tested. Each test specimen

represented a portion of the building frame at the joint between

column and beams. The column portion extended from approxi

mately mid-heights of the stories above and below the joint as

show n in Fig. AI. In most specimens, he ight of column portion

projecting above and below the joint was proportioned such that

the column moment immediately above the joint equalled the

column moment immediately below the joint. However, in Speci

mens NC3, LCII, LCI2, and LCI3, height of the top column portion

was increased while the height of the bottom column portion was

decreased. The purpose was to force hinging into the top

column. Ratio of bottom to top column moments for each specimen

as well as test program variables are given in Table Al.

Reinforcement Details

Main column steel and column confining hoops used in each

specimen are summarized in Table AI. Reinforcement details are

show n in Fig. A2.

Main column steel consisted of eight bars in lSx15-in.

(3Slx3Sl-mm) columns and ten bars in l5x20-in. (3S1xSOS-mm)

columns. Columns containing two different size bars had the

larger size bars placed in the corners. Column hoop and supple

mentary crosstie arrangements are illustrated in Fig. A2.

nCandystick n supplementary crossties had a 135 0 hook with a 10

diameter extension at one end and a 90 0 hook with a six-diameter

extension at the other end. Crossties were al ternated end for

end along the column long i tudinal reinforcement. Cross-ties

were fitted tightly around column bars at the middle of each
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TABLE Al - TEST PROGRAM VARIABLES

Column
Column Steel Confining Hoops

Initial Axial Top to Bottom
Specimen Concrete Size Column Load, Column

Type (in.) Bar.s* , Bar spacing , , of 4> P ** Moment Ratio
No. (in .) 0

LCI Lightweight 1 15x15 4 NO. 7 & 4 No. 6 1.84 4 2 3.19 10 1.00

LC3 Lightweight 1 15x15 4 No. 7 & 4 No. 6 1.84 3 4-3/4 0.74 10 1.00

LC4 Lightweight 1 15x15 4 No. 7 & 4 No. 6 1.84 4 4 1.60 10 1.00

LC6 Lightweight 1 15x15 4 No. 7 & 4 No. 6 1.84 4 4 1.60 20 1.00

LC12 Lightweight 1 15x15 4 No. 7 & 4 No. 6 1.84 4 4 1.60 30 0.74

LCIO Lightweight 2 15x15 4 No. 7 & 4 No. 6 1.84 3 4-3/4 0.74 10 1.00

LC9 Lightweight 2 15x15 4 No. 7 & 4 No. 6 1.84 4 4 1.60 10 1.00

NCI Normal Weight 15x15 4 No. 7 & 4 No. 6 1.84 4 4 1.60 10 1.00

NC3 Normal Weight 15x15 4 No. 7 & 4 No. 6 1.84 4 4 1.60 10 0.74

LC7 Lightweight I. 15x15 8 No. 6 1.56 4 4 1.60 10 1.00

LCa Lightweight 2 15x15 8 No. 6 1.56 4 4 1.60 10 1.00

LCU Lightweight 2 15x15 8 No.6 1.56 4 4 1.60 10 0.83

NC2 Normal Weight 15x15 8 No. 6 1.56 4 4 1.60 10 1.00

LC5 Lightweight 1 15x20 10 No. 6 1.47 4 3-1/2 1. 57 10 1.05

LCn Lightweight 1 15x20 10 No. 6 1.47 4 4 1.37 10 0.77

LC2 Lightweight 1 15x15 4 No. 10 &'4 No.9 4.04 3 2-1/4 1. 56 10 1. 00

*Where two different column bar sizes are used, the larger bars were placed in the corners.
**Po = Column axial load design strength. 1 in. = 25.4 rom



I in. =25.4 mm
I ft = 305 mm

F

.'10'-0" ,

mJJ'"i 15" .. I

All Other Soecimens

Detail

H

Crosstie

10'-0"

Igrnl}
I.. 20" ..

Specimens LC 5 a LC 1:3

F
I
' ..

I
!

,

.-----------...,.~~- H

10'-0",

SECTION A-A

nm tm1 BrnG
Specimens LC5 a LC 1:3 Soec,men LC2 All Other Soecimens

SECTION B-B

NO.3

e5"
No, :3

C! 5"

Specimen, LC2 a LC5 All Other Soecimens

SECTION C-C

Fig. A2 Reinforcement Details

-A4-



'r'!
" .
"i- ..!
_.2

,.......
1~ 
i

j ••

( -

l.-"

( ",
I -:I .
~

f- ~.

i
\....

i
L:

~ -
•

face without difficulty. In all cases, bar size for supplemen

tary crossties was similar to that of the confiniGg hoops. The

confining hoops had a 1350 hook with a 10-diameter extension.

As the objective of this investigation was to determine

required confinement to obtain ductile behavior of the column,

the joint was overdesigned and yielding of the beam reinforcing

steel was avoided. Details of the joint reinforcement are shown

in Fig. A2. Beam reinforcement consisted of No. 11 bars as

shown also in Fig. A2. Clear concrete cover was maintained at

1-1/2 in. (38 rom) in columns and beams. Reinforcing cage for

Specimen LC2 is shown in Fig. A3.

Material Properties

Properties of reinforcing steel used in each test specimen

are summarized in Table A2. The reinforcement conformed to ASTM

Designation A6lS Grade 60. (24)

Three concrete mixes were used to manufacture the columns.

Two were lightweight concretes and one was normal weight

concrete. Each mix was designed for a concrete compressive

strength, f~, of 5000 psi (34.5 MPa) at 14 days and a slump of

3 .:t 1/2 in. (76 + 13 mm). Mix propor tions for the three con

cretes are shown in Table A3.

Type I cement was used in all mixes. Sand and gravel were

from Elgin, Illinois. Lightweight Aggregate 1 consisted of an

expanaed clay produced on the west coast of the United States.

Lightweight Aggregate 2 consisted of an expanded shale produced

on the east coast. Fresh uni t weights of concrete made from

Lightweight Aggregates 1 and 2 were 117 and 122 Ib/ft 3 (18.4 and

19.1 kN/m 3), respectively. Both lightweight aggregates have

been used extensively for structural applications.

The concrete was mixed in a six cu ft til ting drum mixer.

Three 6x12 - in. (15 2x30 5 -mm) con trol cylinder s were taken from

the batch pla<?ed in the column immediately below the joint.

Another three cylinders were taken from the batch placed in the

column immediately above the joint. Of the six cylinders,. three

-A5-



Fig. A3 Reinforcing Steel Cage
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TABLE A2 - R~INFORCEMENT PROPERTIES

No. 3 Bar No.4 Bar No. 6 Bar No. 7 Bar No.9 Bar No. 10 Bar

Specimen (ksi) (ksi) (ksi) (ksi) (ksi) (ksi)

f f f
,

f f f f f f ff su f
Y su Y su y su y su y y su

LCI - - 63.9 104.4 61.9 106.0 64.9 110.9 - - - -

LC3 69.9 105.0 - - 63.4 106.4 67.3 110.6 - - - -

LC4 - - 63.9 104.4 63.9 105.7 64.8 Ill. 3 - - - -

LC6 - - 61.0 106.8 63.6 105.7 64.6 109.2 - - - -

LC12 - - 67.8 109.0 64.3 107.3 64.4 107.9 - - - -

LCI0 71.0 107.3 - - 64.2 105.8 64.8 109.1 - - - -

LC9 - - 67.8 109.0 66.1 107.1 66.4 112.5 - - - -

NCI - - 63.9 104.4 64.7 106.8 66.5 112.3 - - - -

NC3 - - 67.8 109.0 64.5 106.4 64.4 108.8 - - - -

LC7 - - 67.8 109.0 63.8 106.2 - - - - - -

LC8 - - 67.8 109.0 67.0 108.2 - - - - - -

LCll - - 67.8 109.0 65.4 108.2 - - - - - -

NC2 - - 67.8 109.0 63.4 105.4 - - - - - -

LC5 - - 63.9 104.4 63.2 104.9 - - - - - -

LC13 - - 67. 8 109.0 64.2 106.4 - - - - - -

LC2 69.9 105.0 - - - - - - 64.8 104.8 67.4 105.5

f y = Yield Stress f su ~ Ultimate Strength 1000 psi = 1 ksi = 6.895 MPa
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TABLE A3 - CONCRETE MI X PROPORTIONS

.
Lightweight Lightweight Normal Weight

Ingredients Concrete 1 Concrete 2 Concrete

Cement (lb), Type I 641 450 478

Sand* (1b) 1444 1393 1579

1/4 in. to 3/8 in. Gravel (lb) - - 860

3/8 in. to 3/4 in. Gravel (1 b) - - 860

Lightweight Aggregate 1* (lb) 761 - -

Lightweight Aggregate 2* (1b) - InOO -

Air E ntr ai nment Agent (liter) 0.98 0.73 -

Water (lb) 359 290 275

*Saturated Surface Dry, SSD I 1b = 4.448N I in. = 25.4 mm
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cylinders were tested for compresssive strength and three for

splitting tensile strength.

Concrete cylinders were tested on the first day of the

column test. Each column test was conducted over two consecu

tive days. Age of concrete and compressive and splitting ten

sile strengths of individual cylinders are listed in Table A4.

Average strengths are also shown.

Concrete type used in each specimen is identified in

Table AI. Same concrete type and mix proportions were used in

the beams and columns of each specimen. One exception was

Specimen LC9, where accidently a leaner concrete mix was placed

in the joint and beams. This mix contained 76% of the intended

amount of cement. The mix was later duplicated for determina

tion of concrete properties. The average compressive strength

of the concrete was 3440 psi (23.7 MPa) as determined from three

cylinders. Similarly, the average spli tting tensile strength

was 340 psi (2.34 MPa) •

Fabrication

The column reinforcing cage was assembled first. It was

placed vertically in the form. The beam steel was then inserted

through' the joint and beam stirrups tied in place. Before cast

ing, loading ducts and pipes for attaching external instrumenta

tion were placed in position. Locations of instrumentation

pipes are shown in Fig. A4.

Casting of each specimen was completed within one working

day. Each specimen required 13 concrete batches. The first two

batches cast the bottom column early in the morning. The con

crete was placed through the joint in the space immediately

below the bottom flexural re inforcement of the beam. The next

nine batches were placed in the beams and joint starting from

the ends of the beams with alternate batches in opposite beams.

The last batches filled the joint. This occurred approximately

two hours after placing concrete in the bottom column. This

time was adequate to allow plastic shr inkage to occur in the

-A9-



TABLE A4 - CONCRE'rt: PROPERTIES

----r----r---------------------- ------------------------ --1- ------

Compressive Strength Splitting Tensile Strength,
of Concrete, f~ (psi) , t Ip,11 ---l E

ctspecimen I Age
~ -- ---- -~------ ---

(days) fl
Bottom Top Average Bottom Top c
Column· Column· Column· Col umn* Ave rage
-- ------ ------ -------

LCI 19 5380 4550, 5220 5050 480, 480 340 430 I 6. I

LC3 13 4400, 5840 6160 5470 450 I_ 440, 480 460 I 6.2

LC4 14 5530 6170, 6230 5980 370, 460 390 I 410 I 5.3

LC6 13 5260 6360, 7020 6210 350, 400 465 I 410 I 5.2

LC12 14 5480 4580, 4930 5000 340, 460 I 420 I 410 I 5.8

LC10

I
17

I
4910

1
5210

'

5230 5120 440, 480 I 480 I 470 I 6.6
I I:J::' LC9·· 13 5070, 5090 4630, 4630 4860 500 I 490 I 490 I 7.0......

0

I NC1 I 14 I 5540, 5640 I 4840 I 5340 I 570 I 450, 520 I 510 I 7.0I

NC3 13 4600 4700, 4820 4710 470, 470 I 550 I 500 I 7.3

LC7 14 5120, 5220 5560 5300 420 340, 350 I 370 I 5.1

LC8 15 5220, 5380 5040 5210 540 470, 500 I 500 I 6.9

LCU 14 5390 4870, 4910 5060 420, 490 490 I 470 I 6.6

NC2 14 5620 4900, 4960 5160 530, 570 I 520 I 540 I 7.5

LC5 18 6180, 6400 4880 5820 360

I
380, 400 I 380 I 5.0

LC13 14 5lIO 4500, 4610 4740 370, 460 430 I 420 I 6.1

LC2 20 6530, 5900 6010 6150 430 I 390, 480 I 430 I 5.5
\

--- ----- ---- -------
·Individual Cylinders 1000 psl ~ 6.895 MPa

"Concrete in the Joint and Deams of Specimen LC9: f~ = 3440 psi, f ct = 340 psi
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bottom column. The top column concrete was placed late in the

afternoon. '!Wo concrete batches were needed to cast the top

column.

Beams and column were covered with a sheet of polyethylene

and allowed to cure for three days. Control cylinder s were

cured in a similar manner. Specimens and cylinders were then

stripped and moved to the test location. Testing began approxi

mately 14 days after casting. Age of concrete at testing time

is shown in Table A4.

Test Setup

The overall test setup is shown in Fig. A5. The specimen

column was centered in a one-million pound capaci ty testing

machine. The lower column end rested on a pin pivot. The upper

column end contacted the spherically seated head of the movable

platten of the testing machine. Uniform contact on the top of

the column was insured by use of a thin layer of high strength

plaster.

The lower column end was similarly bedded in plaster to the

upper plate of the pin pivot. The pivot assembly consisted of

two grooved 4-in. (102-mm) thick steel plates separated by a

2-l/4-in. (57-mm) diameter high strength steel rod acting as the

pivot. The pivot assembly was supported at the proper height

above the machine base by a concrete pedestal.

At the end of each beam, the load was applied by a double

acting ram. The base of the ram was secured to the laboratory

floor. The top of the ram piston was connected to a swivel head

that was fastened to the bottom of two tension-compression load

cells. The tops of the load cells were, in turn, clamped to the

bottom of the beam. The rams had a 36-in. (914-mm) stroke.

Three separate hydraulic systems were used during each test.

The first was used to apply the column axial load. The other

two systems were used for each of the two double-acting rams

applying load to the beams. The rams' piston area for the push

cycle was larger than that for the pull cycle. Since equal and

-A12-
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opposite loads were applied to each beam, two separate hydraulic

systems were needed.

Instrumentation

Each specimen was instrumented externally and internally.

External measurements included column load, beam loads, column

drifts, column rotations, and beam deflections. In some speci

mens, the lateral joint movement and/or the joint shear distor

tion were also measured. Internal measurements included strains

of main column steel and column confining hoops.

Loads

Column axial load was determined from the load measuring

capsule of the testing machine. The load was read visually on

the dial of the machine console. The million-pound machine is

calibrated annually. Each beam's load was determined by averag

ing the load in two tension-compression load cells.

Column drift

Top and bottom column "drifts" were measured using a verti

cal rigid arm connected to the joint as illustrated in Fig. AG.

When the beam ends were loaded, the joint rotated. Therefore,

the vertical arm also rotated. Lateral movements of the top and

bottom ends of this arm relative to the columns were used as an

indication of the column drift (approximately half-story drift) .

Prior to casting, pipes were embedded in the specimens as

shown in Fig. A4. After stripping, a threaded rod was inserted

through each pipe. The rod was tightly bolted against the pipe

at both ends. Portions of the threaded rod projecting beyond

the nuts were used to fasten the different instrumentation

devices. For example, the drift arm was bolted to two brackets;

each bracket was then fastened to two threaded rods. Lateral

movement of the top and bottom ends of the drift arm were sensed

through 12-in. (30S-mm) stroke potentiometers mounted on frames

secured to the top and bottom of the column. Bottom· dr ift

-AI4-
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potentiometer is shown in Fig. A7. Distance between the joint

center and top and bottom drift potentiometers were 58.5 and

43.5 in. (1.49 and 1.10 m) respectively fo: Specimens NC3, LC12

and LC3, and 55.5 and 46.5 in. (1.41 and 1.18 m) respectively

for Specimen LCll. For all other specimens, these distances

were 51 in. (1.30 m) for both top and bottom dr ift potentiom

eters.

Column rotation

Column rotations were measured above and below the joint

over distances of 10 and 20 in. (25 and 51 mm) for Specimens

LC5 and LCI3, and over distances of 7-1/2 and 15 in. (190 and
"

381 mm) for all other specimens. Fig. A8 depicts the rotation

frames used in the bottom column. Linear potentiometers with

4 -in. (102-mm) stroke sensed relative movement between frames

and the beam for calculation of column rotations.

Beam deflection

Vertical deflection of each beam at a distance of 9 ft 8 in.

(2.95 m) away from the column face was measured using 36-in.

(9l4-mm) stroke linear potentiometers.

Horizontal joint movement

The arrangement used to measure the horizontal joint move

ment is shown in Fig. AG. The lateral movement of the joint

was measured in Specimens LC12, LC13, and NC3, using a l2-in.

(305-mm) potentiometer. The potentiometer was secured to the

top of a rigid arm clamped to the pedestal supporting the

column. The end of the potentiometer's plunger was connected to

one of the top threaded rods projecting out of the joint.

Joint shear distortion

Shear distortion of the joint was measured in Specimens LC13

and NC3. '!Wo 4-in. (102-mm) potentiometers were mounted diago

nally across the joint. The change in the length of diagonals

-A16-
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was used to calculate the shear distortion as illustrated in

Fig. A9.

Reinforcement strains

Internal instrumentation included measurement of strains on

the column steel and confining hoops. Electrical resistance

strain gages were attached to the surface of the reinforcement

before testing. In each specimen, two column bars were each

instrumented with nine gages. Strain gage locations and identi

fication are shown in Fig. AID. In addition, three confining

hoops above and three below the joint were instrumented each

with two gages as identified in Fig. All.

Data Acquisition

Loads, deformations, and steel strains were recorded at

selected points along the load cycles by a digital data acquisi

tion system. This system pr inted the data and simul taneously

stored it on magnetic tape. The on-line computer provided a

tabulation of data within seconds of recording the readings.

Continuous plots of loads and deformations were recorded on

X-y plotters. The applied beam loads were expressed as column

moments. These moments were a function of specimen geometry and

applied beam loads. As the test setup provided a statically

determinate system, the column moment was directly proportional

to the applied beam loads. The column moments were computed at

a section immediately above or below the joint. The following

continuous plots were recorded.

Moment versus drift

For each specimen, moment versus drift was plotted sepa

rately for each of the top and bottom columns, Le. the column

portions above and below the joint. These plots were used to

control the imposed deformations as discussed under nTest Pro

cedure. n The moment was proportional to the sum of loads in the

four load cells. Column drift was measured as explained above.

-A19-
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Hoop Distance Above and
Below ':ne Joint, in.

I Specimen

ill ;2 ~3

A A
I #3 "LCl 1. 00 5.00 9.00

#2 ~ TopLC3 1. 00 5.75 1.5.25

LC4 1. ::10 5.00 9.00 I"
, Hoops

LC6 1. 00 5.00 9.00

"C12 1. 00 5.00 9.00

LC10 l. 00 5.75 10.50

LC9 1.00 5.00 9.00

NCl 1. 00 .5.00 9.00

:-IC3 1.00 5.00 9.00

LC7 1. 00 5.00 9.00

Lca 1.00 5.00 9.00

Lell 1. 00 5.00 9.00 I"
:-IC2 1. 00 5.00 9.00

LC5 1. 00 4.50 11.50

LC:3 1. 00 5.00 9.00
I in. =25.4 mm

LC2 1.00 5.50 10.00

West Strain
Gage

I"
3'2

SECTION

East
Strain
Gage

Fig. All Locations of Strain Gages on
Instrumented Confining Hoops
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Moment versus rotation

For each specimen, a continuous plot of moment versus column

rotation was recorded separately for the top and bottom columns.

The rotation depicted the change in angle between the ends of a

column segment immediately above or below the joint. The seg

ment height was 7.5 in. (190 mm) in lSxlS-in. (381x381-mm) col

umns, and 10 in. (254 mm) in 20x20-in. (S08xS08-mm) columns.

Significant plots are reported in' Appendix B.

Test Procedure

After placing the specimen in the test setup and attaching

all instrumentation, an axial load was applied to the column.

This axial load was maintained constant while the beams were

loaded. When one beam end was under a down load, the other beam

end was sUbjected to an up load. Then the beams were unloaded

and the loading sequence was reversed. This resulted in rever

sal of the moments in the beams and consequently in the columns.

Several cycles of load reversals were applied to the beams.

Therefore, the column stubs above and below the joint were sub

jected to a constant axial load and to moment reversals. Speci

mens that survived the scheduled cycles of moment reversals were

then subjected to a higher axial load, followed by addi tional

cycles of moment reversals.

Column axial load

The load applied to each column represented a fraction of

the column axial load design strength. Axial load levels

applied to each specimen are show n in Table A5. The column

design strength was defined by the following equation:

p = <P (0.85 f' (A -A ) + A tf ) (Al )
0 c g st s y

where <P = capacity reduction factor (0 • 7)

Ag = gross area of section, sq in.

Ast = area of reinforcement, sq in.
fl = specified compressive strength of concre te,. psic
f = specified yield strength of re inforcement, .:psiy
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TABLE AS '" ':'OADlcJG SCHEDULE

Axial Co lunn I
Specl:nen :.oad, I Numoer of Cycles ~ Juctillty

% of <!> Po

LCI 1.0

I
BaS1C Loading Cycles"

20 2 .~ 2, 2 @ 4, 3 ;) 3
3U 2 @ 4, 3 @ 8
60

I
2 ~ 4, 1 @ i . 5

:"CJ 10 3asic Loadlng Cycles

I20 2 @ 4, 2 @ 8
30

I
2 @ 8 I

:'C4 10 3asic Loading Cyc:'es

I20

I
2 @ .: , 2 @ 8

30 2 @ . 2 @ 8.. ,
60 2 @ 4, 0.5 @ 6.3

iLC6 20

I
BaS1C Loading Cycles

30 2 @ 4, 2 @ 8 !
60 2 @ 8

ILC12 30

I
BasJ.c Loading Cycles

LCI0 ;'0 3as ic Loading Cycl~s ,.20 2 @ 4, 2 @ 8

L::9 10 Basic Loadlng Cycles
20 2 @ 4, 2 @ 8

INCl 10 BaS1C Loadlng ::ycles
20 2 @ 4, 2 @ 8

I30 2 @ .: , 2 @ a
60 2 @ 4, 1 @ 5.5

NC3 10 SaS1C Loading Cycles

I20 2 @ 4, 2 @ 6
30 2 @ 4, 2 @ 6
60 2 @ 4, 1 @ 8

ILCi 10 Basic Loading Cycles
20 2 @ 4, 2 @ 8
30 2 @ 4, 2 @ a

I
60 2 .@ 4, 1 @ 6

Lca 10 Basic Loading Cycles
20 2 @ 4, 2 @ 6

I
30 2 @ 4, 2 @ 8
60 2 @ 4, 1 ~ 8

Lc11 10 Basle Loading Cycles

I20 2 :E 4, 2 .@ a
30 2 @ 4, 2 @ 3
60 2 @ .: , 1 @ a

INC2 10 Baslc Loading Cycles
20 2 ;@ .: , 2 @ 6
30 2 Q 4, 2 ~ a

I
.:

60 2 @ 4, 1 @ 6

LC5 10 Bas lC Loadi ng Cycles
30 1 @ a

I:.C13 10 Basic Loaclng Cycles
20 2 .@ .; , 2 @ 8
30 2 @ a

I:"C2 10 2 @ 1, 6 @ 2, 4 @ 4, o.5 @ 6

*Baslc Loading Cycles: @ 1. 6 @ 2, 4 4, 3 @ 8
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Beam loads

After applying the constant axial load to the column, the

beams were loaded to produce cycles of moment reve=sals in the

column. On the first cycle, the beams were loaded to attain

calculated yield moment in the column. Subsequent beam loading

cycles were controlled by column deformation as discussed below.

Column yield moment, in the presence of an axial force, was

computed based on Navier I s hypothesis of "plane section before

bending remains plane after bending. n A computer program was

used to determine the yield moment and nominal flexural strength

of each column. Calculations were made using equilibrium of

forces and strain compatibility. Concrete compressive strength

was assumed to be 5000 psi (35 MPa). Concrete tensile strength

was ignored. Reinforcing steel yield stress was assumed to be

60 ksi (419 MPa).

Beam loads at positive and negative peaks of the first load

ing cycle were applied to obtain calculated yield moment in the

column. The largest value of either top or bottom column drift

measured at the first positive peak was defined as "yield

drift." This yield drift was used as a deformation control for

all subsequent cycles. Multiples of the yield drift were

imposed on the column to produce the drift ductili ties as show n

in the loading schedule of Fig. A12. Drift ductility was

defined as the ratio of the largest value of either top or

bottom column drift in any cycle to yield drift.

While the column axial load was maintained constant, the

fifteen basic loading cycles were applied as follows: two

cycles at ductility 1, six cycles at ductility 2, four cycles

at ductility 4, and three cycles at ductility 8. This loading

schedule pattern was suggested by Wight and Sozen. (25) This

pattern of ever increasing deformation in each group of cycles

is not intended to represent any specific major earthquake. For

specimens that survived the basic loading cycles, the column

axial load was increased, and additional cycles of load rever

sals were applied as summarized in Table AS.
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Equal and opposite loads were applied to the beams. These

loads were controlled by monitoring hydraulic pressure to each

ram using pressure cells. One hydraulic system was used for

each ram. The hydraulic pressure in each ram was plotted on an

X-y plotter. Each axis represented one ram. At all times, the

hydraulic pressures were proportional to the reciprocal of the

push-pull ram piston areas. Four way valves allowed the hydrau

lic pressure to be switched from a push cycle to a pull cycle.

Test results for each specimen are given in detail in

Appendix B.
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APPENDIX B - TEST RESULTS

This appendix contains test results for all specimens.

Presentation of test data is first described. Test results for

each specimen are then presented in detail.

Data Presentation

For each specimen, the following material is presented in

this appendix:

1. Summary of column details

2. Column moment history

3. Column moment versus drift relationships

4. Tabulated test results

Specimen behavior is discussed under "Column moment versus drift

relationships."

Column moment history

The column moment history of each test specimen is depicted

in a figure. Applied column moment is plotted versus cycle num

ber. Applied column moment is computed from measured beam loads

and specimen geometry, at a section immediately above or below

the joint. Measured column moment corresponding to first posi

tive peak is shown on each figure. Applied column axial load

and drift ductility are indicated at the top of the figure for

the different cycles. The level of applied column axial load is

given as a percent of the calculated axial load design strength.

Drift ductility is defined as measured column drift divided by

the drift measured at first positive peak. Column drift was

measured as discussed in Appendix A under "Instrumentation."

Column moment versus drift relationships

A continuous plot of moment versus drift is presented for

each specimen at each column axial load level. For those speci

mens where a plastic hinge formed in the top and bottom columns

simultaneously, plots of moment versus top and bottom drifts are

presented. When hing ing occur red in ei ther the top or bottom
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column only, plots of moment versus drift are presented for the

hinged column. However, for Specimen LCl, moment was plotted

versus both top and bottom drifts to illustrate the bottom col

umn behavior as a hinge developed in the top column. All plots

of moment versus drift were continuously recorded during testing

using X-Y plotters.

The maximum measured column moment within the basic loading

cycles is compared with the calculated nominal flexural strength

for each column. Calculated nominal flexural strengths were

determined using sectional analysis based on equilibrium of

forces, strain compatibility, design material properties, and an

unspalled cracked section. Strain hardening of the steel was

included. The material properties used for specimen design were

(1) concrete compressive strength equal to 5000 psi (35 MPa) and

(2) yield strength of the steel equal to 60,000 psi (414 MPa).

Measured reinforcing steel and concrete properties for each

specimen are reported in Tables A2 and A4.

Photographs at the end of Cycles 12 and 15 are shown for

each specimen. These correspond to last cycles at Ductilities 4

and 8, respectively, within the basic loading cycles.

Continuous plots of moment versus rotation for top and

bottom columns were recorded for each specimen. Very close sim

ilarities were observed between the loops of these plots and the

loops of column moment versus drift plots. For this reason,

moment versus rotation relationships are only reported for

Specimen LCI.

Tabulated results

Test data recorded at cycle peaks are tabulated for each

specimen. The following data are provided:

1. Column moment

2. Top column drift

3. Bottom column drift

4. East beam deflection

5. West beam deflection
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6. Calculated rotation over distances D and D/2 above and

below the joint, where D is the column width.

7. All reinforcement strains

In addition, Specimens LC12, LC13, and NC3 were instrumented

to measure horizontal joint movement. Specimens Le13 and NC3

were instrumented to measure joint shear distortion. Horizontal

joint movement and joint shear distortion measurements are

reported in the appropriate tables. Moments listed exclude

secondary P-Delta effects due to horizontal joint movement.

These secondary effects are also excluded from plotted moments.

All tabula ted data cor respond to cycle peaks. These data

were recorded as described under the section "Data Acquisition"

in Appendix A. Data judged meaningless were replaced with a

dash in the tabulation.

Specimen LCI

Specimen LCI was constructed of Lightweight Concrete 1.

This specimen was heavily confined with No.4 hoops spaced at

2 in. (51 mm). This corresponds to a volume of hoop reinforce

ment to concrete core of 3.19%. Other column details are given

in Table AI.

Column moment history

The column was subjected to 30 cycles of moment reversals

as shown in Fig. Bl. The test began with a column axial load

of 83.2 kips (370 kN). This corresponded to 10% of the column

design strength. This axial load was maintained constant

throughout the basic loading cycles. Column axial load was sub

sequently increased to 20%, 30%, and 60% of the column design

strength as shown in Fig. Bl.

Column moment versus drift relationships

Top column moment versus drift relationships

Fig. B2. The first positive peak column moment was

(177 kN·m). The corresponding top column drift

-B3-
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(7.1 mm). Bottom column drift measured at the first positive

peak was 0.26 in. (6.6 mm). Top column drift was greater than

bottom column drift throughout the test. Bottom column moment

versus drift is plotted in Fig. B3. This plot indicates a

decrease in hysteresis loop size as hinging developed in the

top column.

The maximum measured moment within the basic loading cycles

was 2144 in.-kip (242 kN·m). It occurred at the negative peak

of Cycle 13. The calculated monotonic nominal flexural strength

was 2040 in.-kip (230 kN·m) based on an unspalled cracked sec

tion. The maximum measured moment was approximately 5% greater

than calculated.

Photographs of Specimen LCI at the end of Cycles 12 and 15

are shown in Figs. B4 and B5, respectively.

During Cycle 30, the column moment capacity dropped and the

test was ended. No buckling of the column bars or opening of

the 90° hook in the supplementary crossties were observed

throughout the test. The high amount of confining reinforcement

helped maintain the column integrity while allowing large

inelastic cycles of moment reversals.

Column moment versus rotation relationships

Top column moment versus rotation relationships are shown in

Fig. B6. Rotation in this plot was measured over a distance of

7.5 in. (190 mm) directly above the joint. This distance encom

passed the majority of the hinging region.

A comparison of Figs. B2 and B6 indicates a large similarity

in the shape of the hysteresis loops for moment versus drift and

moment versus rotation for the top column. Similar behavior was

observed in other specimens for both top and bot tom columns.

Because of this similarity, only plots of column moment versus

drift will be reported for subsequent specimens.

Tabulated results

Tabulated values

drifts, and east and

of column momen t, top and bottom column

west beam deflections recorded at cycle
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Fig. B4 Specimen LCl after Cycle 12

Fig. B5 Specimen LCl after Cycle 15
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peaks are given in Table 81. Column rotations measured at cycle

peaks are listed in Table B2. Reinforcement strains recorded at

cycle peaks are presented in Tables B3 and 84 for column steel

and Tables B5 and B6 for column confining hoops. Locations of

strain gages are identif ied in Figs. AIO and All for column

steel and confining hoops, respectively.

Specimen LC3

Specimen LC3 was manufactured with Lightweight Concrete 1.

Confining reinforcement consisted of No. 3 hoops spaced at

4-3/4 in. (121 mm). The amount of confinement was 0.74%. Other

details of column steel are shown in Table AI.

Column moment history

Specimen LC3 was subjected to 21 cycles of moment reversals

as shown .in Fig. B7. During the basic loading cycles, the col

umn was subjected to an axial load of 83.2 kips (370 kN) or 10%

of the column design strength. For subsequent cycles, column

axial load was increased to 20% and 30% of the column design

strength as shown in Fig. B7.

Column .moment versus drift relationships

Moment versus dr ift for both top and bottom columns are

plotted in Figs. B8 and B9, respectively. The first positive

peak column moment was 1598 in.-kip (181 kN·m). At this stage

top and bottom drifts were 0.28 in. and 0.26 in. (7.1 and

6.6 rom), respectively.

Hysteresis loops for Cycles 1 through 12 were very similar

for top and bottom columns. Both top and bottom columns hinged

simultaneously with top column drift being slightly greater and

controlling test progress for positive and negative cycles.

However, during the negative half of Cycle 13, the bottom column

drift increased faster than that of the top column. Expecting

top column drift to control, the bottom column drift went unde

tected and an accidental bottom drift of 3.71 in. (94 mm) was
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TABLE B3' WEST COLUMN STEEL STRAINS
FOR SPECIMEN LCI
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TA.13LF: :85 _TOP COLUMN HOOP STRAINS
FOR SPECIMEN LeI
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incurred as shown in Fig. B9(a). Following Cycle 12, top column

drift controlled for positive peaks and bottom column drift con

trolled for negative peaks. This also explains the non-symmet

rical shape of the hysteresis loops.

The maximum measured column moment was 2325 in.-kip

(263 kN·m). It occurred at the negative peak of Cycle 9. The

calculated column nominal flexural strength was 2040 in.-kip

(230 kN ·m) • Maximum measured column moment was approximately

14% greater than calculated. Photographs of the specimen at

the end of Cycles 12 and 15 are show n in Figs. BIO and Bll,

respectively.

Our i ng Cycles 20 and 21, column moment capac i ty decreased.

Bottom column corner and midside bars buckled and the 90° hook

of the supplementary crosstie opened as shown in Fig. B12.

Although the top column was considerably spalled, no buckling of

reinforcement was observed. Due to column steel buckling, the

bottom column shortened and the drift arm was rubbing against

the jig that secures the drift potentiometer to the column (see

Fig. A7). The test was ended. Cycle 21 is not plotted in Fig.

B9 (c) due to unreliable data provided by the bottom drift arm.

It should be emphasized that the 90° hook started unhooking

only during Cycle 20. Four large inelastic load reversals had

occurred beyond those of the basic loading cycles.

Tabulated results

Tabulated values of column moment, top and bot tom dr i fts,

and east and west beam deflections recorded at cycle peaks are

presented in Table B7. Peak rotations are given in Table B8.

Peak steel strains are listed in Tables B9 through B12.

Specimen LC4

Specimen LC4 was manufactured using Lightweight Concrete 1.

This specimen was similar to Specimen LCI except one-half the

amount of confining reinforcement was used. The column core was

confined with No.4 hoops spaced at 4 in. (102 mm). This corre

sponds to a confinement of 1.60%.
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TABLE B8 - COLUMN ROTATIONS FOR SPECIMEN LC3
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TABLE B10 - EAST COLUMN STEEL STRAINS FOR SPECIMEN LC3
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TABLE Bll - TOP COLUMN HOOP STRAINS
FOR SPECIMEN LC3

,F'A Itl ",' I LL..I::'tl-H':

I:' " LE ~'JE:':, "7' E.-1':' -

'* =2 -= .~:

'* =f2 '* ~:

-.J2 - :.:' j 72 ':'::0":' 4 1
-::,4 1-.. "J2 :,0::: 27-, .'

... -7-:: - 1 -, ....- 3'3 1 =2~,- .:. ,
- lOS 1 '~

.,. .1':':::: 'S:::3 : ')0-
... 5': 2 5~7 5 ?0 1 1 '~ 1

- 12€
., ",8 '~~j'3

..
~·6 4'~:'J

4 -64 7' ~:1:3 ..- I r:::; 1 12-36
-\ - 2~ 1'3'?'~ ,3:3~1 1 '::'~4 4" ,.

-51 .,
1 ~) 5-;"·:1 "342 2~·2.'.. -1 2"3 -:;:::'; ::;"4 1 ~:SJ, 4:::t;

., -44 ':':;0 :5=: 61~ 121 '3

.:, - 1 '::'0 ';' ~:1 " 6:- 1 :::,4 4:; ~

... -42 6;"4 :5~3 6 10 1 2\Z1
- 1 16 €,:::'? :::5:3 1'::21 ":"? 1

... -3 1 lj.: 0 54;" 6 1 IiJ 1 1 " 1
::: - 1 : ~1 ., :'~ ,?oS4 1.2 ~.; 4'~ 1

... '? -4: 1::: 3 , , 1 :44 8 1t~22
-'37 :~,,:, ~j 1'~2 : '32';' ·32 1

... ~6 27 4 I.Zt 7 :::135 1 34 1 ~ ~.::5

- 0 16 155 1 1 1'?5 17:3 1 ?~'3

- 1 1 52 1 ~: 7': ::~32 1 31e 10, 1 :::
- 1 1 ~~) 1S2'3 1 7"~ 1';4; '~":;~1

- 1 .-:' ..:.9 : ;·7"0 ·:.€t3 1 ~.(t7 1-::0-
- 1 .:; -3 1:02 11;".) 1:1:::5 ~b~:'

... 1 .:r:. 1 21 ;"0 1 :::':':2 1'?'? 1 I- I 6
- 1 10":': 1:3::,5 1 314 1;",::', 1 C' 1 '~

? 14 73-:- ~'32 ;' 1 1= 1 1'~'::'-:: 14 it.
- 14 ~9 .1':-5 2'?9 : 04~1 ,::24

? : 5 '.' .::.·n.:: 1 12:::; .;::, '? 1 :::.:01
= .:. 7r:'. . 41 1 12':4 1(to 7' ::·.:'8~

,., c; :::0 1 1- . ';'3 1 (',?
" :,~:'.3

r:: r:: ~3'~ :; ..1.t') 1 32:: ..:. ~:~ 3

- 1 ,- co-,c- t 1.. -'r;- -SO 52'~_': J

1- 6 : , ~O6 :01 ~1'3'; 42-5

... :: ::L~5 ~~:'5.3 1 1 ;"':1
,

! 36 l 1 ;"-- 1 -== 2"5~j.2 10'::::: 1 1:~7 ;;.,;, ~I.I

? 1 '~ S'+S ..12':'~1 1 21 .; 21 2-:; 1 2::.
- 1'? ::7': ~'O:0 : OS', 1 34'3 . 1;-

. 2~1 .3"; - .:' 1 ,- :: .2224 ! ~:~ 7" 2- "- - l:1 1~:::~ -- 1 : ",';' 1 ! 1'3 7';; 1

- 1 --= 7"O5~: 1 ~: ~::3 -1 - '? 10 ~: '3-- -1 : 1 ~=1? 0, ~:7::' ?ISS '::'3'::: 0, 1

-B27-





TABLE B12 BOTTOM COLUMN HOOP STRAINS
FOR SPECIMEN LC3
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Column moment history

The column was subjected to 25-1/2 cycles of moment rever

sals as shown in Fig. B13. The test began wi th an axial load

equal to 10% of the column design strength. This column axial

load was maintained constant throughout the basic loading

cycles. Subsequently, column axial load was increased to 20%,

30%, and 60% of the column design strength and additional cycles

of moment reversals were applied.

Column moment versus drift relationships

Top column moment versus drift relationships are presented

in Fig. B14. The first positive peak column moment was

1611 in.-kip (182 kN·m). It occurred at a top column drift of

0.28 in. (7.1 mm). The cor responding bot tom column dr ift was

0.25 in. (6.4 mm). Bottom column moment versus drift relation

ships are shown in Fig. B15. A comparison of Figs. B14 and B15

indicates that hinging occurred in the top column throughout the

test.

The maximum measured moment was 2216 in.-kip (250 kN·m). It

occurred at the positive peak of Cycle 13. The calculated nom

inal flexural strength was 2040 in.-kip (230 kN·m). Therefore,

maximum measured moment was approximately 9% greater than cal

culated. Photographs of Specimen LC4 at the end of Cycles 12

and 15 are shown in Figs. B16 and B17, respectively.

In the top column, the main midside bar on the compression

face buckled during Cycle 25. The 90° hook in the supplementary

crosstie also was observed to open. During the first half of

Cycle 26, the moment capacity dropped when a drift ductility of

8 was imposed on the column. The test was ended after comple

tion of the first half of Cycle 26.

Tabulated results

Tabulated values of column moment, top and bottom column

drifts, and east and west beam deflections are listed in Table

B13. Column rotations are presented in Table B14. Reinforce

ment strains for column steel and confinement steel are shown

in Tables B15 through B18.
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TABLE B13 COLUMN MOMENT, COLUMN DRIFTS, AND
BEAM DEFLECTIONS FOR SPECIMEN LC4
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TABLE B14 - COLUMN ROTATIONS FOR SPECIr~N LC4
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TABLEB16 - EAST' COLU~1N STEEL STRAINS FOR SPECIMEN LC4
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Specimen LC6

Specimen LC6 was similar to Specimen LC4 in every respect.

However, the column of Specimen LC6 was subjected to a higher

axial load at the beginning of the test.

Column moment history

The column of Specimen LC6 was subjected to 21 cycles of

moment reversals as shown in Fig. B18. The test began with a

column axial load of 166 kips (738 kN) or 20% of the column

design strength. Subsequent to the basic loading cycles, the

column axial load was increased to 30% and 60% of the column

design strength as shown in the figure.

Column moment versus drift relationships

Top and bottom column moment versus drift plots are shown in

Figs. B19 and B20, respectively. Hinging was predominant in the

bot tom column throughou t the tes t. In addi t ion, cons iderable

diagonal cracks were observed in the joint with some large ones

occurring at the corners of the beam-column intersection.

Pinching observed in the hysteresis loops of Fig. B19 (b) is

attributed to joint shear distortion.

The first positive peak column moment was 1824 in.-kip

(206 kN·m). It occurred at a top column drift of 0.31 (7.8 mm).

The corresponding bottom column drift was 0.22 in. (5.6 mm). The

maximum recorded moment was 2477 in.-kip (280 kN·m) and occurred

at the negative peak of Cycle 9. The" calculated nominal flex

ural strength was 2290 in.-kip (259 kN·m). The maximum recorded

moment was approximately 8% greater than calculated.

Photographs of Specimen LC6 at the end of Cycles 12 and 15

are shown in Figs. B21 and B22, respectively. Propagation of

diagonal cracks into the joint can be seen.

Loss of moment capaci ty was observed dur ing Cycle 21. At

this stage the column was subjected to an applied axial load of

500 kips (2224 kN) or 60% of the design axial strength and a

drift ductility of 8. No significant buckling of the main col

umn steel was noticed. However, unhooking of the 90° bend in a
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supplementary crosstie was observed in the bottom column during

Cycle 20.

Tabulated results

Tabulated values of column moment, top and bottom column

drifts, and east and west beam deflections are listed in Table

B19. Column rotations above and below the joint are shown in

Table B20. Reinforcemen t strains are presented in Tables 821

through 824.

Specimen LC12

Specimen LC12 had the same column steel and hoop reinforce

ment as Specimens LC4 and LCG. However, the column of Specimen

LC12 was subjected to a higher axial load at the beginning of

the test than the columns of Specimens LC4 and LCG. In addi

tion, the column lengths were changed for Specimen LC12 to force

hing ing into the top column. Height of the top column was

increased while that of the bottom column was decreased. As a

result, the ratio of bottom column moment to top column moment

was 0.74. Because of unequal column moments, sidesway of the

joint was anticipated. Therefore, instrumentation was installed

to measure this horizontal movement.

Column moment history

The column of Specimen LC12 was subjected to 15 cycles of

moment reversals as shown in Fig. B23. The test was conducted

at an applied column axial load of 250 kips (1112 kN) or 30% of

the column design strength.

Column moment versus drift relationships

A plot of top column moment versus dr ift is shown in Fig.

824. The plotted moment excludes P-Delta effects due to hori

zontal joint movement. As anticipated, hinging occurred in the

top column. Few cracks appeared in the bottom column and meas

ured dr ift was minimal throughout the test. Therefore, the

-B45-
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TABLE B20 - COLUMN ROTATIONS FOR SPECIMEN LCG
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bottom column moment versus drift plot is not shown. Few cracks

were observed in the joint.

The first positive peak column moment was 2322 in.-kip

(262 kN·m). It occurred at a peak top drift of 0.43 in.

(10.9 mm). The maximum measured top column moment was

2990 in.-kip (338 kN·m) and occurred at the negative peak of

Cycle 3. The calculated nominal flexural strength was 2650 in.

kip (299 kN·m). The maximum measured moment was approximately

4.5% greater than calculated nominal flexural strength.

The peak moment for Cycle 3 shown in Fig. B24, does not

correspond with the recorded peak moment tabulated. Prior to

reaching the target top drift of 0.86 in. (21.8 mm), correspond

ing to a drift ductility of 2, the concrete shell of the column

spalled. The column response following this spalling and under

the rela ti vely high column axial load was a sudden drop of

moment capacity and rapid increase of deformation. This action

prevented the dig i tal recording of the actual peak data for

Cycle 3. However, peak moments plotted in Fig. B24 are correct

since these values were continuously recorded using X-Y

plotters.

Photographs of Specimen LC12 at the end of Cycles 12 and 15

are shown in Figs. B25 and B26, respectively.

The main column bars were observed to buckle cur ing Cycle

14. In addi tion, the 90 0 hook in the supplementary cross ties

was observed to open. A 30% drop in moment resisting capacity

occurred during Cycle 15 and the test was ended. A photograph

showing a buckled column bar and the opening of a supplementary

crosstie at test end is presented in Fig. B27.

Tabulated results

Tabulated values of top column moment, top and bottom column

drifts, east and west beam deflections, and horizontal joint

movement are presented in Table B25. Moments listed exclude

secondary P-Delta effects due to horizontal joint movement.

Column rotations are shown in Table B26. Reinforcement strains
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Fig. B25 Specimen LC12 after Cycle 12

Fig. B26 Specimen LC12 after Cycle 15
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Fig. B27 Buckled Column Bar and Opening
of Supplementary Crosstie in
Specimen LC12 at Test End
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TABLE B25 - COLUMN MOMENT, COLUMN DRIFTS, BEAM DEFLECTIONS,
AND HORIZONTAL JOINT MOVEMENT FOR SPECIMEN LC12
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TABLE B26 - COLUMN ROTATIONS FOR SPECIMEN LC12
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of both column steel and confining hoops are given in Tables B27

through B30.

Specimen LCIO

Specimen LCIO was manufactured as a duplicate of Specimen

LC3 using Lightweight Concrete 2. The column confining rein

forcement cons isted of No. 3 hoops spaced at 4.75 in. (121 mm).

This corresponds to 0.74% confinement. Other column reinforce

ment details are presented in Table AI.

Column moment history

Specimen LCIO was subjected to 19 cycles of moment reversals

as shown in Fig. B28. The test began with a column axial load

of 83.2 kips (370 kN). This corresponds to 10% of the column

design strength. Following the basic loading cycles, the axial

load was increased to 20% of the column design strength as shown

in Fig. B28.

Column moment versus drift relationships

Top and bottom column moment versus drift relationships for

Specimen LCIO are shown in Figs. B29 and B30, respectively.

Compar~d to Specimen LC3, Specimen LCIO was observed to lose

moment capacity at a faster rate as cycles were repeated at a

given drift ductility. Very few cracks formed in either the top

or bottom column. Excessive cracking and spalling occurred in

the joint. Photographs of Specimen LCIO at the end of Cycles 12

and 15 are shown in Figs. B31 and B32, respectively. A photo

graph of the joint after the test is shown in Fig. B33.

Pinching of the hysteresis loops as depicted in Figs. B29

and B30 is an indication of excessive joint shear distortion as

well as debonding of reinforcement. (23) The maximum joint

shear force that occurred during the basic loading cycles was

213 kips (947 kN). This corresponded to a nominal effective

shear stress of 16~ psi (1.32 ffi.' MPa) in the joint. Furtherc c
details concerning specimen joint shear are provided in the main

body of the report in the section entitled "Joint Shear."

-B59-





17., I I
(I:'

N
r-I
U
...:t

Z

~
H
U
rz:l
p.,
(/)

~
o
Ii.l

(/)

Z
H

~
8
(/)

...:t
rz:l
rz:l
8
(/)

~
::>
...:t
o
U

8
(/)

rz:l
3:

l
N
111

rz:l
...:t

~
8

'.I'
I
I-
:;:,=,
---'-,
::=:

:;:

'r.,,
I-

."
3

.
Z

,=,--,

z
I
I-

3'

I-
z

c·

LJI

,=,
1"0
,r

W
_J,_.,

,) .
-n-

...

1
.".

'il

""

ll)...

;
-n-

,')

""

'-'·1••

-n-

,-,. (,-,
('1""'

(f,'D
1-1'1
(.-, '.1.

"I'"'J

;;: ~::

I~lf',. ,I.
f_ '·'"

I

~I ,.)
;--

".1':;:'
'.J) .....
.~;, . ,
...... ,".J
I

,)) ':s:',I,,:...,
ll··f-

,., ..
,.... .,.
-1 'I'

"J'-'-'
'i' ,J.... '.

, ,

'L' ........
"I ~ ..
~-I ((.

'.T .....
'"'."J •

u·, ......
f .• ,',
"7 I~

-;
b-' ((.,-,-.-..

I

,- If)
"f'" 'i'

,"T·U'
"J "'1
~Q
...... ,•• J
I

,"(. ,::;,
,~,,-,,,,

'D'D

('J 1-
,"'". Cr)

" lr'

'i' ,.
'i' '1.'
...... J

'"'1'"'1

I I

'~II"!.

:=:-; :~:~:
I

;--.
J-':;;:'
1I11~'

lJ-"·'J
't '£,I
'L.........

,", '.1)
'-''"1,"]'.
"T. "I

(.) f·_
'':, ..
7'D
I

U-" ,-..1

(0 ,-.J
~"L'

'I' ,".)
((. 'i'
(hrf
(0 '(I
I

'DfJ·
',.11-'
'-'J'-.J
;-'1)
I

(,-, ,))

,".)"1

-'"'I

+ ,

II"','
"'1 .-')

.:::',-
'~I '"
.., 'J.

I

., .._....:::;:,.,

7 ,=a
'-'·1'-
'L',"'"'

I

r - ((,
·t ;,

_. ,....
,::::.(
'-"'-'.J
-If),

1.11 U'
'~'I.

'('"f
I _ .,

I

..,. ......
,I·ll·
'.1.' ('J
'-'·'1,-'
I

,·-L.-'
II"':;:'
'f' ,:;,
····1
I

., .,
+ I

'(I':::;'
.. t ,"J
.... ((,

I

lJ-"",.r,.,.
"-'("

'i'll'
,~,"].

rt ,~,

,-.,,"].
"'.1.'
'i' .-....

"J'"')
G' ((,
lJ,rl
I

h·' rt
lI-' (,'1

." ..,
~ U'
I

;- ,:;,
'p'"
'.T".'J,- .,
I

.... '-·1
"""t (,)
f·- '-'1
'-·... 1'-'
I

-1,r.,

'L'
'v'::':"'
-'-'J
I

,n l!J

+ I

'-'."'f .1

...... '"(I

I

II •. ~

(1"·'-'1

':s:'
',":".1.
"",~

(.-, (f.

'J. "1..1-, (.-,,

((. "'1
'-'-'f
l() ...,..

I

-,,:,.(.
... ,
-11-'
I

'-'1'"
'-'1 (,)
(·Jf-,.-".-,

,.,.",
,-.).::::,
I"'·'
"'ll-',

,.:'..,..
(rJ ,))

' •.1 .J,

'L' 'i'

I ,

1-;-
, .., .....,
-('-'

I

{nr_
(.) ......
""-"

'D
,_,) (r.,

,""~

.,., ......
'i-' 0)
II""

':k""'J
I 1_

lI-'"""
I

'J)('I'.

"'1
(,.. 
~ • If'
I

1-1
,~,,~,

"1 'I'
((I ....:,

I

.-.. ,.'.
r _ f'-'
I)) ,::::;;:,

I') IJ-'
I

,"(, \ ..)
',~ 0:"

I ,

+ I

1- "
(.J.....-I

'(. LI'
'JI"
I'""J.

f ''-'
'j) (,)

,.""p.'

1,)) to
,••) (Y)
1..1-.,-.-,

I

(.-........
IJ' 'i'".;,

'-'111·'
;- u'
1')-
-I!-',

-r-t ~ ,',

I~'J I~'., ;
((, (.',

I

'[o'.'J
'1'"e,) .:=;;:,
....-, b'
I

t,"-'lJ-'
'Df·
,.-, (f.

.)) ':.-,

+ I

,",.,,:;:,
,:;:."'1
, J '~I-'

I

...... ,-.j
,_,) -t
"1 .).

I

(,", '-'1
'J. ,".,
.,~

1..1• .-...
"'111'
f-'....J

I

I ,-,_,
'-'"'-1'
'f'l
I

,.", .......
'-'J 0:(1
'-').1.

·"1_
I -.

',D-r-

~~r :~:
'D':::::'

' .... ,.".
(T.f_
;-;
'L' '-'1
I .~

'1"'1
,-'.J .....,
':;'I,"'"'
'"'llI-'
I

'J, 'J.

+ ,

"1"(1'.
'r ",1
.. 4 '~I)

I

"111-'...:.::.,::;,.., .1.,

"1"':s:t
''":'1
..., ,:=;;:,

':"""'J
...... \1'
ri' '-'1

I

0) ,.
,::,.-..,
I-f

I

'nLJ-"
(.) rl

'~'LJ--'
'''''('1
1-

'::::..))
.-,) '1"
"1'::;"
·I',f.

'-',(1.

-I''''
',",:r ••
f ,.J
1-

,~, ......
OJ·,·
,r,'II'
·.·Ill··
I

'~":::'

, I

,·,',,1.
'~I (.)
.-or_

I

...... ('J
[J"I"_'.. .., ((,

,"]."'1
;- ..
'.';'::::;:'

'-,_"i·
h-' 1..1)
11 "'J

I

((. ('J

hrll'
, I
I

(0:' ,.)
•.• 'L'
'~'D
'-'1"1
1-

rl'L'
1'-1
(.", I
'fof_

1.1-' r·L,
........"T.

'_'JIJ-'
I-~

1-

,):' (.",

''':;''''1
~. 'J'
··'Jll··,

.,

, . I '~.'
'J. ,..:,

I ,

':;;:'1"
.-"
I. ", (.-,

I

'v"",-.J( ....
'.'."'.'

f-I')

- h-'
['·""'1

I

(,-, f_
(f, r
f -,
I

'~'I,-'(" u·,
,~, ((,

"I"J
1-

....... ,-•.J
G""'"'
"I''::'
f.f _

r" r~_

,',.)
I·'

f ~ ll-'.. .,.
-1
'·'111)

I

"''-'J

, I

1_'"'"
'"'"''-'1
, I-_

I

...... ,:::;.

...... ,.(.
I

',[0'('
'.') ..,.

'J,
I

'~h")

rl ('.
~ I

•• ,ot
,- ,J.
IT, .-:'
I _.

".,-,",
-"'J
f '1'
-r b·'
1"1

;- 1.1.
'""'".'
~., ').'_.-,-,

1,-,-·
,-'J'Y'
'-':'...--'1
"""-'1
"J'-'
I

'"'J.',.
"·'f.
..... ,.::=-'
,"".(.)
I _,

,.'" ..
+ I

,-'-"C'
,"1"1

'r '(I

.,":"'.
"J·.'I

I
I

'.I."''''J
'·'IIJ·'
I ,)),

f·-''S"'
"""''-'J

'-'1"1,-.).-.-,
,~;, ,~,

I.I-'f
'i' f_
,~, ;-
•... JU·,
I ...J

I I

•.::~ I .
fJ,"··J
,T. 'J
, 1
(.J 

I

~,

..,. u-'
"."J
,".J ....
I·'

., .,
, I

"-'I
u' ~,., ,(.
I I

'.IL,.'
((r'LI

I'L'

""tIn
'J ,".:'
-I,
I ,

II','
,.'J'::'
"1'"'1
I I

('.1 e,), ,.,
'::::' ((.

'C'

'-'J I
11-'

I I

I I

~ U'
',) '".'., .~

1,'11'

• I

I
o
~

111
I





TABLE B28 EAST COLUMN STEEL STRAINS FOR SPECIMEN LC12
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TABLE B29 TOP COLUMN HOOP STRAINS
FOR SPECIMEN LC12
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TAB-LE B30 BOTTOM COLUMN HOOP STRAINS
FOR SPECIMEN LC12
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Fig. B3l Specimen LCla after Cycle 12

Fig. B32 Specimen LCla after Cycle 15
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Fig. B33 Specimen LelO at End of Test
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The first positive peak column moment was 1579 in.-kip

(178 kN·m). It occurred at a top drift of 0.30 in. (7.7 mm).

The maximum measured column moment was 2252 in.-kip (254 kN·m)

and occurred at the positive peak of Cycle 9. The calculated

column nominal flexural strength was 2040 in.-kip (230 kN·m).

Therefore, maximum measured column moment was approximately 10%

greater than calculated.

The top drift measurement controlled the test progression

until Cycle 13 at which time the bottom drift measurement became

larger and was used as the control parameter. Throughout" the

test, both top and bottom drifts were approximately the same

since the majority of the deformation took place in the joint.

Loss of moment capacity was observed during Cycle 19 under a

column axial load equal to 20% of the design strength.

Tabulated results

Tabula ted values of column momen t, top and bot torn dr i f ts,

and east and west beam deflections are given in Table B31.

Column rotations are listed in Table B32. Reinforcement strains

are given in Tables B33 through B36.

Spec imen LC9 .

The reinforcement of Specimen LC9 was similar to that of

Specimen LC4. Specimen LC9 was manufactured using Lightweight

Concrete 2. The column confining reinforcement was No. 4 hoops

spaced at 4 in. (102 mm). This corresponds to 1.60% confine

ment. Detailed information concerning column reinforcement for

Specimen LC4 is contained in Table AI.

As reported in Appendix A, under liMa terial Properties, II

weaker concrete was accidentally placed in the beams and joint

of Specimen LC9. Average concrete compressive strength, f~, in

the beam and joint was 3440 psi (23.7 MPa), while for top and

bottom columns, average concrete compressive strength was 4860

ps i (33.5 MPa).
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TABLE B3l COLUMN MOMENT, COLUMN DRIFTS, AND
BEAM DEFLECTIONS FOR SPECIMEN LC1D
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TABLE B32 - COLUMN ROTATIONS FOR SPECIMEN LCla
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Column moment history

This test consisted of 19 cycles of moment reversals as

shown in Fig. B34. The basic loading cycles were applied under

a column axial load equal to 10% of the column design axial

strength. For subsequent cycles, the column axial load was

increased to 20% of the design strength.

Column moment versus drift relationships

Top and bottom moment versus drift relationships are pre

sented in Figs. B35 and B36, respectively. The behavior of

Specimen LC9 was very similar to that of Specimen LCIO. Minor

cracking occurred in the columns. Excessive concrete spalling

and shear distortion occurred in the joint. This is reflected

in the pinching of the moment-dr ift hysteresis loops of Figs.

B35 and B36. Based on the joint's concrete compressive

strength, the maximum nominal effective shear stress in the

joint was 18. 2~ psi (1. 51 ~ MPa) • More information is pro-c c
vided under the section entitled "Joint Shear" in the main body

of this report.

The first positive peak column moment was 1513 in.-kip

(171 kN·m). The corresponding top drift was 0.37 in. (9.3 mm).

The maximum measured column moment was 2098 in.-kip (237 kN·m).

It occurred at the positive peak of Cycle 9. The calculated

column nominal flexural strength was 2040 in.-kip (230 kN·m).

Maximum measured column moment was approximately 3% greater than

calculated nominal flexural strength. However, the coiumn flex

ural capacity may not have been reached since the joint con

trolled specimen capacity.

Photographs at the end of Cycles 12 and 15 are shown in

Figs. B37 and B38, respectively. Condition of Specimen LC9 at

the end of the test looked very similar to that of Specimen LCIO

shown in Fig. B33.

Tabulated results

Values of column moment, top and bottom column drifts, and

east and west beam deflections are given in Table B37. Column
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Axial Load, PI 4> Po
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Fig. B34 Column Moment History for Specimen LC9
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Fig. B35 Top Column Moment versus Drift for Specimen LC9
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Fig. B36 Bottom Column Homent versus Drift for Specimen LC9
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Fig. B37 Specimen LCg after Cycle 12
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Fig. B38 Specimen LC9 after Cycle 1~
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rotations are shown in Table B38. Reinforcing steel strains are

listed in Tables B39 through B42.

Specimen NCl

Specimen NCl was similar to Specimens LC4 and LC9 except

thatit was manufactured wi th normal weight concrete. Column

confinement consisted of No. 4 hoops spaced at 4 in. (102 mm).

This corresponds to 1.60% confinement.

Column moment history

The columns of Specimen NCI were subjected to 26 cycles of

moment reversals as shown in Fig. B39. During the basic loading

cycles, the column axial load equaled 10% of the column design

axial strength. For subsequent cycles, the column axial load

was increased to 20%, 30%, and 60% of the column design strength

as shown in Fig. B39.

Column moment versus drift relationships

Top and bottom moment versus drift relationships are shown

in Figs. B40 and B4l, re?pectively.· Specimen NCl experienced

joint shear distortion as indicated by pinching of the hystere

sis loops shown in the figures. During the basic loading

cycles, the maximum nominal effective shear stress in the joint

was 16. 3~ psi (1. 35 Yf6 MPa). Additional information concern

ing joint shear is provided in the main body of the report.

The first positive peak column moment was 1576 in.-kip

(178 kN·m). It occurred at a top drift of 0.29 in. (7.3 mm).

The maximum measured column moment was 2329 in.-kip (263 kN·m).

It was recorded during the positive peak of Cycle 9. Calculated

nominal flexural strength of the column was 1950 in.-kip

(220 kN·m). Therefore, maximum measured column moment was 19%

greater than calculated nominal flexural strength.

Photographs at the end of Cycles 12 and 15 are shown in

Figs. B42 and B43, respectively. Severe diagonal shear cracks

and spalling of the concrete shell within the joint can be seen

in these photos.
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TABLE B41 TOP COLUMN HOOP STRAINS
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TABLE B42 BOTTOM COLUMN HOOP STRAINS
FOR SPECIMEN L~9
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Tabulated results

Values for column moment, top and bottom column drifts, and

east and west beam deflections are listed in Table B43. Column

rotations are shown in Table B44. Reinforcement strains are

given in Tables B45 through B48.

Specimen NC3

Specimen NC3 was a repeat of Specimen NCI. However, column

lengths were changed to force hinging into the top column. The

top column length was increased 7.5 in. (190 mm) while the

bot tom column was shor tened 7.5 in. (190 mm). This resulted in

a bottom column moment to top column moment ratio of 0.74.

Column moment history

Specimen NC3 was subjected to 26 cycles of moment reversals

as presented in Fig. B44. The moment history was identical to

Specimen NCI. Due to the change in column lengths, hinging

occur red in the top column. As a resul t of unequal column

moments, sidesway of the joint was anticipated and instrumenta

tion was added to measure the horizontal movement.

Column moment versus drift relationships

The top column of Specimen NC3 hinged. A record of moment

versus drift is plotted in Fig. B45. The hysteresis loops are

relatively fat depicting considerable energy dissipation capac

ity. For the bottom column, very small drift was measured.

Bottom column moment versus drift hysteresis loops were very

small and similar to those shown in Fig. B3 for Specimen LCI.

Therefore, they are not reproduced here.

The first positive peak top column moment was 1501 in.-kip

(169 kN·m). The corresponding top drift was 0.33 in. (8.3 mm).
Because of the increase in top column height, the drift arm was

longer. For th is reason, the yield dr if t was larger than for

Specimen NCI. The maximum measured top column moment was

2386 in.-kip (270 kN·m). It occurred at the negative peak of

Cycle 9. Measured maximum moment was 22% greater than calcu-

lated nominal flexural strength.
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TABLE B43 COLUMN MOMENT, COLUMN DRIFTS, AND
BEAM DEFLECTIONS FOR SPECIMEN NCl
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TABLE B44 - COLUMN ROTATIONS FOR SPECIMEN NCI
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Fig. B44 column Moment History for specimen NC3
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Fig. B45 Top Column Moment versus Drift for Specimen NC3





Some unhooking of the 90° hook of the supplementary cross

ties started during Cycle 23. Slight buckling of column rein

forcement did not occur until Cycle 26. This specimen lost load

carrying capacity during Cycle 26 as shown in Fig. B45(d).

Photographs at the end of Cycles 12 and 15 of the basic

loading cycles are shown in Figs. B46 and B47, respectively.

Tabulated results

Tabulated values of top column moment, top and bottom column

drifts, east and west beam deflections, and horizontal joint

movements are listed in Table B49. Moments listed exclude sec

ondary moments due to horizontal joint movement. Column rota

tions, shear diagonal movements, and calculated joint shear

distortions are given for peak cycles in Table B50. Shear Diag

onal Movements Dl and D2 , and the shear distortion equation are

identified in Fig. A9. Reinforcement strains are shown in

Tables BSl through B54.

Specimen LC7

Specimen LC7 was constructed using Lightweight Concrete 1.

The main column reinforcement consisted of 8-No. 6 bars. Con

fining ,reinforcement consisted of No. 4 hoops spaced at 4 in.

(102 mm). This corresponds to a volume of hoop reinforcement

to concrete core of 1.60%. Other reinforcement details are pro

vided in Table AI.

Column moment history

The column of Specimen LC7 was subjected to 26 cycles of

moment reversals as shown in Fig. B48. During the basic loading

cycles, the applied column axial load was 80.7 kip (359 kN).

This corresponds to 10% of the column axial design strength.

This axial load level was then increased to 20%, 30%, and 60% of

the column design strength, and additional loading cycles were

applied as shown in Fig. B48.
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TAB-I.E BS a - COLUMN ROTATIONS, SHEAR DIAGONAL HOVEtmrJTS,
AND SHEAR DISTORSIONS FOR SPECIrlliN NC3
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Fig. B48 Column Moment History for Specimen LC7





Column moment versus drift relationships

Bottom column moment versus drift relationships are shown in

Fig. B49. Hinging occurred in the bottom column, therefore the

top column moment versus drift relationships were omitted.

The first positive peak column moment was 1308 in.-kip

(148 kN·m). It occurred at a top drift of 0.24 in. (6.2 mm).

The top dr ift measurement controlled test progress dur ing the

first 8 cycles. During Cycle 9, a definite hinge started to

form in the bottom column and the remainder of the test was con

trolled by the bottom drift measurement.

The maximum measured column moment was 1954 in.-kip

(221 kN·m). It occurred at the negative peak of Cycle 9.

Calculated column flexural strength was 1765 in.-kip (199 kN·m).

Maximum measured column moment was approximately 11% greater

than calculated nominal flexural strength.

Specimen LC7 lost its load carrying capacity during Cycle 26

as shown in Fig. B49 (d) and the test was ended. This specimen

exhibi ted considerable energy dissipation capaci ty as exempli

fied by the fat hysteresis loops. During Cycle 26, the main

column steel buckled between the confinin~ hoops in the bottom

column. The 90 0 hook of some supplementary crossties opened

under forces produced by bowing of the column steel.

Photographs at the end of Cycles 12 and 15 are shown in

Figs. B50 and B51, respectively.

Tabulated results

Tabulated values of moment, top and bottom column drifts,

and east and west beam deflections are provided in Table B55.

Column rotations are shown in Table B56. Reinforcing steel

strains are listed in Tables B57 through B60.

Specimen LC8

Specimen LC8 was similar to Specimen LC7 but was manufac

tured with Lightweight Concrete 2.
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Fig. B50 Specimen LC7 after Cycle 12

Fig. B5l Specimen LC7 after Cycle 15
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AND
FOR SPECIMEN LC7

COLUMN MOMENT, COLUMN DRIFTS,
BEAM DEFLECTIONS

TABLE B55
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TABLE B56 - COLUMN ROTATIONS FOR SPECIMEN LC7
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TABLE B59 - TOP COLUMN HOOP STRAINS
FOR SPECIMEN LC7
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TABLE BGO
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BOTTOM COLUMN HOOP STRAINS
FOR SPECIMEN LC7
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Column moment history

Specimen LCa was subjected to 26 cycles of moment reversals

as shown in Fig. B52. Both Specimens LC7 and LCa were subjected

to the same moment history except for Cycle 26. Due to 1055 of

moment resisting capacity, a drift ductility of six was imposed

on Specimen LC7 dur ing Cycle 26, whereas a dr ift ductili ty of

eight was imposed on Specimen LCa during Cycle 26.

Column moment versus drift relationships

Top and bottom column moment versus drift relationships for

Specimen Lca are shown in Figs. B53 and B54, respectively.

Hinging occurred in both the top and bottom columns. In addi

tion, this specimen experienced joint shear distortion. Column

hinges propagated into the joint region. Some pinching of hys

teresis loops was observed during the basic loading cycles.

This pinching became more evident during subsequent cycles.

The first positive peak column moment was 1429 in.-kip

(161 kN·m). It corresponded to a top drift of 0.27 in.

(6.9 mm). The maximum measured column moment was 2034 in.-kip

(230 kN·m). It occurred at the negative peak of Cycle 9. The

calculated column flexural strength was 1765 in.-kip (199 kN·m).

Maximum measured column moment was approximately 15% greater

than calculated.

Specimen LCa lost load carrying capacity during Cycle 26 and

the test was ended. Photographs of the specimen at the end of

Cycles 12 and 15 are provided in Figs. B55 and B56, respec

tively.

Tabulated results

Values of moment, top and bottom column drifts, and east and

west beam deflections are listed in Table B61. Column rotations

are shown in Table B6 2. Steel strains are provided in Tables

B63 through B66.
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Fig. B55 Specimen LCa after Cycle 12

Fig. B56 Specimen LCa after Cycle 15
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AND
FOR SPECIMEN LCa

TABLE B61 - COLUMN MOMENT, COLUMN DRIFTS,
BEAM DEFLECTIONS
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TABLE B62 - COLUMN ROTATIONS FOR SPECIr~N Lea
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TABLE B63 - WEST COLUMN STEEL STRAINS FOR SPECIMEN Lca
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Specimen LCll

Specimen LCll was a repeat of Specimen LC8. In Specimen

LC8, top and bottom columns were subjected to the same moment.

Hinging occurred in both columns simultaneously. To avoid hing

ing of both top and bottom columns, top and bottom column

lengths were altered. Height of the top column was increased by

4.5 in. (114 mm) and the bot tom column was shortened by 4.5 in.

(114 mm). This resulted in a bottom column to top column moment

ratio of 0.83.

Column moment history

This specimen was subjected to 26 cycles of moment reversals

as shown in Fig. B57. During the basic loading cycles, the col

umn was subjected to an axial load of 80.7 kips (359 kN). This

corresponds to 10% of the column axial load design strength.

Column moment versus drift relationships

As anticipated, hinging occurred in the top column of Speci

men LCll. Top column moment versus drift relationships are

shown in Fig. B58. Bottom column drift was very small. Bottom

column moment versus dr ift hysteretic loops were similar to

those for Specimen LCl shown in Fig. B3.

Excellent energy dissipation capacity was observed through

out the test as exemplified by full hysteresis loops of Fig.

B58. The first positive peak top column moment was 1333 in.-kip

(151 kN·m). Corresponding top drift was 0.27 in. (6.7 mm). The

maximum measured top column moment was 2091 in.-kip (236 kN·m).

It occurred at the negative peak of Cycle 9. The calculated

column nominal flexural strength was 1765 in.-kip (199 kN·m).

Maximum measured top column moment was approximately 18% greater

than calculated nominal flexural strength.

Specimen LCll lost moment carrying capacity during Cycle 26

and the test was ended. First noticeable bowing of hoop rein

forcement was observed during Cycle 23. During Cycle 26, buck

ling of the main column re inforcemen t occur red. In addi tion,
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unhooking of the 90° leg of the supplementary cross ties was

noticed.

Photographs of the specimen at the end of Cycles 12 and 15

are shown in Figs. B59 and B60, respectively.

Tabulated results

Tabulated values of top column moment, top and bottom column

drifts, and east and west beam deflections are presented in

Table B67. Column rotations are shown in Table B68. All steel

strains are listed in Tables B69 through B72.

Specimen NC2

Specimen NC2 was similar to Specimens LC7 and LC8 except

that it was constructed of normal weight concrete.

Column moment history

Specimen NC2 was subjected to 26 loading cycles as shown in

Fig. B61. The same basic moment history was applied to this

specimen as was applied to Specimens LC7 and LC8.

Column moment versus drift relationships

Top and bottom column moment versus drift relationships are

shown in Figs. B62 and B63, respectively. As depicted by the

hysteresis loops, hinging occurred in the top column. Only

minor drifts were recorded in the bottom column. However,

during the negative half of Cycle 26, the bottom column shell

suddenly spalled on the extreme compressive fiber side. As a

result, the bottom drift controlled loading for the negative

half of Cycle 26 as shown in Fig. B62(d).

The first positive peak column moment was 1327 in.-kip

(150 kN·m). Corresponding top drift was 0.20 in. (5.1 mm). The

maximum measured column moment during the basic loading cycle

was 2077 in.-kip (235 kN·m). It occurred at the positive peak

of Cycle 9. Calculated nominal flexural strength was 1690 in.

kip (191 kN·m). Therefore maximum measured moment was 23%

greater than calculated.
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Fig. B59 Specimen Lell after Cycle 12

Fig. BGO Specimen LCII after Cycle 15
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TABLE B68 - COLUMN ROTATIONS FOR SPECIMEN LCll
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TABLE B71 TOP COLUMN HOOP STRAINS
FOR SPECIMEN LCll
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TABLE B72 BOTTOM COLUMN HOOP STRAINS
FOR SPECIMEN LC11
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Photographs of Specimen NC2 at the end of Cycles 12 and 15

are shown in Figs. B64 and B65, respectively.

Tabulated results

Tabulated values of moment, top and bottom column drifts,

and east and west beam deflections are shown in Table B73.

Column rotations are listed in Table B74. Reinforcement strains

are given in Tables B75 through B78.

Specimen LC5

Specimen LC5 was one of two specimens tested having a column

size of l5x20 in. (38lx 508 mm). The la rge dimens ion was in the

direction of bending. This specimen was constructed of Light

weight Concrete 1. The conf ining reinforcement consisted of

No. 4 bars spaced at 3-1/2 in. (89 mm). This corresponds to

1.57% confinement. Complete reinforcement details are presented

in Table AI. Note that the main beam reinforcement consisted of

4 No. 11 bars at both the top and bottom of the beam. This was

needed to attain the nominal flexural strength of the column

without yielding the beam reinforcement.

Column .moment history

Specimen LC5 was subjected to 16 cycles of moment reversals

as shown in Fig. B66. The column axial load level dur ing the

basic 15 loading cycles was 106 kip (472 kN). This axial load

corresponds to 10% of the column axial design strength. The

axial load level for Cycle 16 was increased to 30% of the column

design strength as shown in Fig. B66.

Column moment versus drift relationships

Top and bottom column moment versus drift relationships are

presented in Figs. B67 and B68, respectively. This specimen

experienced significant joint shear distress. Pinching of the

hysteresis loops, evident in the figures, is indicative of shear

distortions within the joint region.

-B144-





Fig. B64 Specimen NC2 after Cycle 12

Fig. B65 Specimen NC2 after Cycle 15
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TABLE B77 TOP COLUMN HOOP STRAINS
FOR SPECIMEN NC2
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TABLE B78 BOTTOM COLUMN HOOP STRAINS
FOR SPECIMEN NC2
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~he first positive peak column moment was 2354 in.-kip

(266 kN·m). Corresponding top column drift was 0.24 in.

(6.0 mm). The maximum measured column moment was 3200 in.-kip

(362 kN·m). It occurred at the positive peak of Cycle 9. Cal

culated nominal flexural strength was 3160 in. -kip (357 kl\! m).

The specimen was observed to lose capaci ty through shear ing of

the joint. The maximum nominal shear stress in the joint during

the basic loading cycles was 16.8~ psi (1.38~ MPa). Furtherc c
information concerning joint shear is provided in the main body

of the report.

Photographs of Specimen LC5 at the end of Cycles 12 and 15

are provided in Figs. B69 and B70, respectively. Notice the

severe joint distress by the end of Cycle 15.

Tabulated results

Values for average of top and bottom column moment, top and

bottom column dr ifts, and east and west beam deflections are

1 is ted in Table B79. Column rota tions are given in 'I'able B80.

Steel strains are provided in Tables B81 through B84.

Specimen LC13

Specimen LC13 had a 15x20-in. (318x508-rnrn) column. Main

column steel was similar to that of Specimen LC5. However, con

fining hoops of Specimen LC13 consisted of No. 4 hoops spaced at

4 in. (102 mm). This specimen had slightly less confinement

than Specimen Le5. In addition, ~olumn lengths were changed to

force a hinge to occur in the top column. The top column height

was increased 7.5 in. (190 mm) and the bo t tom column he igh twas

decreased 7.5 in. (190 mm). This resulted in a bottom column to

top column moment ratio of 0.77.

Column moment history

Specimen LC13 was subjected to 21 cycles of moment reversals

as shown in Fig. B71. Column axial load during the basic load

ing cycles was equal to 10% of the column axial design strength.
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Yig. B69 Specimen LC5 after Cycle 12

Fig. B70 Specimen LC5 after Cycle 15
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TABLE B8l - WEST COLUMN STEEL STRAINS FOR SPECIMEN LCS

nEO"/E .:0 I:H

1i2

_ ....j-

: :i7":

Ii"

:9;6
-_s~

2221
-:::-

=Ii

--"32

+

"
+

+ ':'
'0

::;

+ ~ .:.
- 1·)

+ 1
- 11

+ 12
- 12

+ 1 ')

- 15
1=

+ !
- 16

-'::L:14
214~

-7"5 ~:

1:37'~

-:"4
1 :' 3,~

--on
1':,0:,:

-:3 b
'?' .2
,-, _ ...

-':..... J

-:327"
1 ~:3~

-'~ ~..:.
1 ~.:.

--.? ....
L::..;.::

--1
l'BO

-:'_':'

-1 ':'84
5'~6J

51:3
5"; L:l 4

77"4
1:"':":":'J .... ,.I •

:::24
520J

'::54
-,:':14

141
? 10:::

'? 15
81H

11:-0

1250
., 14'?

1 ~t' i
-:-'? ....

1",::,4
5';'0;.,

-7:;2
':'210

-' L)75
10237"

';:4"
'=,.1'~€

':.42
'31 17"0

9'~ !
8:37"4

10-1

,-, ~ ...
':''='1

150::5

'?€. 
1 ::::~1':'

~..:. .:::~:

,2..,;'1

>:.4:'
21'::4-1

1.;. 7" ~:'

:'';'2~

2::7'?

44 ::
128':'4

" 14')
1~.'?0'3

54!5.:'
12:"2":

5~S2

12=::3~

57"'~5

r5";39
.... 1,:;7:::

3~1l :::
2·) 1:-8

9·:::.3~:

l ':.C'-C'
',.I_I, •

14':: ~,

..:;~

1':'0')

1134
15'~2

r5-:;4
1:3 :'13

:::::'-'

., ~, .
~,:.""

. 20:?

2';':3
1 l 7"~:

:;·):3
3.1

;"3:~

il'?4

,-,"",:,,-
..:. ..

?4.::.
1,!5'::

r:'?0
12'::')

-.' :3
-I,: 4

22;5
.~

.--,- .
... .::,1 r:,

11 ~'?r;

~ 7"'~ 1

I'Bl-:
4'061

04'51
50S'?

1'3244
51·:'5

?'~:9

.146

1::245
,:321

1,')1·:'
:::-:;.,pj

~.j'? ~'

·~·:'8~j

1577-3
'?'31 ~

.2-:'.2~9

~ 3:3 ~8

1 ~:;7"

-::,0'3

'?'?40
12 ~ 1

::5~,4

52·j

,:','4-1
1:4:

,44,
15'~2

: 6-;:,:'4
10-13

1'355:::
~ 2'? 1

1 ~ '?5 ::
4r::S

1-'-;:::
-r:"L:12

--,:.

.-, ', ....
- -'?5

-:'" .'

2:91
-1.:'5:;

22 1

-B159-





TABLE B82 - EAST COLUMN STEEL STRAINS FOR SPECIMEN LC5
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TABLE B83- TOP COLUMN HOOP STRAINS
FOR SPECIMEN LC5
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TABLE B84 BOTTOM COLUMN HOOP STRAINS
FOR SPECIMEN LC5
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Column axial load was then increased to 20% and 30% of the col

umn design strength and addi tional loading cycles were applied

at each load level. As with Specimens LC12 and NC3, horizontal

movement of the joint was anticipated. The specimen was instru

mented to measure this movement.

Column moment versus drift relationships

Top and bottom column moment versus drift relationships are

shown in Figs. B72 and B73, respectively. The figures reflect

the fact that the column moment immediately below the joint

equalled 77% of the column moment immediately above the joint.

A partial plastic hinge formed in the top column. However,

considerable joint distress also occurred. Particularly large

cracks formed in the joint, starting at the top column-beam

intersections and extending diagonally towards the center of

the joint. The bottom column drift was attributed to the joint

shear distortion. Presence of shear distortions is indicated by

pinching evident in both top and bottom hysteresis loops.

The first positive peak top column moment was 2424 in.-kip

(274 kN·m). Corresponding top drift was 0.26 in. (6.7 mm). The

maximum measured top column moment was 3906 in.-kip (9441 kN·m).

It occurred at the positive peak of Cycle 9. The calculated

nominal flexural strength of the column was 3254 in.-kip

(368 kN·m). Therefore, the maximum measured moment was approxi-

mately 20% greater than calculated nominal flexural strength.

Due to the extensive joint damage, the test was ended after

21 cycles of loading. Photographs of the specimen at the end of

Cycles 12 and 15 are shown in Figs. B74 and B75, respectively.

Diagonal shear cracks running through the joint region are evi

dent in Fig. B75.

Tabulated results

Tabulated values of top column moment, top and bottom column

drifts, east and west beam deflections, and horizontal joint

moment are shown in Table B85. Bottom column moment equalled
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Fig. B74 Specimen LCl3 after Cycle 12

Fig. B75 Specimen LC13 after Cycle 15
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TABLE B8S COLUMN MOMENT, COLUMN DRIFTS, BEAM
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- 20 - - '3 1 "

-- 0': " 1 2 ?2 - -: .=1'::1j 5 ! 14 .:' -:::?--
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~527" '" 1 , -l:1 ., :6 -l :; ;:"5 -4 ~:::5 -0 -- , - - e1S -- 1 L:1 1 3.10 -:' 1·H " 1 .;~ ::: .:1 -::5=-'

1 in.-kip = 0.113 kN.m
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77% of the tabulated top column moment. Column rotations, hori

zontal joint movements, and calculated joint shear d istor tions

are listed in Table B86. Shear Diagonal Movements D
l

and D
2

,

and the shear distortion equation are illustrated in Fig. A9.

Reinforcement strains are provided in Tables B87 through B90.

Specimen LC2

Specimen LC2 was manufactured using Lightweight Concrete 1.

Column steel consisted of four No. 10 bars and four No.9 bars.

This corresponded to 4.04% of the gross column cross-sectional

area. Other details including confinement steel are given in

Table AI. This was the first specimen to be tested in the test

program. Many problems were encountered. As a result, the use

fulness of the test data is limited.

The column of Specimen LC2 was heavily reinforced causing

very high shear stresses within the joint region. This

resulted in a shear failure of the joint. The maximum joint

shear force that occurred during basic loading cycles was 415

kips (1846 kN). This corresponded to a nominal effective shear

stress of 28.5 Vf7 psi (2.34 V:f' MPa). Design of subsequentc c
specimens was changed to result in lower joint shear stresses.

Column moment history

Specimen LC2 was subjected to 12-1/2 cycles of moment rever

sals as shown in Fig. B76. The entire test was conducted at a

column axial load equal to 10% of the column des ign strength.

Due to heavy joint damage and problems wi th testing hardware,

the test was ended after 12-1/2 cycles.

Tabulated results

Tabulated values of column moment, top and bottom drifts,

and east and west beam deflections are given in Table B91.

Column rotations are listed in Table B92. Reinforcement strains

are given in Tables B93 through B96.
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TABLE B86 - COLUMN ROTATIONS, SHEAR DIAGONAL MOVEMENTS,
AND SHEAR DISTORTIONS FOR SPECIMEN. LCI3

CYCLE ABC,.'E
JOHIT

ROTATIOt·1
(RFiD)

BELOW
JOINT

SHEAR
oI AGOr'~AL
MOVE~lENT
(IN. ,

S.,EAF·
01 S-O"T I O~l

(FAD)

+0 +I/2 -0 -1'2 01 D2

+

+ 2
2

+

0.00525 0.00,68 -0.00277 -0.00221
-0.OJ452 -0.003S~ 0.00264 0.00208

0.00511 0.00345 -0.00269 -0.00212
-0.004:4 -0.0~334 0.a0286 0.0022S

0.01006 0.00726 -0.00522 -0.00423
-O.Q0~30 -Q.00800 0.00556 O.oe45~

0.005
-C'. ,316

0.00 7

-0.01';

0.014
-0.041

-'3.018
a.012

-O •.J 1;3
o,c: 13

-0. C'32
0.037'"

o. ':'0114
-':. ·)0141

0. ~:'0126

-0.00151

,). c,a23t:
-0. (1J39:3

+

+

+

+

+

4
4

5

6
6

7

8
S

O. C'0',9:
-0.0'3'>27

0.0J977
-0.00,,30

0.009:,1
-0. ::'0'3.59

(1. ~:'(",3S

-0. '~0'~5,

0.00915
-0.0<l95:::

O. ':'0-17
-0. CnJ::' 04

0.00701
-0.0·J810

O. (n:'6::4
-'3.0['09";',

o..:HJ67 2
-0. ,)0::43

O. ,,,0,,62
-0.00S,4"

-0.L~H)512

0.005'30

-0.0,'505
oJ. ~J0S.?2

-~:'. eOS.32
0.C'0545

-C1.0049;
0.00544

-0.004'35
').'30543

-0. ,'0395
0.00436

-0.OQ41:3
0.0.J44:,

-.:1. [U:,4121:::
,). ')04.: I

-t1.003913
C'. ~:;0458

-0.00.,.81
0.0'3452

0.01S
-a.041

C.al8
-0.044

0.027
-0.040

~1. tr32
-e.04.3

-0.032
0.0~2

-0.'B4
e.045

-(1. ~:'2,

0. C'5:3

-O.'BI
0.054

-J. (1'~,7

».0:,4

·J.O(1255
_.:1. ~)(i42.3

('.00.262
-~j. ~:'0-+50

0.0(;':'8::
-0. 0'347~

0.0·BI0
-0.0C'4::1

o. ~]0'3:0

-C' ••:'04':; I

9 0.0:847 0.01441 -0.00810 -0.0066~ 0.082 -0.093
9 -0.0IS<l3 -0.01670 ~.a0817 0.00691 -0.1?' 0.:07

+ 10 J.01765 0.013~9 -0.C0~86 -8.00652 0.068 -0.10
- 10 -0.01721 -a.015S6 0.00806 0.006:9 -0.122 0.08:

+ 11 13.01734 0.01378 -0.0078£ -G.00~57 0.069 -0.135
- 11 -0.01".,85 -0.C'1575 0.0.:.817 0.00703 -'3.126 '3.0~:8

+ 12 0.01734 0.0136E -0.0(,7~6 -0.00680 0.073 -0.137
- 12 -0.01679 -0.01565 0.00819 0.00711 -0.:30 0.092

+ 13 0.036:2 0.02931 -0.01300 -0.01142 0.182 -0.':'43
- 13 -0.03118 -0.0~93'; 0.01531 0.01501 -0.260 0.~43

+ 14 0.03512 J.02837 -0.01~6~ -0.01214 0.178 -O.23~

- 14 -0.02293 -0.J2?47 O.01~18 ~.J1593 -0.238 O.28~

+ 15 O.0342~ O.~2-9~ -0.0:462 -0.Cl?15 J.2e2 -0.253
- 15 -0.0278~' -O.02~4~ O.01?~7 O.61~6J -J.302 O.3e~

+:6 ~3. 017'::8 (1, ~31472 -.:1. ~J('8'~9 -0. ~)·J82: O. ~ 12 -.:1. 1:,~

- 16 -~1. (11 2 '?-! 8 -0.0:2::6 e..:11027' 13.0.397:1 -(1. 1:~7 C'.171

+ 17 'j.,:'1~04 ·J.01421 -0.00::72 -':,.,:n:'8o.; C'.II: -0. ,62
- 17 -O.e1297 -J.01278 0.01033 O.009S2 -0.190 0.169

+ 18 0.03208 6.02-00 -0.0149~ -0.01379 0.232 -0.287
- 18 -O.e~59~. -O.G249J 0.0:898 0.Cl~97 -Q.3~5 0.335

+ 19 0.03126 O.0~66~ -J.01548 -O.0144~ 0.239 -0.3~6

- 19 -0.02562 -0.02415 J.G19€1 0.0186~ -0.363 J.353

+ 2J 0.J3062 O.O~~35 -6.~1540 -0.0:435 O.24~ -0.328
- 2J -0.62354 -a.022E2 0.02J34 J.01942 -0.40~ 0.?60

+ 21 O.02~SJ C.J2524 -0.01~45 -0.J14~2 O.23~ -O.~52

- ~1 -0.02~9~ -O.C221~ O.0269~ O.J2Q14 -0.438 O.36~

1 in. = 25.4mm
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TABLE B88 EAST COLUMN STEEL STRAINS FOR SPECIMEN LC13
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TABLE B89 - TOP COLUMN HOOP STRAINS
FOR SPECIMEN LCI3
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TABLE B90 BOTTOM COLUMN HOOP STRAINS
FOR SPECIMEN LCI3
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AND
FOR SPECIMEN LC2

TABLE B91 - COLUMN MOMENT, COLUMN DRIFTS,
BEAM DEFLECTIONS
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TABLE B92 - COLUMN ROTATIONS FOR SPECIMEN LC2
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TABLE B93 '- WEST COLUMN STEEL STRAINS FOR SPECIMEN LC2
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TABLE B94 - EAST COLUMN STEEL STRAINS FOR SPECIMEN LC2
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TABLE B95 - TOP COLUMN HOOP STRAINS
POR- -SPECIMEN LC2
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TABLE B96 - BOTTOM COLUMN HOOP. STRAINS
FOR SPECIMEN LC2
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