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CHAPTER 1

INTRODUCTION

1.1 Background

Recent earthquakes have stimulated an interest in the behavior
of reinforced concrete structures subjected to seismic loadings. Of
particular interest is the behavior of beam~column joints which must
resist very high shear when lateral deformations are imposed on a
moment ~resisting frame (see Fig. 1.1). The strength and stiffness
of the joints undergoing inelastic deformations will have a large

influence on the overall frame performance.

Figure 1.2 shows the forces on a typical interior joint.

The tensile forces produced by the longitudinal beam reinforcement
plus the compressive forces on»the opposite face of the joint must
be resisted by either the concrete or the reinforcement in the

joint. A better understanding of the mechanism of shear transfer
across the joint is the key to improving the design of beam-column
joints. In addition, the bond and anchorage behavior of the rein-
forcement, loss of cross-sectional area due to local spalling, and
cracking of the joint region have an important influence on joint

behavior.

Investigations in the past generally have been limited to
beam-column joints of planar frames; however, researchers have
recognized that two-way frames with lateral loads applied simul~
taneously 1in orthogonal directions may produce a more severe
condition at the joint than has been observed in studies of planar

1,2,3,4

joints. Hinging of orthogonal beams at the joint boundary

will increase the resultant shearing forces on the joint and will
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alter the cracking behavior of the joint region. Also,
bidirectional loadings can produce higher moments on the columns
than could occur under unidirectional loadings. Greater column
moments combined with the decreased flexural strength of diagonally
loaded rectangular colﬁmns is a potential problem that should be
considered. Figure 1.3 shows the forces which occur on three

faces at an interior joint when subjected to skewed lateral loads.

The design procedure for beam-column joints which is
currently used in the United States was developed by the ACI-ASCE
Committee 352. Beam-column joints with beams framing into the
column from two principal directions are designed to resist joint

shear in each direction independently and without regard to the

Y=

(D —
D—

>

N s

fF S

Fig. 1.3 Forces on joint subjected to bidirectional loads



influence of bidirectional loads. This shortcoming did not go
unrecognized, and in the Committee 352 report, '"the influence of
biaxial forces on shear strength' was recommended as an area of
needed research.S A magnification of unidirectional design loads

to account for the possibility of simultaneous loadings in both
directions is an approach which may be suitable for design of beam-~
column joints. Selection of the proper magnification factor,
however, is a problem which can only be resolved through experimenta-
tion. These needs led to the current investigation of the behavior
of interior beam~column joints subjected to bidirectional load

reversals.

1.2 Test Program

The fifth and sixth tests of a seven-test program are the
subject of this study. To give the reader an overall view of the
test program, a brief description of all of the specimens and their
loadings is given. Each of the seven specimens had the same
geometry as shown in Fig., 1.4. The reinforcement sizes and ratios
and the type of loading for each specimen are given in Table 1.1.
The specimens were named according to the test sequence, the type of
loading, and the reinforcement details. For example, specimen
5-BS-A was tested fifth in the series, was loaded in both directions
simultaneously (Biaxial Simultaneous), and had "A'" reinforcement
details. The "A" designates one of the four different reinforce-
ment details (A, B, C, D) that were used (see Table 1.1). Other
loading patterns which were used are Uniaxial (U), Biaxial

Alternate (BA), and Monotonic Biaxial Simultaneous (MBS).

The reinforcement details of the first three specimens,
1-U-C, 2-BS-C, and 3-BA-C, were identical, but the load histories
were different for each specimen. Specimen 1-U-C was loaded
uniaxially and was the control specimen for the following two

biaxial tests. Racking deformations were applied only to the
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North-South beams of specimen 1-U-C. Specimen 2-BS-C was loaded
simultaneously in both the East-West (E-W) and North-South (N-8)
directions simulating the racking loads which would occur if the
lateral forces were skewed at a 45° angle with respect to the axes
of the structure. Specimen 3-BA-~C was also loaded biaxially, but
deformations were applied alternately to the N-S and E-W beams. For
example, the N-S beams were cycled once while the E-W beams were
held at the dead load deflection, and then the E-W beams were cycled
once while the N-S beams were held at the dead load deflection.
Failure occurred in the joint of both specimens 1-U-C and 3-BA-C,
but specimen 2-BS-C, which was simultaneously loaded in both
directions had a column failure. Since column failure of the
specimens was undesirable, a reevaluation of the design of the

specimens for the remainder of the test program was necessary.

The percentage of bzam-longitudinal reinforcement was
reduced in the remaining four specimens to increase the strength of
the cclumn relative to the strength of the beams. The beam
reinforcement of specimen 4-BS-B was reduced by 1/3 to two #10's
top and two #8's bottom. The bar diameters were kept the same as
the previous specimens, so that a comparison of specimens 4-BS-A
and 2-BS-C, which had similar bond behavior but different beam
reinforcement ratios, could be made. The beam reinforcement of
specimens 5-BS-A, 6-MBS-A, and 7-BS-D consisted of three #8's top
and three #6's bottom. 1In those specimens, the beam reinforcement
ratios were similar to the reinforcement ratios of specimen 4-BS-B,
but the bar diameters were smaller. The effect of the bond
characteristics of the smaller bars was an interesting aspect of
these tests. FEach of the last four specimens was loaded simultane-
ously in both directions and all the specimens were cyclically
loaded except for specimen 6-MBS-A which was loaded monotonically.,
Future tests will explore the behavior of beam-column joints with

slabs.



1.3 Scope and Objective

This study of reinforced concrete beam-column joints will be
based on the test results of specimens 5-BS-A and 6-MBS-A. Both
specimens had the same steel reinforcement details and were loaded
in both principal directions simultaneously. The difference in
the two tests was the applied load history. Specimen 6-MBS-A was
loaded monotonically and specimen 5-BS-A was loaded cyclically. The
primary objective is to compare the results of the two tests and to
evaluate the performance of beam-column joints under the effects
of racking moments applied to the joint in both directions. In
addition, the measured joint shear strength of the specimens was
compared with the calculated shear strengths obtained with design
approaches based on previous studies of planar joints subjected to

unidirectional loads.



CHAPTER 2
SPECIMEN DESIGN

2.1 General

The beam-column joint specimens were specifically designed
so that the joint core strength would be the controlling factor in
specimen behavior. Also, the specimens were designed to have
proportions typical of reinforced concrete framed structures. The
column extended to mid-story height above and below the joint,
based on the assumption that the mid-story height is a point of
contraflexure in the column. The columa and beam cross-sections
were chosen to be 15 in. k 15 in. and 13 in.vx 18 in., respectively,
which were similar to the dimensions used by Meinheit and Jirsa in
a previous study of planar joints at The University of Texas at

Austin.6

2.2 Design Calculations

The design of the specimens was based on the following

calculations. Assume:

f; 4000 psi

H
i}

60000 psi
15 in. x 15 in. square column

13 in. wide i 18 in. deep beams



Design:

10

(1) Joint core shear: Given a 15 in. x 15 in. column and 18 in.

deep beams, the joint core shear strength formula developed

by Meinheit and Jirsa was used to compute a joint core shear

strength.

where

2
5.1 8¢ (f')3
v. = 5.
u = c
ultimate joint shear stress, psi
concrete compressive strength, psi

1+ O.ZSWL/hC (influence of lateral beams)

width of the lateral beam perpendicular to the
applied joint shear, in.

width of the column into which the lateral
beam frames, in.

1+ 6ps.é 1.6 (influence of joint hoop
reinforcement)

the volumetric percentage of transverse hoop
reinforcement

A, (26 + 2n7)

shb*h""

area of the joint hoop bar (one bar area) in2
joint core dimension to outside of hoop, in.
joint core dimension to outside of hoop, in.

spacing of joint hoops, in.

Assuming #4 ties at 5 in. through joint core,

o o 0.2002(12) + 2(12)7]
5 5(12)(12)
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= 0.0133
¢ =1+ 6(0.0133) = 1.08
B =1+ 0.25(13/15) = 1.22

therefore,

5.1(1.22)(1.08) (4000)2/3

v =
u
= 1690 psi
Vu = ultimate joint shear
= v bd
u

1.69(15)(12.5) = 317 kips

(2) Beam flexural reinforcement necessary to generate the above

joint shear strength, Vu: using the relationship,

V = At f
u s col

+AT £ -~V
Y s ¥

where A: and A; are the areas of positive and negative

flexural reinforcement in the beams. Assuming VC = 40 kips

ol
(see Fig. 2.1) and A: = %A;, the areas of flexural reinforce-

ment required can be determined as

317k = A7(60) + 347(60) ~ 40K

A7 = 3.97 in? => use three #10's top,
47 = 3.81 in?, p= 0.0189

A: = 1.98 in? => use three #8's bottom,

A: = 2.37 in2, p= 0.0117

(3) Determine the maximum expected loads which will be applied
to the specimen assuming the full vield moment of the beams

is developed (refer to Fig. 2.1):



P
o |
col }
=55
Mcol
- o —
*Vmax -] AN
/ 3
M{,( MYy 15"
N 4 % 1
" S Viax
Mcol
55
ﬁ: ‘Vc0l v
<« X5 — > | 25— N5 — >

Fig. 2.1 Forces acting on specimen

12
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it

- a
M Ay £, =)
= 3(1.27)(60)(0.95)(15.5)

= 3370 in.-kips

- L3370 | g i
Vpax = 5(12y - °° kips
a

M; = A fy(d >)

= 3(0.79)(60)(0.95)(15.5)

= 2090 in.-kips
A+ _ 2090 _ .
\max 5(12) 35 kips

Moo, MY

MCol = > x (Assuming equal distribution

of total beam moment to

3370 + 2090 column above and below.)

2

]

2730 in.-kips

(4) Determine longitudinal column reinforcement required to
resist column moment developed. Consider the column as a

simple flexural member with one layer of reinforcement:

) Mo 2730
s’required £ (d - a 60(0.95)(12.5)
y( 5)
= 3.83 in?

Therefore, use four #9's; A_=4.00 in?  The above

calculations indicate the need for twelve #9 longitudinal
reinforcing bars in the column giving an effective four bars
per face for flexure.

- 12(1.00)  _ ¢ 9533
Peol 15(15)



(5) Check shear capacity of column above and below the joint:

assume V = 50K due to possible unequal distribution
col max

of column shears, P = 0, and Vc = 0 (shear carried by

concrete).
v = Vcol max . 20
s @ 0.85
= 59 kips

Assume #4 ties; As = 0.20 in?

A B d 540 (80) 1205
S = =
v 59
g
= 5.1 in.

To be conservative, use #4 ties at 4 in.

(6) Check shear capacity of beams: assume Vmax = 60K and #3

stirrups; As = 0.11 in?

v = Vmax _ 60
n ) 0.85
= 70.6 kips
P N TT.TY -
VC = ZVTC bd ZV%OOO (13)(15.5)

25,500 1bs.

v =V_ - VC = 70.6 - 25.5

s n
= 45.1 kips
s = & fy d _0.22 (60) (15.5)
v 45.1
s
= 4.5 in.

Use #3 stirrups at 4 in.

14
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After testing the first three specimens, it was apparent
that biaxial loadings on the column together with a deterioration of
the bond of the column reinforcement produced greater distress in
the column than had been anticipated. Therefore, the amount of
beam longitudinal reinforcement was reduced in subsequent specimens
to increase the relative strength of the column. The design of
specimens 5-BS-A and 6-MBS-A was the same as the first three
except that the beam reinforcement consisted of three #8's top and

three #6's bottom.

2.3 Specimen Details

The details of both specimens 5-BS-A and 6-MBS-A were
identical. The beams were 13 in. X 18 in. with 1% in. cover and had
#3 stirrups at a 4 in. spacing (see Fig. 2.2). Top and bottom
longitudinal reinforcement consisted of three #8 bars and three
#6 bars, respectively and was continuous through the joint. Crossing
of the beams at the joint required the placement of the E-W
longitudinal reinforcement below the N-S longitudinal reinforcement
as shown in Fig. 2.3. This slightly increased the positive moment
capacity and decreased the negative moment capacity of the E-W
beams compared to the N-S beams. Moment-curvature diagrams for
both positive and negative bending of the beams are shown in

Fig. 2.4.

The column had a 15 in.-x 15 in. square cross section with
twelve equally spaced #9 bars as shown in Fig. 2.5. Transverse
reinforcement consisted of #4 ties at a 4 in. spacing with 1% in.
cover. At the joint, the tie spacing was increased to 5 in., with
two ties within the joint core. Figure 2.6 is an interaction
diagram for the column cross section and has curves for both
uniaxial and 45° biaxial loading. 1In either case, the moment
capacity shown is the component for each principal direction. The

diagram shows that the balanced condition occurs at 300 kips which
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Fig. 2.3 Beam cage
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is the axial load that was applied to the specimens.
shows combinations of the N-S and E-W components of moment capacity
at a 300-kip axial load. The resultant moment capacity of the

column loaded on a 45° angle is approximately 90 percent of the

"uniaxial' strength.

MOMENT, E-W {in-kips)

:

:

4000k 300 kip AXIAL LOAD

0 0G0 2000 3600 3000 5000
MOMENT, N-S (in-kips)

Fig. 2.7 1Interaction of N-S and E-W moment
capacities of column

Figure



CHAPTER 3

EXPERIMENTAL STUDY

3.1 Specimen Fabrication

Fabrication of each specimen consisted of tieing the beam
and column cages, placing the cages in the forms, securing the
instrumentation reference inserts, placing the concrete, and

curing the specimen.

First, the column bars and the lower column hoops were tied
together to form the column cage which was placed in the form with
four 1 in. diameter column base anchor bolts in position (see
Fig. 3.1). ©Next, the lower column forms were lightly oiled and
bolted in place securing the column cage in its final position.

The beam cages and the two joint core ties were simultaneously
lowered over the column bars as shown in Fig. 3.2. With the beam
cages resting on the surface of the platform (see Figs. 3.3 and 3.4)

the rest of the forms were bolted in place.

In order to provide fixed references from which to measure
joint shear strain, joint rotation, beam rotation, and bar slip,
steel inserts were secured at various locations in the joint
region (see Fig. 3.5). All the inserts were insulated from the
cover concrete by pieces of foam rubber taped to the inserts.

This method was adopted to prevent erroneous measurements due to

spalling of the cover concrete.

Each specimen was cast in two stages. The first cast
included the lower column, the beams, and the joint region. After
casting, the specimen was covered with a plastic sheet and cured

for several days before the forms were removed. The specimen was



Placement of beam cages

Lower column cage

3.1

Fig.
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column cages




Fig. 3.5 1Instrumentation reference inserts
mounted to formwork
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then moved to a rack where the upper column hoops were positioned

and tied (see Fig. 3.6). The upper column anchor bolts were also
positioned and tied before the upper column forms were bolted in
place (see Fig. 3.7). The specimen was then ready for casting of the
upper column. After casting, the specimen was again covered with a
plastic sheet and cured for several days before removing the forms.
The concrete mix proportions given in Table 3.1 were used for

all specimens.

3.2 Material Properties

Concrete cylinders (6 in. x 12 in.) were cast with each
batch of concrete and were cured in the same manner as the specimen.
Average cylinder strengths for the specimens are given in Table 3.2.
Since the concrete strengths of the joint region (first cast) were
fairly close for the two specimens, comparisons of the tests were

possible without normalizing concrete strength,

Steel reinforcement for the two specimens consisted of #3
beam stirrups, #4 column ties, #6 bottom beam bars, #8 top beam bars,
and #9 column bars. The same lot of steel for each bar diameter
was used for both the monotonically and cyclically loaded specimens.
Several coupon tests were conducted for each bar diameter using a
600-kip Universal Testing Machine. Stress and strain measurements
were taken electronically and plotted with an x-y recorder as shown
in Fig. 3.8. The steel reinforcement properties are summarized

in Table 3.3.

3.3 Testing Apparatus

The testing apparatus shown in Fig. 3.9 consisted of an upper
and lower loading head, two column shear struts, and a reaction wall.
Beth the upper and lower loading heads were grouted and bolted to
the column. The lower loading head was bolted to the floor as well,

while the top loading head was pin connected to two shear struts.
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TABLE 3.1 CONCRETE BATCH PROPORTIONS

Cement 470 lbs./cu. yd.
Sand 1530 1bs./cu. yd.
Gravel (max. size 5/8') 1830 1bs./cu. yd.
Water” 20 gal./cu. yd.
Admixture: Airsene L 30 oz./cu. yd.

(water reducing retardant)

e

"Additional water was added to achieve a slump of 8"

TABLE 3.2 CONCRETE STRENGTH

Specimen Cast Strength Age at Testing
(ksi) (days)
: 4L D /
6-MBS-A First 4.29 42
Second 4.74 25
: /
5-BS-A First 4.41 51

Second 4.20 28
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upper loading head

shear strut
axial rod
beam ram

lower loading head

Fig. 3.9 Testing apparatus
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The other ends of the shear struts were pin connected to the

reaction wall.

Four axial rod assemblies were used to apply the axial load
to the column. Each rod was positioned with the upper and lower
loading heads between two bearing plates of the axial rod assembly.
Four hydraulic rams at the top of the axial rod assemblies were
connected with hydraulic hoses to a manifold which maintained egqual
pressure in the four rams. A floor pump provided hydraulic
pressure to the manifold where it was distributed to the rams. As
the rams extended, tensile stresses in the rods and compressive

stresses in the column were produced.

Beam loads were applied with double-rodded hydraulic rams.
Two independent hydraulic systems which are illustrated in Fig. 3.10
were used for loading the N-S and the E-W beam systems. To simulate
dead load, both beams were displaced downward by an equal amount.
0il was pumped through the right pump manifold and into the top of
the two rams, forcing the beams down. Simultaneously, oil was
forced from the bottom of the rams and back to the pump through the
left manifold. This is a closed hydraulic system, and ideally,

the amount of o0il in the system remains constant.

In addition to applying dead load, the hydraulic system was
used to apply the racking load to the specimens. After the dead
load was applied, the south (east) beam was displaced upward.
Hydraulic oil was pumped through the right manifold to the bottom
of the south (east) beam ram forcing the beam up. At the same
time, oil was forced out of the top of the south (east) beam ram
and into the top of the north (west) beam ram forcing the north
(west) beam down by an equal amount. O0il then returned to the pump
from the bottom of the north (west) beam ram. To reverse the load,
pressure was released with value 2, and then o0il was pumped in the

opposite direction.
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3.4 Specimen Instrumentation

3.4.1 Joint Shear Strain. Joint shear strain was measured

with the device shown in Figs. 3.11(a) and (b). A potentiometer
was mounted on a sliding arm of the triangle formed by the
extensions of the rods connected to three pins embedded in the
joint core. The potentiometer was used to measure the change in
length of the side of the triangle as changes in joint shear
strain occurred. Having this measurement, the law of cosines was

used to calculate joint shear strain (see Fig. 3.12).

3.4.2 Joint Rotation. Joint rotation was measured using

two potentiometers mounted to a stationary frame independent of
the specimen (see Fig. 3.13). Two plates were connected to bolts
embedded in the column above and below the joint providing a
reference from which to measure joint rotation. Figure 3.14 is an
exaggerated illustration of the deformation of the specimen which
shows the joint rotation geometry. The calculation of the joint

rotation which follows refers to this figure.

JR = joint rotation, rad.

hj = height of joint, in.

x = difference in potentiometer readings, in.

a = distance of potentiometer above and below beam, in.

Lc = distance from joint to point of inflection, in.

ef = elastic flexural rotation of column, rad. (see Fig. 4.20)
X = a(JrR + 91 - ef)

X, = a(JR + 62 - ef)
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Fig. 3.12 Joint shear strain calculation
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By geometry,

JR =

2JR(a) + a(e, + 0,) - 28.(a)

= —— 4

h, + 2a h, + 2a
] J
/ h 28 _(a)
- X + JR(a) 5 4 o _ £
hj + 2a  h, + 2a {~ LC (h, + 2a)
For this geometry, a = 4 in. h, = 18 in > L =63 in

JR=0.0593x + 0.4759

3.4.3 Beam Rotation. Rotations of the south and eagt beams

were measured with potentiometers in a similar manner as joint
rotation, except that the potentiometérs were mounted on a bracket
which was attached to the beam (see Fig. 3.15). The bracket was
attached to the beam at 7 in. from the face of the column, so that
the measurement included both elastic and inelastic beam rotation
concentrated within the 7 in. length. Figure 3.16 shows the

deformation geometry for the calculation of beam rotation which

follows.
BR = beam rotation, radians
y = difference in potentiometer readings
b = distance of potentiometers above and below beam
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v, = b(JR + 8, - 9:)
¥y = b(JR + 6, - ef>
ox = y - (yy +yy)

h, + 2b

A
. 2JR(D) + b(9) + 8,) - 28.(b)
“h. + 2b h, + 2b
] b

From joint rotation calculation, recall that:

b
A an - i
91'7'92 L JR
]
by
2 - -
. 2JR + T (JR) 28,
BR = Qo ~° h. + 2b
i j

For this geometry, b = 3% in., hj = 18 in., LC = 63 in.
BR = 0.040y - 0.320JR + 0.2809.
4

3.4.4 Beam Deflection. Beam deflections were measured

with twelve-inch potentiometers mounted to the beam rams as shown
in Fig. 3.17. The slide rod of the potentiometer was connected
to the piston of the ram so that when the ram extended, the rod

extended the same amount.

3.4.5 Loads. Beam loads, axial column load, and column
shear were all measured electronically with load cells. BReam loads
were measured with load cells connected between the beam rams and
the beam ends. To measure column axial load, four strain gages
were mounted on two of the axial rods and connected to form a

Wheatstone bridge. The rods were then calibrated prior to testing



Fig. 3.17

Beam deflection instrumentation
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of the specimens. Column shear was measured in the same manner with
full bridge circuitry mounted on each of the two shear struts

connecting the upper loading head and the reaction wall.

3.4.6 Reinforcing Bars. Electrical resistance strain gages

were mounted on beam, column, and joint hoop reinforcement. Strain
gages for the beam and column bars were located at the beam-

column boundaries (see Fig. 3.18). 1In addition, selected bars had
strain gages at 8 in. and 16 in. from the critical section, and
joint hoops had gages on each of the four sides of the hoop. Paper
gages with 0.64 in. gage length were used throughout. Figure 3.19

shows several bars with mounted gages and waterproof protection.

In addition to strain, slip of the longitudinal beam
reinforcement was measured at the joint boundaries. This was done
with a piece of piano wire attached to the bar at the critical
section and extended through the joint and out the face of the
column as illustrated in Fig. 3.20. The slipwire was attached to
the reinforcing bar by inserting the wire with a 90° bend into
a hole drilled in the bar and using a plastic tie to secure the
connection (see Fig. 3.21). 1In addition, plastic tubing was used
to provide a passage for the slip wire. As shown in Fig. 3.22,

a potentiometer was mounted on a bolt connected to a reference
insert embedded in the column. Both the slipwire and the plunger
of the potentiometer were spring loaded to provide continuous

contact as movement of the slipwire occurred.

Column and joint rotations introduced an error in the slip
measurements which required a correction. Correction of individual
bar slips depended on both instrument location and on the division
of column rotation above and below the joint. It was assumed that
the column rotation was split evenly. Figure 3.23 shows the
geometry of the joint region with regard to bar slip and the

correction is calculated as follows:
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corrected bar slip
measured bar slip
distance from face of joint to ¢ of bar
amount of correction
column rotation above (see Fig. 3.14)
column rotation below (see Fig. 3.14)
elastic column rotation (see Fig. 4.20)
joint rotation

total column rotation (above or below)

even split of column rotation above and below,

)
8= O

From joint rotation calculation, recall that:

and

2Lc £
w = 8§ + JR
h,
= 11 + 5%— JR - ef
C
X =Yz
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3.5 Test Procedure

Fach specimen was pretested prior to the day of the full
test. The specimens were subjected to one elastic cycle during
the pretest, the purpose of which was to check the operation of
the hydraulic and electrical systems. The maximum beam deflection

at the peak of the elastic cycle was 0.3 in.

To start the main test, a data reading was taken with the
specimen under zero load. The first reading is referred to as
the zero reading and is the base from which all other readings are
referenced. ©Next, a 300-kip axial load was applied to the column
and another reading was taken. Readings were also taken after the
N-S aﬁd E-W beam dead load deflections were imposed. Racking
loads were then applied simultaneously to the N-S and E-W beams in
increments, and data readings were taken at each increment.
Loading of the beams was controlled with valves oﬁ the hydraulic
consoles while the level of deflection of the north and west beams
was continuously monitored with x-y recorders (see Fig. 3.24). A
complete description of the applied load histories is given in

Chapter 4.

3.6 Data Acquisition and Reduction

Data were taken electrorically with a digital data
acquisition system in conjunction with a mini-computer. On line
data reduction enabled teletype monitoring of selected channels
as the test progressed. The test data were stored on a computer
disk and were later run through a data reduction program which
converted the voltage readings into engineering units. Plot files
of the channels were then created, and plots of selected channels
were made. A digital plotFer was a valuable tool which permitted
the user to make plots of desired size and scale and to put titles

on the plots.



Fig. 3.24 Testing controls



CHAPTER &
TEST RESULTS AND BEHAVIOR

4.1 General

In this chapter, the test results of specimens 5-BS-A and
6-MBS-A are presented. Both specimens were subjected to deforma-
tion controlled racking loads at a 45° angle to the principal axes
of the subassembly. The loading pattern was chosen to simulate
seismic loadings which are produced at the beam-column joints of
reinforced concrete frames when the ground motion is skewed to the
principal axes of the structure. The difference in the two
tests was that specimen 6-MBS-A was monotonically loaded, and
specimen 5-BS-A was cyclically loaded. Comparisons of the fest
results will show the effects of cycling of deformations on joint

performance.

The deformation levels which the specimens were subjected
to are denoted by multiples of gi (lAi, 2Ai, etc.) which was
determined to be the yield deflection of the beams in specimen 1-U-C
and was established as the nominal yield deflection for all the
specimens. Specimens 5-BS-A and 6-MBS-A, however, had smaller
diameter beam reinforcement than specimen 1-U-C. Consequently,
the bond characteristics were better for specimens 5-BS-A and
6-MBS-A, and the beams reached yield at a lower deflection than
1-U-C. To maintain uniformity in the testing program, all the
specimens were subjected to the same levels of deformation. For
the two tests referred to in this chapter, the Ai designation
is only a reference deflection and does not correlate directly

with yield of the specimens.
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4.2 Monotonic Test, 6-MBS-A

4.2.1 Description of Load History. The column of the

monotonically loaded specimen was axially loaded with approximately
300 kips which was maintained throughout the test. After applying
the axial load, a dead load deflection of 1/10 in. was imposed on
each of the four beams. ©Next, the deflections producing racking
were applied to the beams (see Fig. 4.1). The north and west

beams were deflected downward (+), while the south and east beams
were simultaneously deflected upward (-) by the same amount. The
specimen was loaded in this direction until the loading ram reached
maximum extension of 5 in. Although this concluded the monotonic

test, the specimen was then cycled at the 3Ai deformation level.

4.2.2 Load-Deflection Behavior. Plots of beam load versus

beam end deflection in Figs. 4.2 and 4.3 show that the beam ultimate
loads were very close to the calculated uiﬁimate loads and

remained essentiaily constant as the beams were deflected to the
limit of the loading apparatus. This indicates that any strength
degradation of the specimen subjected to cyclic loads is‘due to

load reversal and cycling rather than a decrease in the capacity

of the joint at high deformations. The cycles subsequent to the
monotonic loading show a large reduction in strength and stiffness.
Near the neutral position, deflections of the beams were accompanied
by only slight changes in load. The low stiffness could be due to

a combination of both beam and column bar slip and shearing of the
joint region, and the loss of strength may be due to degradation of
concrete strength and loss of cross-sectional area due to spalling

of cover concrete.

4.2.3 Cracking Patterns. Joint shear cracks were first

visible at the northeast and southwest corners of the joint at
load stage 9 as shown in Fig. 4.4. At this stage, the north and

south beam deflections were +0.52 and -0.43 in., respectively. 1In
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4.4 First shear cracks, 6-MBS-A
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addition to joint shear cracks, flexural and flexural-shear cracks
in the beams were also visible. At load stage 15, the north and
south beam deflections were 1.12 and =-0.92 in., respectively, and
first yielding of the beam reinforcement was evident as the beam
loads increased very little as higher deformations were imposed.
Figure 4.5 shows that joint shear cracking extended well into the
beams at this stage. At the lAi deformation, considerable cracking
of the joint region had occurred and in Fig. 4.6, the diagonal
shear cracks of the southwest corner of the joint are shown.

Figure 4.7 shows that at ZAi deformation, crushing of the cover
concrete had occurred in the compressive zone of the lower colump.
In addition, splitting cracks were observed on the top of the north
and west beams. The north beam, which had an inch less top cover
concrete than the west beam, had more splitting along the longi-
tudinal beam bars (see Fig. 4.8). At peak deformation under
monotonic loading, extensive joint shear cracking was visible as

- shown in Fig. 4.9. Joint shear cracking extended into the
compression zone of the north beam fracturing the corner of the beam
cross section. 'Also, the cbmpression zone of the lower column

showed considerable distress.

4.3 Cyclic Test, 5-BS-A

4.3.1 Description of ‘Load History. The cyclically loaded

specimen was initially subjected to a 300-kip axial load and

1/10 in. beam dead load deflections (same as the monotonic test).
Then<gacking loads were applied as shown in Fig. 4.10. The north
and j%%t beams were deflected downward (+) while the south and
east beams were simultaneously deflected upward (-) by the same
amount. The beams were loaded to a deflection of IAi and then
cyclic loading was applied. The same loading procedure was used

for the 2Ai and 3Ai deformation levels with three cycles at each

leveal.
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Shear cracking at peak deformation, 6-MBS-A

4.9

Fig.
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4.3.2 Load-Deflection Behavior. The beam load versus beam

end deflection plots (see Figs. 4.11 and 4.12) show that the stiff-
ness degrades substantially during the first cycle at a deformation
level. This indicates that most of the damage to the joint occurs
during the initial excursion to a higher deformation. There was
some further degradation of stiffness during the second and third
cycles as well. Except for the initial loading at a given

. deformation, the load-deflection behavior was characterized by
severe pinching of the hysteresis loops. This behavior indicates
that joint shear distortion and/or reinforcing bar slip was a major

influence on the performance of the joint.

Although there was a large degradation of stiffness after
cycling at 1Ai, the beam loads reached calculated ultimate load
when the beams were deformed to 2Ai. At BAi, however, strength
degradation was evident as the beam loads were well below the
calculated strengths. The initial direction of loading ipfluenced
the strenéth when the load was reversed. The beam loads were
always less than the calculated strength at the second peak of the
first cycle at any given deformation. This may be due to degrada-
tion of bond of the tensile reinforcement during the initial excur-
sion, so that the reinforcement was not effective in compression
when thg load was reversed. Also, degradation of the bond ‘through
the joint will cause tensile stresses to be produced in the
reinforcement in the compressive zones of the beams. The result
will be higher compressive stresses in the concrete and will lead
to faster deterioration of the beam (see Fig. 4.13). Similar

behavior can ocecur in the column as well.

4.3.3 Cracking Patterns. The cracking patterns of the

cyclically loaded specimen were similar to the monotonically loaded
specimen up to the first peak at 1Ai deformation. The load

histories for the two specimens were the same at this stage. After
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East West

s e

a) Force Equilibrium Required by Strain Compatibility

Shear Cracks - Loss of Bond

b) Force Equilibrium Becouss of Shear and Bond Failure

Fig. 4.13 Force equilibrium of joint failing by shear and bond6

reversing the load, crossing of the joint shear cracks was observed
in the northeast and southwest corners of the joint. The joint
shear cracks are visible where the north and east beams frame into
the column as shown in Fig. 4.14. An overall view of the cracking
patterns is shown in Fig. 4.15. 1In addition, splitting cracks were
observed on top of the north and south beams. Few splitting

cracks were observed on the top of the east and west beams since
the top cover concrete was greater for those beams. However,
splitting cracks were observed on the sides of the east and west
beams. After cycling three times at lAi, very few new cracks
appeared, but extensions of existing cracks were observed.

Figure 4.16 shows a general view of the specimen after three cycles

at lAi



Fig.

4.14 Joint shear cracking at second peak, lAi, 5-BS-A

Fig. 4.15 General view at second peak, lAi, 5-BS-A
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Fig. 4.16 General

view after 3

cycles,

5-BS-A
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As cycling at higher deformations continued, the concrete
cover at the column compression zones progressively deteriorated.
Figure 4.17 is a photograph of the specimen after the loose concrete
had been removed upon completion of the test. Notice that the
deterioration of the column was greater at the bottom of the joint
than at the top. Another interesting observation was that the
cracks that formed at the beam-column boundaries varied in width
from one side of the beam to the other. It was not apparent
wﬁether the cracks were a result of column or beam rotation, but the
varying width indicated that the cracks were formed at least

partially by column rotation.

4.4 Comparison of Monotonic and Cyclic Tests

4.4.1 General. 4 decline in joint perfofmance due to cycling
of deformations can be shown by comparing the plots of joint rotation
versus interstory displacement for the cyclic and monotonic tests
(see Fig. 4.18). At equivalent deflections, the cyclically loaded
specimen had higher joint rotation than the monotonically loaded
specimen. At SAi’ the joint rotation for the cyclic test was
44 percent higher than that of the monotonic test. This indicates
that cycling caused damage to the joint which resulted in higher

joint rotation when the next deformation level was imposed.

4.4.2 Components of Beam Deflection. Several of the

mechanisms which contributed to the total deformation of the

specimens were either calculated or measured. The mechanisms were
inelastic beam rotation, inelastic column rotation, joint shear
strain, and elastic flexural deformation of both the column and beams.
To appreciate the relative influence of the component deformations,
beam-end deflection was selected as a common reference and deflec-
tions were calculated for each of the components. Figure 4,19

shows schematic representations of the various components. Notice
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o
22
m

a) Elastic Flexure b) Beam Inelastic Rotation

¢) Joint Shear Strain

d) Column Inelastic Rotation

Fig. 4.19 Components of beam deflection



that all of the mechanisms except beam rotation, contribute to

the rotation of the joint.

Beam deflection due to beam and column elastic flexural

deformation, AE’ was calculated as shown in Fig. 4.20. The gross
moment of inertia of the column was used in the calculations, and
based on the results of the elastic test, the moment of inertia
of the beam was determined to be approximately % the gross value.
Figure 4.21 shows the geometry of the specimen due to joint shear
strain and the calculation of the beam deflection due to Joint

shear strain, AS’ is given below.

By = 9Ly~ qW,/2

where 9, = component of joint fotation due to joint shear
strain, rad.
cp,zh.
Note: A = ¢izc = q@hj/Z => ¢ = —Efl
. © o
& = joint shear strain, rad.
Te Ty
_ 8y
21 T P!

Therefore,
27 L fth./2
c ]

From above,

P T P oL
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ef(zb + wj/Z‘) +

3EI.
D

=57000,/£” ~ 3800 ksi
(&

2 4

_ bh® _ 15% _ 4
TR T a 4220 in.

1b3 4
® - 75— % 1500 in" (based on test results)

4 12
= 63 in
= 54 in
= 15 4n.

ﬁn + M
. - 2 -

= (1.31 x 10 6)\—5—5———> +(1.71 x 10 4>M3

Calculation of elastic flexural deformation
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Joint shear strain geometry

4.21

Fig.
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oL ah . W,
= ——C . - (1 i
S L, +hj/2 b 2L + h 2

For this geometry, Lc = 63 in., Lb = 60.5 in., hj = 18 in.,
W. = 15 in.
J

Therefore,

Ac =52 @, in.

S

Beam deflection due to beam inelastic fotation, %3, was simply the

beam rotation multiplied by the length of the beam. This component
also includes the flexural rotation of the beam between the column

face and the bracket from which the beam rotation was measured.

The fourth component of beam deflection was due to the inelastic

rotation of the column, Ac' This component was calculated by
subtracting the other compenents from the measured total beam

deflection.

Ac B Atotal ) AE - AS ) AB

Ratios of the components of beam deflection were calculated
using the total beam deflection as the base. Comparisons of the
monotonic and cyclic tests are shown in Figs. 4.22 through 4.25
which show the component ratios plotted against the total beam
deflection. Figure 4.22 shows that the ratio of elastic flexural
deformation decreased as the total deformation increased. At high
beam deflections, the inelastic mechanisms contributed a greater

percentage of the total deflection and the percentage of elastic
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flexural deformation was not significantly different for the two
tests. Figure 4.23 is a plot of the ratio of beam deflection due
to joint shear strain and shows that joint shear strain contributed
a significant portion of the total beam deflection. Thus, joint
shear strain had a significant influence on the stiffness of the
specimens. However, there was not a significant difference in the
amount of joint shear strain between the monotonically and cyclically
tested specimens. The ratio of beam deflection due to inelastic
column rotation is shown in Fig. 4.24. There was a substantial
difference in the amount of inelastic column rotation between the
two tests. The cyclically loaded column had much larger inelastic
rotations which may have occurred as a result of bond degradaticn
of the reinforcement in the joint region. Beam inelastic

rotation, on the other hand, was higher for the monotonically
tested specimen as shown in the plot of the ratio of beam
deflection due to beam inelastic rotation (see Fig. 4.25). The
absence of cycling of deformations resulted in better joint
performance for the monotonically tested specimen, and the

imposed beam deflections resulted in larger beam rotations.

4.4.3 Bar Slip Measurements. Slip of top and bottom beam

bar reinforcement was measured at the critical sections of the beam.
A characteristic of all the bar slip measurements was the slip of

the bar away from the face of the column as the beams were cycled

at larger deformation levels (see Figs. 4.26 and 4.27). Tensile
yielding and the subsequent elongation of the bars caused progressive
slip of the reinforcing bars away from .the column face. The amount
of slip toward the joint was not great enough for the bars to return

to their original neutral position.

The compression zones of the column may have had an effect

on the magnitude of bar slip toward the joint (negative slip). Since
. 0 ,

the specimens were loaded on a 45 diagonal, the compression zones

of the column were located at the northwest and southeast corners



83

d11s 1eq doj 8 SNSI9A UOTIDDTJop weaq yjaop 9Z°'% '814

o LEL
3 M (971242) v-54-¢ ——
— (97U030UON) Y-S5ENH-9 —H—
r_ ) 8
N
; A 5T
(sayour -1y1w) diyg aeg \ \\
BBE 0 @S2 nnz B51 \ a5 an (-
¥ i 1 1 1 S [ |
L)
o
My
]
o
[¢]
[ad
A
[o]
-
w
o
(2]
=
1]
v
21 9z »




84

dT1s 1BqQ WO330q 94 snsion UOTI09[Jop wWeaq sy

LEY -~

(sayouy -p1w) dyyg aeg
B52 ap2 B51
[ 1 1

(o1194)) v-sg-¢ ——
(97U0I0UOK) Y-SHH-9 —H—

LTy "81d
LE 3|
1l
©
0
" i
-
o
=] 3 e AR
L)
Ly I
Mo
5
o
N L]
N
a5— Bal- 251~
1 1 I
118
(A 4
69
T A

9T g



85

of the column, and the northeast and southwest corners were near
the neutral axis. The bars at the northwest and southeast corners
of the column had lower negative slip than measured at the north-
east and southwest corners. Figures 4.28 and 4.29 are plots of
beam load versus bar slip measured at the southwest and southeast
corners, respectively. 1In Fig. 4.28, one can see that slip is
greater in the negative direction, but less in the positive
direction than the slip for the bar in the southeast corner

(Fig. 4.29). The column compressive zone in the southeast corner
may have had an influence in reducing the negative slip of the top

bar in that corner.

The magnitude of the bar slips ranged from about 0.05 in.
at the small deformation level to about 0.30 in. at the largest
deformation 1ével and varied approximately linearly with beam
deflection. The effect of cycling was to shift the neutral position
of the bar awayﬂfrom the face of the column due to inelastic
elongation of the bar with each cycle. Considering this shift, the
magnitudeslof slip with respect to the neutral position were not
significantly different for the monotonic and cyclic tests. Bar
slip depended on beam end deflection and the total amount of

inelastic bar strain.

Even though cycling had little influence on the magnitude
of bar slip, it should be recognized that frictional resistance
between the concrete and bar and the bearing force of the bar
deformations against the concrete are greatly reduced after the
initial excursion to a given deformation. This had a significant
effect on the stiffness of the joint for the second and third

cycles at the given deformation.

4.4.4 Bar Stresses and Strains. Strains were measured in

the beam and column longitudinal bars and in the joint hoops at

the location shown in Fig. 3.18. Because of high joint shear
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distortion and beam inelastic rotation, considerable bending of
the bars occurred at the beam-column boundaries. As a result,
the strains measured at the beam-column boundaries included
bending strains as well as axial strains. However, strain
measurements taken at 8 in. and 16 in. away from the beam-column
boundaries did not appear influenced by bar bending. Therefore,
only the strain measurements of the longitudinal beam and column

bars away from the beam-column boundaries were considered.

Reinforcing bar stresses were calculated using Program
STRESS (see Appendix) which is based on Thompson's method for
calculating steel stresses for cyclically loaded bars in the
inelastic range.7 A modification of Thompson's method was
necessary so that the stress after strain hardemning was not
underéstimated. The yield stress in the equation for calculating
characteristic stress was replaced by the maximum stress reached
for that loading direction prior to the half cycle under considera-
tion. 1In other words, if the stress was greater than yield, then
that stress was assumed to be the new yield stress for subsequent
calculations. It should also be noted that the equations were used
in their original form and were calibrated using data from cyclic
tests on reinforcing bars performed at the University of Canterbury.
For qualitative purposes, the original calibration was assumed to

be adequate.

Beam Bars. The stresses of an instrumented #8 top bar of
the east beam are shown in plots of bar stress versus beam deflec-
tion (see Figs. 4.30 and 4.31). The east beam was first loaded in
the negative direction (up), which would normally cause the top
bars to go into compression. The plots, however, show that tensile
stresses were produced in the top bars of both the monotonically
and cyclically loaded specimens even though the compression zone

was at the top. Analysis of the east beam cross section indicated
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that at the ultimate load, the neutral axis was above the compression
reinforcement putting the top bars in about 20 ksi tension. The
tensile stress of the top bar of the cyclically loaded specimen,
however, was approaching 40 ksi at the extreme deformation. This
indicates that a portion of the tensile stress in the bar occurred

because of bond degradation through the joint (see Fig. 4.13).

Plots of beam load versus #6 bottom bar strain (Figs. 4.32
and 4.33) show that inelastic strains occurred as far away as
8 in. from the joint, but remained elastic at 16 in. away. The
inelastic elongation of the #6 bottom bars was concentrated closer
to the critical section than the larger top bars which had inelastic
strains at 16 in. into the beams. These observations indicate that
the bond condition was more favorable for the #6 bars than t he #8
bars. Also, the monotonically loaded specimen(had larger bar
strains than the cyclically loaaed specimen which indicates a less

favorable bond condition .for the cyclically loaded specimen.

Column Bars. Since the columns were loaded on the northwest-
southeast diagonal, the extreme fibers were located at the north-
west and southeast corners of the column. Strain measurements of
the southeast column bar which had gages at 8 in. and 16 in. above
and below the joint remained in the elastic range indicating that
the column capacity was governed by a compressive rather than a
tensile failure. Plots of the southeast column bar stress versus
interstory displacement (Figs. 4.34 and 4.35) show that the
compressive bar stress of specimen 5-BS-A was higher at 8 in.
below the joint compared to the compressive bar stress of specimen
6-MBS-A. At 16 in. below the joint, however, the compressive
Stress of specimen 6-MBS-A was higher. 1Indications are that cycling
of deformations caused the deterioration of the concrete near the
joint and resulted in higher stresses in the reinforcement. The

tensile stresses of the same column bar were about the same at both
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8 in. and 16 in. below the joint of the cyclically loaded specimen
indicating that the bond deterioration of the column bars occurred
well below the joint boundary. Greater bond deterioration of the
cyclically loaded specimen may be the reason for the high

inelastic column rotations observed for that specimen.

Joint Hoops. Joint hoops of both the monotonically and
cyclically loaded specimens had tensile strains well above yield
as shown in the plots of stress versus strain in Figs. 4.36 and
4.37. Each specimen had two joint hoops as shown in Fig. 3.4.

At the lower deformations, the top joint hoop of the cyclically
loaded specimen consistently had higher strains than the bottom
joint hoop. The different sizes of the top and bottom reinforce-
ment may have been an influencing factor for this behavior. At
the larger deformations, however, the trend broke down as larger
strains were reached. The magnitude of the strains varied
considerably at the larger deformations. The monotonically loaded
specimen had hoop strains that ranged from 0.00213 to 0.0215 ar 3Ai.
(load stage 26). The cyclically loaded specimen also had a wide
range of hoop strains that varied from 0.002571 to 0.0178 at 3Ai
(load stage 125). Joint shear cracks crossing the hoops at the
position of ‘the strain gage may have resulted in large strains

at those points.

Plots of hoop stress versus interstory displacement of the
cyclically loaded specimen are shown in Figs. 4,38 and 4.39. During
the early cycles, tensile stresses of the joint hoops remained
locked in when the specimen was returned to the original position.
Cracks which opened in the joint region may not have closed
completely because of concrete particles which could have lodged
in the open cracks. However, as cycling progressed, the amount of
locked-in stress decreased, and eventually compressive stresses

were achieved. This may have happened because as cracks grew
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larger and greater in number, inelastic elongation of the hoops
occurred, and when the load was reversed, the cracks closed and
compressive stresses were produced. Generally, the joint hoops
of both the monotonically and cyclically loaded specimens under-
went large inelastic strains indicating that the joints were

under considerable distress.



CHAPTER 5

COMPARISON OF EXPERIMENTAL AND CALCULATED
JOINT SHEAR STRENGTH

5.1 General

Joint shear was calculated using internal moment arms,
dl and d2 as shown in Fig. 5.1. The values of d were selected
based on calculations of the internal moment arms in the elastic
range and at ultimate. The average value of d at the two condi-
tions was chosen to be used in the calculations. The values of d
varied because of the different levels of the reinforcement in
the N-S and E-W beams and because of the different amounts of
positive and négative reinforcement. Considerable spalling of
the cover concrete occurred at the higher levels of deformation,
and it is likely that the actual values of d were less than those
indicated in the figure. If so, the joint shear would be greater
than that calculated. Joint shear was caiculated using constant
internal moment arms thoughout the tests, so at the higher defor-
mations where spalling occurred, the values of joint shear are
probably conservative. Figures 5.2 and 5.3 are plots of joint
shear versus interstory displacement and Table 5.1 lists the values
of joint shear at various load stages. The maximum joint shear was
approximately 225 kips in each of the principal directions for both
tests 5-BS-A and 6-MBS~A. Thus, the component of nominal joint

shear stress in each direction is calculated as follows:

Va 225,000 1bs.
v ==

u  bd (15 in.)(12.4 in.)

]

1210 psi

[}

=7
18.3 /£

102
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Veol —— ; ;
Beam 1 2

N-~S 13.8. in. 12.8 in.
E-W 13.6 in. 14.3 in.

Y

—1 s
PP

- Vcol

Joint Shear =T, + C. - V

— 2 -
P 4I/dl * PZE/dZ Vcol

Fig. 5.1 Joint shear calculation
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TABLE 5.1 JOINT SHEAR

Specimen 5-BS-A Specimen 6-MBS-A
Joint Shear (kips) Joint Shear (kips)
Load Stage N-S BN Load Stage N-S _—
2 85 90 2 89 94
4 89 86 4 85 81
13 225 225 9 138 131
25 201 208 18 216 : 218
33 179 176 22 227 220
41 178 183 26 225 215
49 170 163 28 217 216
57 171 174 44 176 186
69 219 209 52 99 i01
81 189 184 60 134 149
89 156 153 68 94 94
97 156 161 76 117 129
105 141 © 137
113 139 150
125 - 185 174
137 162 173
145 140 133
153 129 144

161 125 118
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In this section, the joint shear strength of the test
specimen will be calculated using several design approaches based
on previcus studies of planar joints. Comparisons of the maximum
applied joint shears with the calculated values should give some
insight as to the relative magnitude of the joint shear strength
of biaxially loaded joints as well as to the validity of the
various design approaches. The design approaches which will be
considered were developed by ACI-ASCE Committee 352,5 Park and
Paulay at the University of Canterbury,8 Sugano and Koreishi at
the University of Tokyo,9 and Meinheit and Jirsa at The University

of Taxas at Austin.6

5.2 AGI-ASCE Committee 352°7°

The ACI ASCE Committee 352 design procedure divides the
joint shear strength into two components; one portion is attributed
to the concrete and the other to the joint reinforcement. This
method is based on the classical truss analogy which is also the
basis for the shear design of reinforced concrete beams. The
allowable unit stress carried by the concrete is calculated with
the following equation.

%

—_

- n gl
v, = 3.5BY LE (1 + o.OOZNu/Ag)

where B = factor reflecting the amount of energy absorbing
capacity or type of loading imposed on the structure

= 1.4 for joints which must have strength but no
expected significant inelastic deformations (Type 1)

= 1.0 for joints which mast have sustained strength
under load reversals in the inelastic range (Type 2)

v = factor reflecting lateral confinement by members
perpendicular to the plane in which the shear stress
is calculated
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vy = 1.4 if the confining members cover at least three-
quarters of the width and three-quarters of the
depth of the joint face.

= 1.0 if the confining members do not meet the above

requirements

f; = concrete compressive strength, psi

Nu = magnitude of column load (compressive positive), lbs.

A_ = gross area of columa, in?

g

The unit stress carried by the steel reinforcement is calculated

as follows:
v = A f /bs
] sv'y

where AsV = area of reinforcement crossing a shear crack within
a distance s, inf¢

fy = yield strength of reinforcement, psi
b = width of the column in the joint, in.
s = spacing of reinforcement, in.

The ultimate shear stress is the addition of the two components:

For the test specimens,
B = 1.4
vy = 1.4
£/ = 4350 psi
N = 300,000 1lbs.

A = (15)(15) = 225 in2
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: 1
v, = 3.5(1.4)(1.4) |:4350<1 + o,ooz-igg_i_gggﬂz
= 866 psi
V, = v bd = 866(15)(12.4) = 162,000 lbs.
A = 0.40 in?
sv
£f = 63,800 psi
y
b = 15 in.
s = 5 in.
_ 0.40(63.800) _ .
v, = (15)(5) 340 psi
V_ = v_bd = 340 (15)(12.4) = 63,000 lbs.
\Y =V +V = 162 + 63
u c s

225 kips

When inelastic load reversals are expected, § = 1.0 instead of 1.4.

Therefore, the sustained shear strength is caleculated as follows:

Vo = 866/1.4 = 619 psi
Vsustained 619 + 340 = 959 psi
Voustained = 2°9(15)(12.4) = 178,000 1bs.

8
5.3 Park and Paulay

The design approach suggested by Park and Paulay attributes
none of the shear strength to the concrete when load reversals in
the inelastic range are anticiapted. This approach assumes the
concrete will degrade under seismic loading conditions and will
have little or no shear strength. Also, cracks that form at the
joint boundaries may remain open due to inelastic elongation and
the concrete will become ineffective in transferring the shear

through the joint. The steel reinforcement must then be capable
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of transferring the shear through the joint by means of the "truss"
mechanism. If the loadings are skewed with respect to the principal
axes of the frame, the joint core must resist the forces from four
beams simultaneously. The shear in the joint core is increased by
VE above that of the uniaxial case if the beams are similar in

each direction. Also, the steel reinforcement will cross the
diagonal cracking pattern at a 45 degree angle and will be l/va
times as effective. Hence, if resistance is by the '"truss"
mechanism alone, twice the amount of steel will be required for

biaxial design.

The joint shear strength will be equal to the portion
attributed to the steel reinforcement in the ASCE-ACI Committee 352

mathod.

<
It

v, = 340 psi

v

L = V,bd = 340 (15)(12.4) = 63,200 1bs.

5.4 Sugano and Koreishi9

The Sugano and Koreishi design approach is similar to the
ACI-ASCE Committee 352 recommendation in that the shear resistance
is divided into two components. The shear resistance assigned
to the steel reinforcement and to the concrete are calculated
separately and then combined to obtain the total joint shear
strength. Equations for calculating cracking strength were also
included in their recommendations and are given below.

- g2 5
Vop = (Fp + £ (B/A))

2
where ft = tensile strength of concrete, kg/cm”



and

where

For the
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columa load, kg

gross area of column, cm2

0.205¢! - O.OOOAféZ (£ = 420kg/cn?)

concrete compressive strength, kg/cm2

test specimens:

fl
C

cr

cr

]

T (15 in.) (15 in.)

4350 psi = 305 kg/cm?

300,000 1b.

= 1330 psi = 93.7 kg/cm?

0.205(305) - 0.0004(305)2
25.3 kg/cm?

(25.32 + 25.3(93.7))*
54.9kg/cm2

781 psi

v bd
cr

781(15)(12.4)

145 kips

The concrete contribution to the ultimate shear strength is given

by the following equation:

v
c

= 0.51f/ - 0.001£’? (£’ < 420kg/cm?)
c c [

And the shear strength provided by the steel reinforcement is

calculated as follows:

1
- : 3
vy = 2.7(pwfy)



where p =

5.5 Meinheit

the steel ratio (As/bs)

total area of hoop reinforcement in the joint

yield strength of joint hoops, kg/cm2
width of column

spacing of hoops

0.51(305) - 0.001(305)2

62.3 kg/cm?

893 psi

Vc(b)(d) = 893(15)(1l2.4) = 35,000 lbs.
0.40/(15)(15)

0.00533

63,800 psi

4485 kg/cm?

X

2.7.0.00533(4485)
2

13.2 kg/cm

188 psi
188(15)(12.4) = 166,000 1bs.
V +V

C S

35 + 166

201 kips

and Jir536

The design approach recommended by Meinheit and

Jirsa does

not divide the shear resistance due to the concrete and the steel

reinforcement into separate components.

The shear strength of the

joint is assigned primarily to the concrete and any increase in



strength provided by the reinforcement is due to the confinement
of the concrete. Confinement provided by lateral beams is also
considered to improve the joint shear strength. The equations
proposed by Meinheit and Jirsa for the ultimate joint shear
strength were used previously in the design of the test specimens
and are described in Chapter 2. In addition to the ultimate
strength formula, an eQuation was given for the cracking strength

which is calculated below:

v _ = 0.0124¢£)" % (P/Ag>0‘485 @+ sn )
= 0.0124(4350)°-8° <3_Q%§g_@>0.485 <1 + %>o.57
= 718 psi

Vcr = Vcrbd

718(15)(12.4)

134,000 1bs.

Calculations of ultimate joint shear strength follows.

From Chapter 2,

p, = 0.0133
T =1.08
8 = 1.22
2/3
= 2 4
v, = 5.18 T(£)

5.1(1.22)(1.08) (4350)%/3

1]

1790 psi

113
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V = v bd
u u

1790(15)(12.4)

333,000 1bs.

For joints designed for load reversals producing inelastic
deformations, Meinheit and Jirsa recommend a reduction factor of

0.6 to obtain the sustained shear strength:

L]

Vsustained 0.6(333,000)

200,000 1bs.

5.6 Cracking Shear Strength

The results of the calculations of cracking shear strength
obtained with equations by Sugano and Koreishi and Meinheit and Jirsa
were compared with the experimental cracking strengths listed in
Table 5.2. 1In each direction, the component shear on the joint
core at cracking was about the same as predicted by the cracking
equations which were based on studies of uniaxially loaded planar
joints. These results indicate that the joint cracking strength
is not adversely affected in one direction by loadings in the
orthogonal direction. It appears that the initial cracking of a
biaxially loaded joint occurs when the shear in either principal
direction reaches the '"uniaxial" cracking strength. Although the
experimental values of the N-S and the E-W components of joint shear
were close to the calculated values, the ressultant joint shear on
the specimens was about VE times the calculated cracking strengths.
The confining effect of the compression zones of the orthogonal

beams may have improved the cracking strength of the joint.
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5.7 Ultimate Shear Strength

The calculated ultimate joint shear strength and the
maximum joint shear that was applied to the specimens 1is compared
in Table 5.3. It should be noted that the maximum applied joint
shear may have been less than the potential ultimate joint shear
strength of the specimens because the applied joint shear was
limited by the flexural capacity of the beams. The maximum joint
shear applied to the specimens was exactly the same as the joint
shear strength predicted by the ASCE-ACI design equations. It is
probably coincidental that when the beams reached their flexural
capacity, the joint shear on the specimen was the same as the
calculated shear strength. While it cannot be concluded that the
ASCE-ACI design approach accurately models joint behavior, it is
reassuring that the ASCE-ACI mathod gives values of joint shear

strength that are in the correct range for biaxially loaded joints.

It is reasonable to assume that the N-S and E-W components
of joint shear capacity would be less for a biaxially loaded beam-
column joint than the joint shear capacity of the same joint loaded
uniaxially. If the ultimate shear capacity of a joint is the
same regardless of the direction of the resultant shear, then the
N-S and E-W components of the ultimate joint shear strength of a
joint loaded equally in each direction will be l/vg or 0.71 times
the "uniaxial" strength. Two of the design approaches, however,
predicted that the "uniaxial" joint shear strength would be less
than each component of the joint shear that was actually applied
to the specimens. Park and Paulay's design approach underestimated
the joint shear strength by 72 percent. It should be obvious from
this comparison that the joint shear strength contributed by the
concrete should not be totally neglected. Sugano and Koreishi's
design approach attributed 83 percent of the joint shear strength
to the concrete, but also underestimated the capacity by 11 per-

cent. However, both the N-S and E-W components of applied joint
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shear were 0.68 times the "uniaxial' joint shear strength predicted
by Meinheit and Jirsa's method. This is very close to 0.71 which
is the ratio that would be expected if the joint shear capacity

1s independent of the orientation of the applied shear.

Depending on the design approach which is considered,
different conclusions about the relative strength of biaxially
loaded joints may be drawn from the comparisons of calculated
ultimate and applied joint shear. Park and Paulay's design
approach, which considers only the joint shear strength contribu-
tion by the steel, did not accurately predict the joint shear
strength of the specimens, so no meaningful conclusions could be
made. Sugano and Koreishi's equations gave values of joint
shear strength which were fairly close to the N-S and E-W components
of the maximum joint shear applied to the specimens. This indicates
that biaxial shear on the specimens did not decrease the joint
shear capacity in either the N-S or E-W directions, so the
resultant joint shear strength was improved by the biaxial loads.
The joint shear strength predicted by Meinheit and Jirsa's
equations, however, was higher than the maximum applied joint
shear. Contrary to the conclusions drawn from the results of
Sugano's and Koreishi's method, this indicates that the joint
shear strength in the principle directions may be less for biaxial
loadings than for uniaxial loadings. If so, the resultant shear
strength of the joint may be the same as predicted by the "uniaxial"

equations.

These results indicate that all of the design approaches
considered, except for Meinheit and Jirsa's are conservative and
can be used in their present form to design joints for biaxial
loads. The "uniaxial" joint shear strength calculated with
Meinheit and Jirsa's method may be unconservative if bidirectional

loads are present. Therefore, the calculated joint shear strength
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should be multiplied by approximately l/va to obtain the strength
in each direction when biaxial loads are expected. These
conclusions are valid for the two specimens being considered and
may not be true for joints with different geomztry or reinforcing

details.

After six cycles into the inelastic range, Specimen 5-BS-A
continued to carry high joint shear. At the first peak of the 3Ai
deformation (load stage 137), the N-S and E-W components of joint
shear were 185 and 174 kips, respectively. This is a 20 percent
reduction from the maximum apﬁlied joint shear. The decay in
strength probably resulted from a combination of factors including
loss of cover concrete in the beams and column, loss of strain
compatibility between the compression reinforcement and the concrete,
and decay of the concrete strength in the joint region. Considering
the severe load history that was applied, the strength decay was

small.

5.8 Concluding Remarks

The different design approaches yielded conflicting
conclusions about the strength of biaxially loaded joints relative
to the strength of uniaxially loaded joints. The difficulty is
made even greater because so little test data are available. But
to further explore the implications of the comparisons, it is
necessary to select the design method which is believed to best
represent the actual joint behavior of the specimesns. The speci-
mens being considered in this paper were similar in geometry and
reinforcement details to the specimens which Meinheit and Jirsa
used in their test program; therefore, it is logical that their
method should give a more meaningful comparison. Comparison of the
test results with the calculated results of Meinheit and Jirsa's
method indicated that resultant joint shear strength may be

independent of the orientation of the applied shear and may be the
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the same as the 'uniaxial' joint shear strength predicted by the
design equations. For practical design, it may be necessary to
proportion a joint to carry a resultant shear of approximately
A/501: 1.4 times the shear capacity necessary in each principal
direction. For joints with unequal size beams framing into the
column from orthogonal directions, a smaller factor may be adequate.
This approach to the design for biaxial loads is a consideration
which should be explored in gréater detail as additional test

results become available.



CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summary

The objectives of this study were to compare the behavior
of monotonically and cyclically loaded beam-columa joints under
biaxial loadings and to compare their behavior with design

approaches based on uniaxial tests.

Two reinforced concrete beam-~column joints with the same
geometry and reinforcing details were tested under bidirectional
loads. The specimens were designed to exhibit joint distress
while avoiding large inelastic rotations’of the column and were
tested with deformation controlled load histories. The applied
joint shear on both of the specimens was limited by the flexural
capacity of the beams. Specimen 6-MBS-A showed no sign of a joint
shear failure during the monotonic loading. Specimen 5~BS-A,
which was cyclically tested, also showed no clear sign of a joint
shear failure, although at the 3Ai deformation, the capacity of the
specimen did decrease by 20 percent. The stiffness of the speci-
mens decreased considerably after the first excursion to a new
deformation level and severe pinching of the hysteresis loops was
evidence-that the stiffness was influenced largely by joint shear

strain and reinforcing bar slip through the joint.

The major difference between the two tests was the amount
of inelastic rotation of the beam and columns. As the beam
deformations were increased, the percentage of the total deforma-
tion due to inelastic column rotation increased for the cyclad
specimen, but remained constant during the monotonic loading. The

opposite trend was true for the beam rotations. Loss of

120
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compatibility of the column reinforcement caused by cycling was
probably the key factor for this behavior. Surprisingly, the
amount of joint shear distortion was not affected by cycling of

deformations.

In Chapter 5, the applied joint shear on the specimens
was compared with the calculated strengths using several design
approaches which were based on studies of uniaxially loaded joints.
The cracking shear strengths of the joints were about the same
in each of the principal directions as predicted by the cracking
equations by Sugano and Koreishi and Meinheit and Jirsa. The
ultimate joint shear strength of the specimens was calculated
with several design equations, and large variations were obtained.
Based on a comparison of the observed joint shear strength with the
calculated joint shear strength using Meinheit and Jirsa's method,
it appears that the ultimate joint shear strength is independent
of the orientation of the applied joint shear, and that biaxial
loadings may reduce the strength in the principal directions.
Considering this behavior, it may be necessary to proportion joints
to resist greater shears in each direction if the 'uniaxial" design

approaches are adopted.

6.2 Conclusions

The following conclusions regarding the behavior of
biaxially loaded beam-column joints are based on the test results
of two specimens and may not be valid for joints with different

geometry or reinforcing details.

(a) Conclusions Regarding Joint Behavior

(1) Joint shear strength was high enough to develop the
flexural strength of the beams and deteriorated little

with cyeling.
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(2) Joint stiffness depended on the level of deformation
imposed and was influenced substantially by bar slip

and joint shear strain.

(3) Cycling of deformations had a large influence on the

deterioration of the column.

(b) Conclusions Regarding Design Approaches

(1) Based on a comparison of the joint shear cracking
strength of the specimens with the "uniaxial' cracking
strengths calculated with equations by Sugano and
Koreishi and Meinheit and Jirsa, it appears that
initial cracking of the joint does not occur until the
"uniaxial' cracking strength in either direction is

reached.

(2) The joint shear strength calculated with the design
equations by the ACI-ASCE Committee 352 and by Sugano
and Koreishi were close to the N-S and E-W components

of the maximum applied joint shear.

(3) The design method by Park and Paulay, which neglects
the strength of the concrete, grossly underestimated

the ultimate joint shear strength of the specimens.

(4) Based on a comparison of the maximum applied joint
shear and the ultimate joint shear strength calculated
with Meinheit and Jirsa's method, it appears that the
joint shear strength in one direction may be reduced
by loading in the orthogonal direction. If this
design approach is used, it may be necessary to
proportion joints to carry a higher joint shear in each
direction to account for the effects of bidirectional

loads.
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6.3 Concluding Remarks

It is difficult to make general conclusions regarding the
effects of biaxial loadings on beam-column joints from the test
results of two specimens. This study, however, marks the
beginning of an ongoing endeavor to understand and quantify the

behavior of joints subjected to bidirectional loads.



APPENDIKX A

PROGRAM STRESS



STRESS is a Fortran program which calculates the stress
history of mild steel reinforcing bars which have strain histories
in the inelastic range. The basis for the program is the method
developed by K. J. Thompson at the University of Canterbury.7
Included in this appendix are the eguations which were used, an

input guide, a listing of the program, and sample output.

The monotonic loading envelope is calculated according to

the following rules:

e S g £ =
If e sy’ IS E gs
f < & < = =
T fsy T s T %gn’ fs fsy
iy . . . . Qle, ~e) 2 (e 72, ) (60-Q)
fsh = %5 7 Sgu? s sy\60(e, ~e )+ 2 2(30q + 1)°2
where fs = stress value on analytical curve
-sy = yield stress
fSu = ultimate stress
ES = Young's modulus
€ = strain value on analytical curve
esy = yield strain
cgp T strain at strain hardening
€y - ultimate strain
su 2
ra (30g + 1)~ - 60q - 1
_ _SY
Q 1592

and 4 T %5y T €sh

oy
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The equations for cyclic loading are given below:

where

o

E

]

fs - fO r-1
s(es B so) = <fs - Io> L+ £ - f
ch o]

strain value at beginning of analytical curve

stress value at beginning of analytical curve

= characteristic stress

]

max

f

pl

fmax(o'973 - 9.806gp1)

max imum prior stress for that direction 2 fsy

plastic strain imposed during previous cycle

45.071 9.771

12.231 + -
1000 log (1000¢_

+ 2)
pl !

Interested persons should see Ref. 7 for more detail about the

equatione and the rules for their use.



Input Guide--Program STRESS

Card Columns

1st 1-80

2nd 1-10

11-20

21-30

31-40

41-50

51-60

3rd --> (2+5p) 0 1-10

Variable

Title

NP, no. of points

E, Young's modulus
FY, yield stress

FU, ultimate stress
ESU, ultimate strain

ESH, strain at strain
hardening

EP, strain history
(1 value per line)
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Format

8A10

I10.0
Fl0.0
Fl0.0
Fl0.0
F10.0
F10.0

Fl10.0



12¢
29¢
660
7209

ljee

429

sad

1a

29
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PROGRAM STRESS(INPUT,OUTPUT,TAPES:INPUT.TAPE&:GUTPUT)
COMMON EP(U4R@)

REAL F(aan)

INTEGER TITLE(8)

READ(S,18a) (TITLE(I),I=t,8)

FARMAT(8A10)

READ(S,2@4) NP,E,FY,FU,ESU,E5H

FORMAT(11Q,5F12,9) :

READ(S,h88) (EP(I),I=1,NP)

FORMAT(Fia,2)

WRITE(H,78@) (TITLECI),I=1,8)

FORMAT (#tx,8418)

WRITE(S,328) NP:E:FY:FU.ESU,ESH
FORHAT(///,SX.ISHNO. OF POINTS AhEER AR Ak ruxwxweern, ] 10, /5%,
CISHYOUNG2S MODULUS (X351) *EkwAxwrnweww F13(,/SY,
C3SHYIELN STRESS (XSI) ExkwrAxF kAR AEXX,F10 1, /5Y,
CISHULTIMATE STRESS (KSI) *kwraxwxwewry,Fla {,/5X,
CISHULTIMATE STRAIN WrEw e kkxewrew e, F LA U,/5Y,
C3SHSTRAIN AT STRAIN HARDENING swwwwswew,Fiq.4)
ARITE(H,d4ad0) ) :
FOQMAT({/,9X,3HNO,,SX.13H$TPAIN(IN/IN),2X,1lHSTQESSCKSI),/)
EP(i)=a,

FL11=a,

I=¢

J=49

MRITE(S,5aA0) I,EP(l);FtlL
FORMAT(7X,1S,3%X,F12,8,7F15.32
FMAX=FY

FMINz=FY

EIMX=@,

£ZMN=Q,

ESA=3,

ESuL=d,

Fo=a,

FaL=g,

FCH=Q],

FCHL=D,

R==],

EPL=9,

RL=‘-1 .

L=l

LL=1

I=2

ESY=FY/E

QmESU=ESH

Q23 ({30, %Q+1,)**2%FU/FYabd,»Q=1.1/0/0/15,
Ftiy=a,

CONTINUE .

IF (ABS(EP(I)).LT.AHSCEP(I-l)).AMD.ABS(EP(I-I)).GT.ESY) GO Tn 29
CALL STSEMV(IJLIEOEZMNIEZHXIESHIESY'GIGQIFYIFS)
F(1)=48S(F3)

IF (EP(I).LT,d,) F(I)==4aB3(FS)

IF (FUI) . GT,FHAX) FMAX=fF(I)

IF (FULI) LT FMIN) FMIN2F(1)

WRITE(6,588) I,EP(1),F(I)

I=Is}

IF (I,GT,MPY §TOP

IF (I1,EQ.J) WRITEt6,408)

IF (I1,EQ.J) J=J+5S8

GO To 14

CONTINUE
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48

SN1SEP({Twi)mERP(I=2)
SN2=EP(TI)wEP(Iwt)

SN3IISNL SN2

IF (SN3,GE,®,) GO TO 39

ESBLL=ESdL

ESQL=ES2

ES@=gP (=)

FBLL=F3L

FaL=F@

FAsfF(l=1)

LLesel

Llst

FCHLLEFOHL

FCHLZFCH

RLL=RL

RL =R

EPLZABS{ESA=E5aL = (FAuFpI_)/E)
AS45,971/EXP(19AQ, *EPL)

429, 771/7AL06(12388,*EPL+2,)
R212,2314+4=5

EI2ES8=F (1=1)/F

IF (E2,GT,EZMX) EZMX=FZ

IF (EZ2,LT, EZMMY EZMNZRZ
XZSEP(I)wERP(lm])

IF (X,5T7,8,) L=t

IF (X,L7,8,) L3=}

FYX=FMIN

IF (LeEQ,1) FYRFMAX

FOHRFXx(,973«9 ,806%EP1)

CONTINUE

CALL STSENV(I,L,E,EIMN,ZZMX,E3H,E3Y, @,Q2,FY,F31)
CALL 3ISECTC(I,L,R,FCH,FQ,E53,FU,E,F52)
F(lY=aFS2

IF (L,EQ.1. AND,FS2, GT F31) FLI)=FSH
IF (L, En..1 AND,FS52, LT F31) F(IY=FS!
IF (EPL, GT..@ﬂBS) GO Tg 44

IF (L EQ.=1 . AND,ES@,GE,£3QLL) GO TO 4a
IF (L._@ 1,AND,ESA,LE,ESALL) GO TO 49
IF (RLLLLT.2.,) GO To a9

CaLL BISECT(I LLL,RLL,FCHLL,FALL,ESRLL,FU,E,FS)
IF (LEQ.1,4NDF(I),LT,F3) GO Tn 4@
IF (L, EO.-l AND F(I).GT F3) GO T0O 42
FIT)=FS

IF (FUIY.BT,FMAX) FMAX=F(I)

IF CFCIY,LT.FMIN) FMINZF(I)

FazfFaLl

ESB=ESALL

R=RLL

FCHSFCHLL

LaLiL

CONTINUE

WRITE(H,5A0) I,EP(I),F (1)

Izl+l

IF {I,GT,NPY STOP

IF (1.,EG,J) WRITE(&,432)

IF (1.8Q,J) J=J+58

IF (R,LT,3,) GO TO 18

G0 TQ 2@

END

SUBROUTINE 8ISECT(I,L,R,FCH, FA,ESA,FU,E,FS)
COMMON EP¢473)

B=FCHeF@
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14

29

IF

FUP
FLQ
F3=
Go

(LeER,ml) GO TO 19

=FU
=F@

(FUP+FLOY/2,
TO 29

CONTINUE

FUP
FLQ

F&=

CON

=F3
E YT

(FUPaFL0Y/2,
TINUE

A2FS=FQ

ES=Ax(1,s(A/BYu=(Rw],))/E+ESQ

IF
IF
FSS
FS=

IF (ABS(FSS=FS),GT,.81) 6O Ta 24

(ES.GT,EP (1)) FUPsFsS
(ES,LE.EP(I)) FLO=FS

=F3

(FUP+FLOY/2,

RETURN

END

SUBRQUTINE STSENVIUI,L,E,82MN,EZ4X,ESH,E8Y,a,02,FY,FS5)

COMMON EP(¢U43Q)

IF
I
IF
IF
IF

(LyEQ,1) ESSEP(IYagzMN

(LeEQ,=1) ESIEP(I)agzMYX
(ABSCES),LT,ESY) FS=£+ES
(A8S(ES) ,GE,ESY) FS=FLOAT(L)+FY
(ABSCES) . LE,ESH) RETURN

ESzABS(ES)Y
AZESwESH
B=Q2#4+2,
C=60,%4+2,
D=(6Y,=02) %4

G=2

(38,2041, ) %2

FSzFyY*(8/C+0/G)
FS2FLOAT(L)*FS
RETURN

END
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SAMPLE PROBLEM = PROGRAM 8TRESS

NOo, OF POINTS wwswdwowdsanesasaanws
YOUNGHS MOOULUS (XSI) tamevenzganew
YIELD STRESS (X31) wewavnndaventuws
ULTIMATE 3TRESS (K3I) wasawedwwrearw
ULTIMATE STRAIN srwwwssannstrwnenny
STRAIM AT STRAIN HARDENING wwwansuns

x
o
-

F Y RVE T WY e

STRAINCIN/ING

g;080999aa
., 38849883
-;800480999
v,88120823
=; 38880988
RE.LELFLED
«3,2208a23992
H-LEEEEEDR
;80080000
;98122309
709142208
CLELEEEL
CEALY-EED
s8as2eada
,89680320
H.LELTEED
,d12a0a80
s91160000
s21320eda
,01160800
;81329229
591162894
,0132a294
+8084a08¢
-LEXELET
,93320a00
HLLERELEY
;09292820
-LLEEEED
=;28012204d9
=, 98280080
wy 30440209
«;886280398
=, 80760322
=, 88520989
=;81082924
;30929993
-y 34763088
= ;89680029
O LEVEELT

3TRESS(XS])

3,988
“i1,688
-23,288
«34,8a8
23,289
-1!,655

2,808@

11,638
23,240
34,386
as,a8a
53,230
49,208
58,362
68,269
6a,a89
60,280
64,820
89,189
22,759
44,892
18,4292
-27,795
52,814
54,238
«37,9d%
-59'923
“53,8%3
«62,533
=51,097
«4{,579
61,992
«62,175
“62,707
-53,319
63,304
olb,923
22,546
39,589
48,181
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