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ABSTRACT

An experimental research project was developed at The University of Texas at
Austin to investigate the behavior of interior slab-beam-column joints constructed with high-
strength materials. Four full-scale specimens constructed using normal and high-strength ma-
terials were tested under cyclic bi-directional loading. High-strength concrete, high-strength
steel reinforcement, and welded wire fabric reinforcing cages were used in three of the spec-
imens. A fourth specimen was constructed using normal strength materials (f, = 4000 psi
and Grade 60 bars). The specimens were designed according to current American Concrete
Institute guidelines.

Test results indicate that the high-strength beam-column joints performed quite
satisfactorily. The performance of the normal and high-strength steel reinforcement was
comparable indicating that current recommendations can be extended to include the use
of Grade 75 longitudinal reinforcement and welded wire fabric (f, up to 80 ksi) as joint
reinforcement. The effect of high-strength concrete on behavior was notable, especially with
respect to stiffness, cracking, and energy dissipation. Current design recommendations for
joint shear strength can be used for a safe estimate of unidirectional joint shear strength of

interior joints constructed with high-strength materials.
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CHAPTER 1 - INTRODUCTION
1.1 BACKGROUND

In seismic design, reinforced concrete structures must perform satisfactorily under

severe load conditions. To withstand large lateral loads without severe damage, structures
need strength and energy-absorption capacity. It is commonly accepted that it is uneco-
normical to design reinforced concrete structures for the greatest possible earthquake ground
motion without damage. Therefore, the need for strength and ductility has to be weighed

against economic constraints.

Moment-resisting reinforced concrete frames have gained wide acceptance as an
economical structural system that allows energy dissipation without considerable structural
damage. In moment- resisting frames, all the lateral force produced by earthquake forces is
taken by the frame without the help of any shear wall or bracing system. In determining
the design process, structural engineers generally agree on usage of the “strong column-weak
beam” design philosophy for moment-resisting frames [10]. A beam sidesway failure mecha-
nism (Figure 1.1) would occur when yielding begins at critical sections of the beams before
the columns yield. This type of failure mechanism allows for a more rational, uniform energy
dissipation by plastic beam hinging. Energy absorption can be provided by detailing the
structure such that plastic beam hinges occur in the vicinity of the joints and the lower story
column. Rotations in the plastic hinges provide the necessary energy dissipation mechanism
without sacrificing the gravity load carrying capacity of the structure.

In the “strong column-weak beam” design philosophy, the column is expected to
remain essentially elastic throughout the earthquake and beam plastic hinging is expected
to form next to the column face. Therefore, the beam-column joint plays an important role
in the satisfactory performance of the moment-resisting frame. Components of well detailed
ductile moment-resisting frames, including the beam- column-joint connection, must exhibit
good performance.

1.2 THE INTERIOR JOINT OF A MOMENT-RESISTING FRAME

The interior joint transfers forces between the floor system (beams and slab) and
the columns. The beam-column-joint connection should be able to carry the large forces
transmitted from the beams into the column during seismic excitation. A free-body diagram
of the joint area (Figure 1.2) shows that if plastic hinges are to be formed next to the joint,
large flexural forces in the beams result in very large shear and bond stresses through the
joint.




A2/

Figure 1.1 Beam sidesway mechanism

N
)
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a. Joint freebody.
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th =T «{Cgp +Cc2) = Veol.
c¢. Panel truss mechanism. d. Compression strut mechanism.

Figure 1.2 Interior joint force distribution
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Figure 1.2 (a, b) shows resulting axial forces, shears and moments applied to an
interior joint if a beam sidesway mechanism develops. The beam and column bars passing
through the joint develop tension (T, T%, T3, and T4) and compression (Cj;, Cs3, Cy3 and,
C,4) forces. Resultants of the concrete compression stresses are represented by C.1, C.o,
Ces;and 'C.4. In'most cases, it is valid that T3 = C,; + C,; (i=1,2,3,4). If inflection
points are assumed at midlength of column and beams (Figure 1.3), average column shear
Veot can be calculated as:

q < Vo —

Joint Panel

J—> "

Figure 1.3 Column shear V 4

L
Vcol = (Pz + Pj) * (ﬁ)
In addition, horizontal joint shear force V;5 and vertical joint shear force Viv can

be calculated.

Vie=T1+ T2 — Vea

Vie =Ty +T15— Via




‘Two main joint mechanisms have been identified to resist the shear forces imposed
across the joint: the panel truss mechanism and the concrete strut mechanism (Figure 1.2
¢, d). In the concrete strut mechanism, a band of concrete carrying compression is formed

between diagonally opposite corners of the joint. The formation of the strut depends on the

presence of equilibrating compressive forces in the adjoining beams and column.

In the panel truss mechanism, shear is distributed along the boundaries of the joint
concrete. 1t is assumed that when the joint concrete is severely cracked, shear is transferred
through smaller inclined struts held in place by horizontal forces in joint ties and vertical
forces provided by vertical reinforcement. Vertical as well as horizontal reinforcement is
required to confine the joint concrete. It is possible that both the concrete strut and the
panel truss mechanisms work together in transferring joint forces. However, efforts to isolate
the contribution of each mechanism have proved unsuccessful. This is mainly due to the lack
of a reliable technique to measure concrete and steel strains due to the different forces acting

inside the joint.

A large amount of research on beam-column-joint behavior Las been carried out es-
pecially in the United States, Canada, New Zealand, and Japan. This research has led to iden-

tification of several important variables affecting performance of interior joints [6,7,8,9,16]:

1)  Material properties: the compressive (or tensile) strength of the concrete is of par-
ticular importance to joint shear strength. Typically, joint shear strength increases

with compressive concrete strength.

2)  Effect of lateral beams: tests show that the joint confinement provided by lateral

beams is very effective in increasing the shear strength of the joint.

3)  Amount of joint transverse reinforcement: transverse column ties are necessary to
maintain the shear strength capacity of the joint by helping maintain the integrity
of the joint concrete.

4)  Bond deterioration: size of the longitudinal bars relative to joint dimensions influ-

ence stiffness of the structure and energy dissipating characteristics.

5)  Column axial load: although column axial load was once thought to be important
parameter affecting joint shear strength, it has been shown that its effect is not

significant.

6)  Presence of slab: although few tests have been conducted on specimens constructed
with a floor slab, its effect on joint confinement and bending moment capacities is

evident.
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Research on beam-column-joint connections has led to design recommendations
which have been incorporated into building codes. In the United States, the most impor-
tant guidelines for designing beam- column joints are the American Concrete Institute 352
Committee Report [2] and Appendix A of the American Concrete Institute Building Code

Requirements [1]. These recommendations include provisions for joint shear strength,; trans-

verse joint steel reinforcement, concrete confinement, bar anchorage and joint detailing.

1.3 TESTS ON INTERIOR JOINTS CONSTRUCTED USING HIGH
STRENGTH MATERIALS

Production of high strength concrete having uniaxial compressive strengths in ex-
cess of 12,000 psi is technically and economically feasible. The increasing usage of high
strength concrete indicates substantial economic savings can be obtained in medium and
high-rise construction. In addition, use of high strength steel and welded wire fabric in-

creases productivity and reduces labor costs.

However, research on beam-column joint behavior has been limited primarily to
the study on joints constructed using conventional strength steel reinforcement (Grade 40 or
60) and concrete with compressive strengths below 6,000 psi. Since, current beam-column
joint design guidelines were based on tests conducted on specimens constructed with normal
strength materials, their use in the design of high strength beam-column joints may be
inappropriate. Building code officials and structural engineers in general have expressed
concern over the use of current design recommendations for joints constructed using high
strength concrete and high strength steel reinforcement (Grade 75). Some of the controversial
issues raised include the possible loss of ductility with use of Grade 75 steel reinforcement,
inadequate joint shear strength for joints constructed using high strength concrete, unknown
confinement properties of the welded wire fabric when used as joint transverse reinforcement,

and bond behavior along high strength longitudinal reinforcement.

A research project was developed at the University of Texas at Austin to investi-
gate the behavior of interior beam-column joints constructed with high strength materials.
Four full-scale specimens constructed using normal and high strength materials were tested
under cyclic bidirectional loading. High strength concrete (f! = 12,000 psi) , high strength
steel reinforcement, and welded wire fabric reinforcing cages were used in three of the speci-
mens. A fourth specimen was constructed using normal strength materials and was also part
of the U.S.-New Zealand-Japan-China Cooperative Research Project (see Appendix A for
summary) [5,17,18]. The specimens were designed to demonstrate the influence of material
variations on beam-column joint performance.
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1.4 OBJECTIVES

The objectives of this study are the following:

Analyze the influence of material variations in beam- column joint performance,

especially bond and shear considerations.

Discuss applicability of current design recommendations to design of high strength
beam-column joints constructed with high strength materials.

Study the use of welded wire fabric as transverse joint reinforcement.
Analyze the influence of the slab in beam positive and negative moment capacity.

Evaluate the effects of bidirectional loading on stiffness degradation, bond deteri-

oration, and joint shear strength.

Examine energy dissipation characteristics of specimens constructed using high

strength materials.




CHAPTER 2 - EXPERIMENTAL PROGRAM

2.1 INTRODUCTION

Four reinforced concrete beam-column-slab connections were tested under cyclic

bidirectional loading. The specimens were constructed using normal and high strength ma-
terials. The table below shows the concrete cylinder compressive strength and the reinforcing

steel grade used in designing the specimens.

Specimen Concrete Strength, psi Steel Grade, ksi
J2 4,000 - 60
J4 4,000 75
J5 12,000 60
J6 12,000 75

Fabrication of all column ties and beam shear reinforcement in the high strength

steel specimens was done with welded wire fabric.

All specimens were large scale interior connections with beams aligned in the pri-
mary directions as shown in Figure 2.1. To evaluate the shear strength of the joint, beam
and column cross sections and reinforcement were chosen so that shear stresses in the joint
would reach strength design limits according to ACI Building Code recommendations [1].
The specimen proportions were similar to those of typical elements in multistory reinforced
concrete buildings. Points of inflection (loading points) were assumed at column midheight

and at beam midspan.
2.2 SPECIMEN DETAILS

All specimens had beams 17 ft long and a column 13.90 ft high. The beams were
16 in. wide and 20 in. deep and the column had a 20 in. square cross section. A 5 in.
thick slab was cast with the corners removed to permit transport through the laboratory.
Specimen geometry is shown in Figure 2.1.

Tables 2.1 and 2.2 show the 28-day concrete cylinder compressive strengths and
the strengths of the reinforcing steel. Table 2.3 shows the reinforcement used as well as
reinforcement percentages for each specimen calculated with respect to gross cross sectional

areas.

Beam reinforcement was chosen to provide high shear forces in the joint. Bottom

beam reinforcement was approximately half of the top reinforcement. In some specimens,
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Figure 2,1 Specimen dimensions

beam top or bottom reinforcement consisted of six reinforcing bars placed in two layers. For
example, in specimen J2 top reinforcement consisted of 6-#8 bars placed in two layers with
four bars in the top layer and two bars in the lower layer. Six #6 bars were used as bottom
reinforcement in specimen J2, with four bars placed in the bottom layer and two placed in
the upper layer.

Column longitudinal reinforcement was chosen to provide the column with bending
moment capacity at least 20% greater than the beam moment capacities under bidirectional
loading. High reinforcement ratios in the column were needed to obtain the necessary flexu-
ral capacity without affecting the joint dimensions. Increasing the column flexural capacity
by increasing the cross sectional area would also increase the joint shear strength, and conse-
quently, the joint would not fail in shear. It should be noted this mode of failure is undesirable

in an earthquake resistant high-rise building where a different failure criterion is preferable.

Details of the transverse reinforcement in the column and joint were chosen to
satisfy the requirements of Appendix A of the ACI Code [1]. Five sets of perimeter hoops
. and cross ties were placed within the Joint area. Six sets were used in specimen J4. One set
was always placed above the uppermost top reinforcing bar and another was placed below the

lowest bottom bar. Therefore, three layers were placed within the top and bottom beam bars

1 5in

Side View




Table 2.1 - 28-Day Concrete Compressive Strength (psi)

Specimen | - ., 34 75 16
Slab, Beams, Joint, 3700 | 4,800 10310 | 11,860
Lower Column (4,010) 4,590) (11,300) | (13,360)
Uoner Coturmm 3780 | 4420 12,720 | 10,040
PP @.220) | (13,800) | (10,200)

( ) Compressive strength at the time of testing (psi)

Table 2.2 - Reinforcing Steel Strength

Grade Bar Yield Ultimate
Strength Strength
(ksi) (ksi)
60 #3 80.8 118
#4 79.7 111
#6 74.2 108
#7 65.6 101
#8 67.2 106
#9 66.6 106
#10 78.8 108
75 #IWWF* 84.8 90
#4WWEF* 82.6 99
#7 79.5 120
#8 80.0 108
#9 75.8 119
#10 814 121

* Welded Wire Fabric Cage Reinforcement
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(four layers in specimen J4). Welded wire fabric was used for all transverse reinforcement in
the high strength steel specimens (including the joint region).

All closed stirrups terminated in standard 135° hooks. Grade 60 steel cross ties
had a 135° hook at one end and a 90° at the opposite end. During cage fabrication, the 90°

and 135° hooks were alternated from one layer to the next. Welded wire fabric cross ties had
135° hooks at both ends. All hooks terminated in a six-bar-diameter extension. Specimens
J2 and J4 had one cross tie in each layer, and specimens J5 and J6 had two cross ties in each
layer.

Figures 2.2 and 2.3 show the reinforcement details used in specimen J2. Figures
2.4 and 2.5 show the details of the reinforcement used in specimen J6 where welded wire

fabric was used for transverse reinforcement.

A 1
| ® @)
Beams
o
lumn 6-48 Top ®
16-#9 20 6 46 Bouom
™ o
. 4 N

20in

Figure 2.2 Specimen J2 reinforcement details

The 5-in. thick slab was reinforced with #3 Grade 60 steel placed in top and
bottom layers with bars placed parallel to both beams. The area of bottom reinforcement
was half that of the top reinforcement. All slab bars were continuous over the beams as
shown in Figure 2.6.

Concrete cover was 1.5 in. for beam and column reinforcement and 0.75 in. for
slab bars.

20in
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Figure 2.3 Side view of joint details for Specimen J2
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Figure 2.4 Specimen J6 reinforcement details
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2.3 SPECIMEN FABRICATION

The specimens were fabricated on a shored wooden platform. The forms were
coated with lacquer and tape was used to close any gaps that would have allowed concrete to

bleed through during the casting operation. All strain gages were attached to reinforcement

before cage fabrication. The column cages were fabricated outside the platform and placed
in the forms in a position that allowed fabrication of the beam cages. East-west beam
reinforcement was placed above reinforcement in the north-south beams. Afterwards, beam
and column cages were simultaneously lowered into final position in the formwork. -Figure
2.7 shows the steel cage for specimen J6 before being lowered into the forms. Bottom and
top slab bars were then placed and held in position using slab bolsters. Finally, all inserts
for instrumentation and loading were placed in the joint, beams, and column, and securely
tightened to the forms.

Figure 2.7 WWTF steel cages for Specimen J6
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Ready mixed concrete was used in the casting operation. The specimen was cast
in two stages. First, the bottom portion of the column, beams, and the slab were cast in one
operation. After a few days, the specimen was moved directly to the test position on the

laboratory floor and the top portion of the column was cast. All concrete was placed with a

bucket-and-consolidated-with-mechanical vibrators:

High strength concrete was used in specimens J5 and J6. Due to a very low
water-cement ratio required to achieve high concrete strengths, a high-range water-reducer
(superplasticizer) was added to the concrete at the batching plant. After adding superplas-
ticizer, the concrete slump typically increased from less than one inch to more than 9 inches
making placement quite easy. The small aggregate (3/8 in. maximum size) and high cement

content increased the plasticity of the mix; segregation did not occur.

2.3.1. Fabrication of Welded Wire Fabric Reinforcing Cages. High
strength welded wire fabric was used for all transverse reinforcement in specimens J4 and
J6. Quality of construction and productivity was increased significantly. To illustrate quality
control, one can observe in Figure 2.8 the fabrication quality of steel crossties as obtained from
the fabricators. Five 17-in. crossties with standard ACT bends are shown. The first cross-tie
on the left is from a WWF cage and the others are Grade 60 reinforcing steel. Differences in
the quality of fabrication are evident, since all five crossties were supposed to be identical.
Such deviations from desired dimensions later influenced the quality of construction {poor

tolerance) and productivity in the assembly of reinforcing cages.

Figures 2.9 and 2.10 show the assembly sequence for the column and beam welded
wire fabric cages. The column cage was fabricated horizontally. Steel bars were placed on
vertical stands to support the column longitudinal reinforcement at the column ends. The
column cage assembly started with the interior cross ties being placed on two longitudinal
column bars as shown in Figures 2.9(a) and (b). Cross-tie cages were secured temporarily for
later adjustment. More longitudinal bars were placed before the outer tie cages as shown in
Figures 2.9(c) and (d). Outer tie cages were temporarily secured to crossties. The remaining
longitudinal reinforcement was positioned and the cages were secured into proper position
as shown in Figures 2.9(e) and (f). Finally, the column cage was erected and placed into the

forms. Assembly sequence for the beam cage is shown in Figure 2.10.

Holding wires (see Figure 2.4) in the welded wire fabric are provided only for fab-
rication of the wire fabric. They are not considered as part of the longitudinal reinforcement
for beams and columns. However, the position of holding wires in the welded wire fabric
cages is very important in the assembly of the reinforcing cages. Holding wires are shown in
Figure 2.4. Poor positioning of the holding wires can make cage assembly extremely difficult

or even impossible. The holding wires may determine final positions of the cross ties and
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Figure 2.8 Column crossties

consequently the longitudinal reinforcement. If the column longitudinal reinforcement is not
placed properly, problems may occur when placing beam longitudinal reinforcement through
the column cage, especially in heavily reinforced members. Holding wires significantly re-
duce the manual labor involved in the assembly because not all ties need to be secured to
the longitudinal reinforcement. Careful planning of the fabrication operation is important

for welded wire fabric cages.
2.4 TEST SETUP

Figures 2.11 and 2.12 show the connection of the specimens to the reaction wall
and the strong floor. The lower end of the column was grouted to a steel box which rested
on a spherical angular contact bearing. The bearing was connected to the floor through
perpendicular steel C-shaped sections. The spherical bearing allowed rotation of the steel
box about any axis and restricted all horizontal movement. The upper end of the column

was grouted to another steel box which was connected to the reaction wall through square
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Figure 2.10 Assembly of WWTF beam cage for Specimen J6
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steel tubes and Dywidag bars. Two steel tubes restricted displacement of the upper end of
the column perpendicular to the wall. Four high strength Dywidag bars were used to transfer
~—forces to the wall when loading parallel to the wall: However, the bars'did not provide enough
stiffness to prevent all of the lateral displacement in the north-south direction (parallel to
—the wall): Therefore; measurements were corrected for rigid body motion of the specimen in
the north-south direction. The upper connection was flexible enough to allow rotation of the

column end about any axis contained in a horizontal plane.

Top Box
f §
6ft - 10.5in
A
f §
Load Cell —» .
' 6ft - 10.5in
Bottom Box
—Y

Spherical Bearing

e
8ft 81t

Figure 2.11 North view of loading setup

The specimens were loaded by manually controlled double-action hydraulic rams
connected at the beam ends to the reaction floor. The rams were capable of resisting compres-
sion and tension forces which permitted upward and downward displacements to be applied
to beam tips. The use of manual hydraulic pumps permitted careful control of beam tip

deflections to produce the required loading history. Figure 2.13 shows the test setup.
2.5 LOADING PROGRAM

The idealized deflected shape of a beam-column-joint subassembly in a frame struc-
ture under lateral load is shown in Figure 2.14(a). The same deflected shape can be achieved

by pinning the column ends and displacing the beam ends vertically in opposite directions
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Top Box

Dywidag Bars

Steel Tubes

Reaction Wall

Figure 2.13 Specimen in test setup
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(Figure 2.14(b)). The latter approach is used in the laboratory for economical and practical
reasons. In these tests, the beam tips were always displaced in equal amounts. The interstory

—————drift-angle R-is then defined as the sumof the beam tip displacements divided by the beam

span:

(a) Joint in a idealized structure (b) Joint in the laboratory

Figure 2.14 Idealized vs. laboratory model

- (Ait4y)
B="—7

Interstory displacement (ID) shown in Figure 2.14(a) is obtained by multiplying
the interstory drift angle R by the column height H.

The loading history is shown in Figure 2.15. The loading history was displacement
controlled by interstory drift angle during each cycle. Specimens were loaded in the east-west
and north-south directions. East-west was the primary loading direction (perpendicular to
the reaction wall). This loading program was used in the series of specimens tested as part of

the U.S.-Japan-New Zealand Cooperative Research Project described in detail in References
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Figure 2.15 Loading history

5 and 18. Since control specimen J2 was part of that series, the same loading pattern was
used for the specimens constructed with high strength materials.

During cycles 1, 2, 3, 5, 6, 9 and 10, the specimen was loaded in the E-W direction
only. During cycle 4, unidirectional loading occurred in the N-S direction. Bidirectional
cycles occurred at the 2% drift level (cycles 7 and 8) and at the 4% drift level (cycles 11
and 12). Bidirectional loading described diagonally opposed quadrants, since the loading
direction was alternated at every quarter cycle. The bidirectional loading pattern used for
2% interstory drift was antisymmetrical to the pattern used for the 4% drift level.

The specimen was loaded by moving the beam tips in opposite directions until
reaching the specified drift in each cycle. For example, under loading in the E-W direction,
the east beam end was displaced upward (loading ram in compression) and the west beam
end was displaced downward (ram in tension) by the same amount. Since the top beam
reinforcement was always greater than the bottom beam reinforcement, the downward load
was always higher than the upward load. Therefore, no special precautions were taken to
prevent lifting of the specimen from its bottom connection. During bidirectional load cycles
the specimen was first displaced to the prescribed drift level in the E-W direction, then while
maintaining the E-W displacement, the specimen was displaced to the required drift in the

N-S direction. After reaching the maximum drift, displacements were first reduced to zero




22

in the E-W direction then in the N-S direction. The bidirectional loading in the opposite
quadrant was performed in the same manner.

Unidirectional loading is considered positive when the east or north beam ends are

displaced upward (consequently the west or south beam ends will be displacing downward).

Conversely, loading is negative when the west or south beam ends are displaced upward. For
example, positive loading in cycle 3 is denoted by “Cycle 3 /pos” and occurs when the east
beam end is displaced upward; negative loading in cycle 10 is denoted by “Cycle 10/neg” and
occurs when the west beam end is displaced upward. During bidirectional loading, positive is
whenever the north beam end is displaced upward (independent of how the E-W beams are
displaced). For example, positive loading in cycle 7 is denoted by “Cycle 7/pos” and occurs
when both north and east beam ends are displaced upward. Conversely, negative loading
occurs whenever the south beam end is displaced upward: negative loading in cycle 12 is
denoted by “Cycle 12/neg” and occurs when both south and east beam ends are displaced
upward. This sign convention is used throughout.

2.6 INSTRUMENTATION

The specimens were instrumented to obtain as much information as possible re-
garding the overall deformation pattern shown in Figure 2.16. This deformation pattern will
be discussed in detail later.

Basically, three types of measuring devices were used: load cells, potentiometers,
and strain gages. The forces applied by the hydraulic rams to the beam tips were measured by
load cells attached to the rams. Beam tip deflections were monitored by 12-in. deformation
potentiometers. These measurements allowed interstory drift and interstory shear to be
calculated. Story shear V is given by (see Figure 2.14):

L

V=(P5+Pj)*(§’;f—‘)

‘Two-inch deformation potentiometers were placed at the upper end of the column
to permit correction of the interstory drift due to rigid body motion of the entire specimen.
Although the rigid body motion measured in the E-W direction was negligible, up to 20% of

the interstory drift in the N-S direction was due to rigid body motion of the specimen.

The elements contributing to the interstory drift are the beams, column, and joint.
Isolating the contribution of each of these elements is important to understand the behavior
and failure mode of the specimen. Therefore, potentiometers were placed to measure the

beam, column, and joint component of the interstory drift angle. Both elastic and inelastic
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Figure 2.16 Assumed deformation pattern for specimens

deformations were included in these measurements. Column and beam deformations were
assumed to be dominated primarily by flexure, and joint deformations were assumed governed
by joint shear.

Instrumentation for measuring joint shear distortion is shown in Figure 2.17. These
measurements permitted calculation of angles o and § shown in Figure 2.16. Angle & was
measured by the two horizontal potentiometers and angle 8 by the two vertical potentiome-
ters. Joint shear distortion v is given by v = & - . Since the potentiometers used for these
measurements were mounted on a steel frame fixed relative to the reaction floor, it was also

possible to calculate column tip deflection A, and beam tip deflection A; given by

A=Az + Ay

Ab = Ai - Al - Ag
Where:

a(L —h,)

A=
! 2
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Figure 2.17 Instrumentation for joint shear distortion measurements

_ Bhe
Agy = 5
ahb
A==
A4 — :B(H; hb)

Column tip deflection angle is defined as 6. = A./(H/2) and beam tip deflection
angle 6y = A;/(L/2). Using the equations above, . and 6 can be given by the following:

e = (@ —B)(hy/H)+ B

05 = (o= B)(he/L) — a + R

Therefore, the apparent contribution of beam, column, and joint deformations
to the interstory drift angle can be determined using the measurements obtained by the

instrumentation in Figure 2.17, the interstory drift, and the specimen dimensions.
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Instrumentation used for measuring beam and column end rotations is shown in
Figures 2.18 and 2.19. Average curvatures can be obtained by dividing the rotations by the

length-of the-member over which-they occurred. ~A second procedure was used to obtain

curvatures along the beam length by measuring the inclination of several vertical sections

--along-the -beams-with respect to-their original position. These readings were-taken-manually
using a pocket-size digital inclinometer (Figure 2.20). Steel angles were mounted on threaded
rods imbedded in beams with epoxy. The inclinometer measures the angle between the
steel section and vertical. Relative rotations and curvatures can be calculated from these

measurements. Part of the instrumentation placed near the joint region is shown in Figure
2.21.

Column Column
Displacement Transducers Displacement T
Siab =3 == qﬂ%" —_ Stab _
E-W Beams N-§ Beams
=9 W = [oa———— 4

East View
South View

Figure 2.18 Instrumentation for beam end rotations

Strain gages were placed on reinforcement in the slab, column, beams, and joint
reinforcement. Figures 2.22 and 2.23 show strain gage positions on beam bars of specimens
J2 and J6 respectively. Figures 2.24 and 2.25 show strain gage positions on column bars
and joint reinforcement of specimens J2 and J6 respectively. One quadrant of the slab was

monitored with strain gages placed on the slab bars as shown in Figure 2.26.
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Figure 2.19 Instrumentation for column end rotations
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Slab

Steel Angle Rod
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Side View

Figure 2.20 Instrumentation for curvature measurements with digital inclinometer
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Figure 2.21 Beam-column joint instrumentation

2.7 DATA ACQUISITION

All instrumentation, except the digital inclinometer, was connected to a scanner
which was controlled by a microcomputer. Approximately 320 load stages were monitored
during each test. Data was recorded on floppy disks, and commercially available computer
software was used to reduce and analyze the results. A hard copy of the readings collected

at each load stage was printed during the test.
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Figure 2.22 Strain gage position on beam bars for Specimen J2
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Figure 2.23 Strain gage positions on beam bars for Specimen J6
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Figure 2.24 Strain gage positions on column bars and joint ties (Specimen J2)
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Figure 2.25 Strain gage positions on column bars and joint ties (Specimen J6)
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Figure 2.26 Strain gage positions for slab bars




CHAPTER 3 - EXPERIMENTAL RESULTS
3.1 INTRODUCTION

The behavior will be described using story shear and drift angle relations, and
cracking patterns. The contribution to interstory drift will be analyzed through story shear
relationships with joint shear distortion, column tip deflection angle, and beam tip deflection
angle. Member end rotations and curvatures will also be discussed. Finally, selected results

from joint, slab, beam, and column bar strains will be shown.

The test results indicated that the behavior of specimens with high strength steel
was almost identical to those with normal strength steel. Since the behavior of specimens
J2 and J5 was similar to specimens J4 and J6, respectively, differences in behavior between
normal and high strength concrete specimens will be emphasized.

Many of the figures and tables show primarily data obtained from instrumentation
placed in the E-W direction since that was the main loading direction. Except for cycle 4,
N-S loading occurred during bidirectional cycles only. However, where differences between

E-W and N-S behavior are important, the results are described.
3.2 GENERAL SPECIMEN BEHAVIOR

3.2.1. Story Shear - Drift Angle Relationships. Overall behavior of the specimen
can be shown graphically through story shear-drift angle relationships. Figures 3.1 through
3.4 show the E-W component of story shear vs drift angle for specimens J2, J4, J5 and J6.
Figures 3.5 and 3.6 show the N-S component of story shear vs drift angle for specimens J2
and J5. Overall behavior of specimens J2 and J5 in both directions is very similar to that of
specimens J4 and J6 respectively. Loops corresponding to cycles 3 (1% story drift), 5 (2%
story drift), and 9 (4% story drift) are indicated in Figures 3.1 - 3.4 (E-W). In addition,
loops corresponding to cycles 4 (1% story drift), 7 (2% story drift), and 11 (4% story drift)
are indicated in Figures 3.5 and 3.6 (N-S).

The vertical segments shown at 2% and 4% bidirectional drift cycles are due to
loading interaction. Loading or unloading in one direction decreased the load in the other
direction. In these cycles, vertical segments due to bidirectional interaction are also evident
at zero drift levels since loading and unloading occurred there also. A large drop in the story

shear was observed in the last bidirectional cycle indicating failure of the specimen.

Pinching of the hysteresis loops occurred for all specimens. Significantly pinched
loops occurred for the 4% bidirectional cycles. Stiffness deterioration is quite apparent,
especially during 4% drift cycles as loads approached failure.
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Figure 3.1 Story shear vs drift angle for Specimen J2 (EW Direction
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Figure 3.2 Story shear vs drift angle for Specimen J4 (EW Direction




