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ABSTRACT

A typical interior and exterior plate column connection
occecurring in a prototype reinforced conecrete flat plate structure
were modeled with three-tenths scale test specimens. The test
specimens were subjected to both gravity loads and statically
imposed lateral loads wifh reversals.

Design was 1in accordance with gravity load requirements of
the ACI Building Code [3] and the seismic lateral forces
associated with Zone 2 of the 1982 Uniform Building Code [8].
Reinforcement details satisfied the provisions of the 1983 ACI
Code (ACI 318~-83) [3] inecluding special requirements for
structures in regions of moderate seismic risk.

Deflection and deformation responses of the test specimens
to the gravity and lateral loadings were monitored and recorded
throughout the experiments. Existing analytical models for
strengths and lateral load stiffnesses of plate column
connéctions were studied by comparing model results with observed
behavior. Stiffness models included equivalent beam width and
equivalent frame models, Plate column connection strengths were
calculated by the procedure suggested in ACI 318~83 and by bean
analogies.

Conclusions are drawn in the last chapter regarding the
deformation responses of the specimens and the effectiveness of

the analytical models.
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1. INTRODUCTION

1.1 The Flat Plate

The flat plate is a popular structural system for carrying
gravity loads because of economies in design and construction
permitted by its use. However, the flat plate system, which
consists of reinforced concrete slabs supported directly on
reinforced concrete coclumns without beams, capitals, Or_drop
panels at dinterior supports, by itself may not be a viable
structural system when lateral loads must be resisted. The slab-
column connections are relatively flexible under lateral loads, a
condition which may result in severe structural and nonstructural
damage as excessive lateral drifts occur. Also, transfer of
shear and unbalanced moment between column and slab is
inefficient when connections lack capitals, drop panels, and
beams., The concentration of shear and unbalanced moment could
result in a brittie punching shear failure leading to, in the
worst case, a progressive collapse of the entire structure.

Despite the apparent deficiencies of the flat plate system
when subjected to lateral loads, flat plates have been used
frequently in regions with low to moderate seismicity. The
adequacy of flat plates to resist seismic loads, either alone or
in parallel with’more rigid elements, has not been adequately
proved or disproved through field observation or laboratory
research. Due to this lack of information on the performance of

flat plates, a research project was undertaken.



1.2 Objectives and Scope

Objectives of the research documented in this report are (1)

to sftudy the behavior of typical flat plate slab-~column
subassemblies under imposed lateral interstory drifts, and (2} to
assess the applicability of selected relatively simple analytical
models by comparing strength and stiffness estimates with
experimentally obtained values. Results of this research can be
used to provide insight.into the local behavior of a complete
flat plate structure. |

The test specimens constructed for study are three-tenths of
full SCalg models of typical interior and exteriér slab-column
subassemblies of a prototype flat plate structure studied by
Diebold and Moehle [6] (Fig. 1.1). The prototype struﬁture is a
two-story reinforced —concrete flat plate frame having three bays
along one principal axis and multiple bays along the other. A
three-tenths of full scale test structure was constructed to
model the prototype structure. The seismic response of the
prototype was studied by conducting shaking-table experiments on
the test structure shown in Fig. 1.1. Those experiments are
detailed in the report by Diebold and Moehle.

The subassemblies for our study were loaded by gravity
loads and statically imposed lateral loads with reversals.
Dynamic loads were not imposed. Deflection and deformation
responses of the subassemblies to the loadings were monitored and
recorded throughout the experiments, as was the extent of surface
cracking.

The observed behavior of the subassemblies is presented in



Chapter 4§ and interpreted in Chapter 5. Comparisons are also
made between obser%ed responses and responses predicted by
selected analytical models. Finally, conclusions are summarized

in Chapter 6.



2. DESIGHN

2.1 Introduction

The research presented in this report is part of an overall
program designed to study the seismic behavior of reinforced
concrete flat plate cons?ruetion. The overall program involved
(1) design of a multi-story, multibay, prototype structure; (2)
testing of a three-tenths scale shaking table model of the
prototype;and (3) testing of interiorandexterior slab-column
connectioﬁs that were nominally identical to those used in the
three-tenths scale shaking table model. The primary objective of
this report is to document tests of the connections. However, to
cbtain a good perspective of the connection behavior, it is
important to understand the design procedure used for the
prototype structure. This chapter pfesents a brief outline of

that design procedure. Further details are given elsewhere [61].

2.2 Description of the Shaking-Table Structure

The ¢connections described in this report are direct
representations of interior and exterior slab-column connections
ofthe shaking table structure (Fig. 1.1a) which was tested by
Diebold and Moehle [6)]. The shaking table structure modeled a
fiétitious prototype building at three tenths of full scale, The
prototype had two stories, with three bays in one direction and
multiple bays in the transverse direction. The shaking table

structure (Fig. 1.1a) models the prototype in all but the



transverse direction, where only two bays of the multibay

direction are modeled.

Each bay in the shaking table model measures 1.83 m (6 ft).
Floor heights are 0.914 m (3 £t). The slabs are 61 mm (2.4 in.)
thick. Columns have 137-mm (5.4-in.) sguare cross sections. A
spandrel beam measures 107 mm (4,2 in.) deep (from top of slab)
and 137 nm (5.4 in.) wide,

The shaking table structure is loaded to simulate a slab
dead load of 4800 Pa (100 psf). A design service live load ofA
2900 Pa (60 psf) is not represented in the tests. The shaking
table model is subjected to simulated earthquake base motions
having a vertical component and a horizontal component parallel
to the three-bay direction (Fig. 1.1a), The structure is
considered to be located in a region that may be expected to
experience a design seismic event having Intensity VII in the

Modified Mercalil Intensity Scale.

2.3 Design of the Shaking Table Structure

The shaking table structure is designed to satisfy
serviceability and strength requirements of ACI 318-83. Gravity
load effects are determined using the Direct Design Method,.
Seismic design forces are prescribed by the Uniform Building Code
[8], assuming the structure to be located in Zone 2 of that code.
The structure is proportioned and detailed to satisfy
requirements of ACI 318-83 for structures located in regions of
moderate seismicity.

Major aspects of slab, spandrel, and column design are

cutlined in the following subsections.



2.3.1 Slab

Slab thickness is established based on the minimum thickness
requirements of ACI 318-83, This minimum thickness is found to
be adequate for all strength requirements of ACI 318-83 for both
gravity and combined gravity and seismic loads.

Design total moments are described in Fig. 2.1. It is noted
that seismic design moments are assumed to be resisted by the
slab column strip. As indicated in Fig. 2.1d, the maximum design
moments are predominated by factored gravity loads. The
relatively low influence of seismic design loads on total moments
arises because of the relatively low height of the structure. As
a eonseqﬁenoe, the total amount of slab flexural steel is
determined by gravity load requirements,

Seismie loads have a3 more significant influence on
connection unbalanced moments, that is, the moment that nust be
transferred from the slab to the column. Table 2.1 presents the
total shears and unbalanced moments for various load
combinations. The first and second columns in that table present
effects due to gravity and combined seismic and gravity loads,
The third column is a load combination involving a seismic effect
that is twice that of the second column. This last load
combination is in accordance with ACI 318-83, which requires that
shear capacities for frames in regioﬁs of‘moderate seismic risk
be checked for (1) development of flexural hinges, or (2) twice
the seismic design shear. Because flexural hinges are not easily
defined for slab-column frames, the latter option, involving
twice the seismic effect, is used in design.

Slab reinforcement is arranged as required by ACI 318-83 for



beamless slabs in regions of moderate seismic risk. Complete

details are in Chapter 3, Briefly, the specified details reguire

that reinforcement be banded near the columns and that minimum
top and bottom bar continuity be provided. For the connections
described in this report, the requirements are satisfied by
banding the top steel required for gravity lcads, and by adding a
few extra continuous bodttom bars, By satisfying these detailing
requirements alone, the provided capacities for unbalanced
moments (as per ACI 318-83) are in excess of the rquired

capacities of Table 2.7.

2.3.2 Edge Beam

The edge beam is required [3] to resist transverse gravity
moment s, shears, and toréion from the slab framing into the
eXterior connection. Gravity moments are determined using the
DiréctvDesign Method. One third of the connection shear is
assigned arbitrarily to each spandrel beam on either side of a
column. The remaining third is assigned to the slab framing into
the column, As reguired by ACI 318-83, the edge connection must
be capable of developing the provided flexural strength bf tﬁe
slab column strip. In this regard, the slab framing into the
¢olumn is assured to transfer moment to the column directly. The
spandrel beams must defelop in torsion the remaining slab colunmn
strip strength. The design procedure of ACI 318-83 fof combined
flexure, shear, and torsion is used to ensure proper spandrel
strength.

Details of edge beam transverse reinforcement (described

fully in Chapter 3) were determined from minimum transverse steel



requirements of ACI 318-83 for beams of frames located in regions

of moderate seismic risk. Using these details, the required

combined flexure, shear, and torsion strengths are automatically
provided.
2.3.3 Column

Columns were designed to ensure that their strengths would
exceed the unbalanced moment capacity of the slabs at all
connections of the sheking table model. Details follow
recommendations of ACI 318-83 for frames in regions of moderate

seismicity.



3. SPECIMEN DESCRIPTION

3.1 Introductory Remarks

This chapter presents detailed descriptions of interior and
exterior slab-column test specimens and of the experimental setup
used to test them. The chapter hbegins by describing the
relationship between the shaking-table model, described in
Chapter 2, and interior and exterior slab-column connections.
This 1is followed by detailed descriptions of overall
configurations, reinforcement details, and materizl properties of
the test specimens., Finally, the experimental setup is described,
detailing overall setup, connection hardware, instrumentation,

and data acquisition.

3.2 Relation of Connections to Shake-Table Model

The experimental program was designéd to study the response
of typical interior and exterior slab-column connections of the
shaking-table model when subjected to lateral loading. The
overall configuration of the shaking-table model 1is depicted in
Fig. 1.1a. Under lateral loading, a simple portal frame analysis
model for an elastic structure has points of inflection at column
midheights and lines of zero moment running transverss to the
direction of lateral loading at slab midspans. Interior and
exterior connections can be obtained by cutting at these
inflection points and along these zero moment lines. Figure 1.1

shows the interior and exterior subassemblies selected for study



and their relation to the shaking-table model.

The subassemblies are idealized as shown in Fig. 3.1.
Columns extend above and below the slab to story midheights,
where they are pinned. Slabs have roller supports along the edges
corresponding to the lines of zero moment in the portal frame
model (transverse edges in Fig. 3.1). In‘the ideal case, the
longitudinal edges should coincide with lines of 2zero shear and
twist and should be restrained against rotation about the
longitudinal direction. In the experiments, this edge was left
unrestrained. Previous research [1] has shown that this does not
have significant effect.

In the shaking-table model, lateral inertial loads are
developed primarily in thg slab at each floor level, Hence, a
"true™ portal frame model of the connections shown in Fig. 3.1
should have lateral lcocad applied at the upper column,
representing the inertial load developed in upper floors, and at
the slab level, representing the additional inertial 1load
developed in the slab. To simplify the loading for the
experiments, lateral load was applied at the upper column only.

Gravity load effects were approximated by distributing lead
weights on the slab. Details of the placement are described later

in this chapter,

3.3 Details of Specimens
3.3.1 Overall Dimensions

The interior and exterior test_specimens and the
experimental setups are depicted in Fig. 3.2. Slab thickness is

61 mm (2.4 in.,). Slab plan dimensions for the interior specimen

10



are 1828 mm (72 in.) and 2034 mm (80 in.) in the transverse and
longitudinal directions, respectively. The longitudinal spal

between roller supports is 1828 mm (72 in.). An additional 103
mm (4 in.) which overhangs at each edge is required to
accommodate the support assemblies. Slab plan dimensions for the
exterior specimen are 1828 mm (72 in.) and 1017 mm (40 in.), in
the transverse and longitudinal directions, respectively. Again,
there is a 103 mm (4 in.) slab overhang from the roller supports,
so the longitudinal span between supports is 914 nm (36 in.).

'Cdlumns for both specimens have 137-mm (5.4«in.) square
cross sections. The point of lateral load application in the
upper c¢olumn is U427 mm (16.8 in.) above the top surface of the
slab, whereas the pinned support in the lower column'is 427 nm
(16.8 in.) belcocw the bottom surface of the slab, These points
correspond to column midheights in the shaking table model {(Fig.
1.1a).

The ocross section of the transverse edge beams of the
exterior specimen is 137 mm (5.4 in.) wide and 107 mm (4.2 in.)
high, measured from bottom of beam to top of slab.

3.3.2 Reinforcement

The details of slab reinforcement, Figs. 3.3 and 3.4, follow
closely those used in the shaking-~table model. Slab reinforeemént
for both specimens consists of two layers of deformed 4.5-mm
(0.1778-in.) nominal diameter bars. Each layer comprises steel
running in the longitudinal and transverse directions. Bars
running in the longitudinal direction were placed with the
smaller cover:; a nominal clear cover of 5 am (0.25 in.).

For the interior slab-column specimen, all bars running in

11



the longitudinal direction from edge to edge of slab (Fig. 3.3a)

were provided with 180 degree hooks for anchorage. Bars running

to the edge in the transverse direction were not provided with
hooks,

Details of individual bar lengths and spacings for the
interior specimen are in Fig. 3.3. Bar cuts were made on the
basis of positive and negative moment considerations.
Longitudinal and transverse top bars are spaced at 38 mm (1.5
in.) on centers within a 229 mm (9 in,) wide slab strip centered
about the column, then at 57 mm (2.2% in.) on centers for 114 mm
(4.5 in.) to either side of the strip, and then, finally, at 114
mm (4.5 in.) on centers for the rest of the slab. All bottom
longitudinal and transverse bars are spaced at 114 mm (4,5 in) on
centers, with the exception of additional bars placed near the
column region. This mat of additional bars was used to improve
ductility. All longitudinal bars passing through the column and
across the column lines were continuous without splices. Bar
cutoffs outside the column region are in the same locations as in
the shaking table model.

Spacings of slab reinforcement in the exterior specimen
parallel the spacings used in the interior specimen, with the
exception that the more closely spaced mat of bottom
reinforcement described for the interior specimen was not used
for the exterior specimen (Fig. 3.4). Bar lengths and cutoffs
are generally different for the interior and exterior slabs. In
particular, not all top longitudinal steel in the exterior slab

was continuous as it was in the interior specimen. However,

12



bottom longitudinal bars were continuous in the exterior slab but
not in the interior slab, the same arrangement used in the
shaking table model. In addition, all slab longitudinal bars
were provided with 180 degree hooks as detailed in Figs. 3.3 and
3.4, Slab reinforcement in the transverse direction is nominrally
the same in the exterior and interior specimens.

Steel conduits were placed in the slab along the roller
supported edges, The conduits are necessary for bolting of
support hardware when the specimen is ready to be tested.

Edge beam reinforcement consists of longitudinal deformed
No. 2 bars, nominal diameter of 6.4 mm {(0.25 in.), and 3-mm (0.12-
in.) diameter plain wire for closed stirrups (Fig. 3.5). Clear
cover is 15 mm (0.6 in.) to the longitudinal bars. Four
longitudinal bars are tied to the corners of the closed stirrups
and are continuous to the end of the edge beam, where they are
terminated without hooks, Single discontinuous bars alternate
between a2 top center position and a bottom center position, as
indicated in Fig., 3.5a. Stirrups are spaced at 19 mm (0.75 in.)
near the column face and then at 38 mm (1.5 in.) to the end of
the beam, as shown in Fig. 3.5b.

Column reinforcement consists of longitudinal No. 2 bars and
transverse hoops from 3-mm diameter plain wire. 4 single
longitudinal bar was positioned at each corner and at the center
of each face, for a total of eight bars (Fig. 3.6). All
longitudinal bars are continuous and are provided with hooks at
column ends (Fig. 3.6b). The hoop configuration (Fig. 3.6c¢)
assures that each longitudinal bar is contained in a hoop corner.

Hoop spacing is 51 mm (2 in.). Spirals of hoop steel at 19-nmm
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(0.75-in,) piteh were provided around hollow steel conduits

placed in the upper and lower columns at locations corresponding

to the applied lateral load and the pinned support, respectively.
The ends of the longitudiral bar at the center of each of the
transverse column faces were bent around the two conduits, as
shown in Fig. 3.6a. Clear cover over the column ties is 11 mm
(0.45 in.).

3.3.3 Construction

The two specimens were cast individually in single pours,
dith the exterior specimen not being cast unt;l afterlthe
interior gpecimen had been tested. The same plywood formwork,
with minor modifications, was used for both, To¢ avoid gravity
load effects while each specimen cured in the forms, the slab
portion of the formwork was uniformly supported atcop a table and
the lower column portion was supported by a pedestal.

Concrete was placed with the slabs horizontal. The slab
concrete was vibrated using form vibrators clamped to the
underside of the formwork, The celumn forms were vibrated by
applying a hand held tamping device to the sides,

4 wet cure was achieved by covering the specimens with wet
burlap and plastic, and lasted 1% and 20 days for the interior
and exterior specimens, respectively. Forms were stripped at the
end of the wet cures.

Test cylinders and prisms were cast with each specimen, and
were subjected to the same curing conditions as the specimens.
3.3.4 Materials and Material Properties

Materials were selected to be representative of conventional
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reinforced-concerete materials, Target concrete compressive
strength was 28 MPa (U4 ksi). Slab and column longitudinal

reinforcement was nominally Grade 60 deformed bars with nominal

diametgrs of 4,5 mm (0.18 in.) and 6.4 mm (0.25 in.),
respecti&ely. Transverse column and edge beam reinforcement was
3-mm (0.12-in.) diameter plain wire with a nominal yield strength
of 620 MPa (90 ksi). Typical stress-strain curves for
reinforcement and concrete are in Figures 3.7 through 3.9,

3.3.4.1 Reinforcing Bars

The 4.5-mm (0.178-in.) nominal diameter deformed rebars used
for slabd reinforcement were fabricated at the University of
California at Berkeley. The steel was originally 4.8-mm (0.188-
in.}) diameter 1064 hard drawn wire, having a yield stress of 1325
MPa (190 ksi) by the 0.2 percent offset method, and an ultimate
stress of 1440 MPa (210 ksi), The steel had a fracture strain of
3;5 percent, Young's modulus was 200000 MPa (29000 ksi).

A schedule of heat treatment and cold rolling was developed
to transform the 1064 wire into small-diameter deformed
reinforcement having characteristics similar to those of full
scale Grade 60 rebars. Stress-strain characteristics of the final
product are depicted in Fig. 3.7. Nominal strengths are 434 MPa
(63 ksi) at yield and 671 MPa (97 ksi) at ultimate, with strains
of 0.25 percent at yield, 0.7 percent at onset of strain
hardening, 10.8 percent at ultimate, and 12.5 percent at
fracture. Young's modulus is estimated at 200000 MPa and initial
strain hardening modulus at 8300 MPa (1200 ksi}.

Longitudinal column and edge beam reinforcement was deformed

6.4-mm (0.25-in.) diameter rebar (No. 2) having a yield strength
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of 470 MPa (68 ksi) by the 0.2 percent offset method, and an

ultimate strength of 690 MPa (100 ksi) at 9.2 percent strain.

The elastic and strain hardening moduli for these bars are
nominally the same as for the slab rebars. A £ypical stress-
strain relation appears in Fig. 3.8.
3.3.4.2 Concrete

Concrete for each specimen was cast from a single batch.
Mix proportions by weight were 1:2.7:2.4 (cement ; fine aggregate:
; coarse aggregate), with a water-cement ratio of 0.6, Cement

used was Type I-II Permanente brand portland cement donated by

Kaiser Sqnd and Gravel Company, O0Oakland, California. Fine
aggregate was an 82:18 percent mixture by weight of.Radum top
sand and Tidewater blend sand, respectively. Coarse aggregate
was Radum pea gravel having a maximum size of 9.5 mm {(0.37 in.).
Measured slumps were 130 mm (5 in.) and 190 mm (7.5 in.) for the
interior and exterior specimens, respectively.

Fifteen 75-mnm by 150=-mm (3x6-in.) test cylinders and nine
75=-mm by 75=-mm by 280-mm (3x3x11-in.) prisms were cast with each
specimen and served as control specimens. The cylinders and
prisms were stored with the test specimens and were subjected to
nominally identical curing conditions.,

The interior and exterior slab-column specimens were . cured
for 14 and 20 days, respectively, under wet burlap and plastic,
after which time forms were stripped. The control specimens were
removed from their molds two days after casting and were
subsequently cured with the slab-column specimens. Upon

completion of wet cure, all specimens were stored in the
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laboratory until the day of testing, Total age at testing was
124 days for the interior slab-cclumn connection and 48 days for

the exterior slab-column connection, Control specimens were

tested immediately following the tests of their respective slab-
column specimens.

Of the fifteen control cylinders cast with each test
specimen, ten were tested in compression and five were tested in
splitting tension. Loading rates corresponded to those specified
in ASTM C39-72 and CL96=-71. The prisms were tested in flexure by.
applying load at the third points of a 229 mm (9 in.) simple
span, as specified in ASTM CT78-75.

Typical stress-strain relations obtained from the
compression tests are plotted in Fig. 3.9. Mean compressive
strengths were 26.2 MPa {3.8 ksi) and 19.3 MPa (2.8 ksi) for
concrete of the interior and exterior specimens, respectively.
Initial tangent moduli were measured as 21700 MPa (3100 ksi) and
21000 MPa {3000 ksi), and the secant moduli at 45 percent of the
compressive strength were measured at 21800 MPa (3200 ksi) and
18400 MPa (2700 ksi} for the interior and exterior specimens,
respectively. Measured concrete properties are tabulated in
Table 3.1.

It should be noted that the compressive properties given
above are for 75~mm by 150-mm cylinders, and that adjustments
should be made to convert the obtained compressive strengths to
values for standard 150-mm by 305-mm (6x12-in.) cylinders.
Experiments conducted on nominally identical concretes indicate
that the adjustment factor should be 0.955. For this report, no

adjustment factor was used.
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Splitting tension strengths were obtained following the

guidelines of ASTM C496-T71. Mean splitting strengths are 3.6 MPa

(0.52 ksi) and 3.2 MPa (0.46 ksi) for the interior and exterior

specimens, respectively. Values are tabulated in Table 3.1.
Mean values of 4.7 MPa (0.68 ksi) and.3.n MPa {(0.49 ksi)

were obtained for moduli of rupture for the interior and exterior

specimens, respectively, as tabulated in Table 3.17.

3.4 Test Setup
3.4.1 Supports

Hardware used to support the slab-column specimens in the
test setups is shown in Fig. 3,2. The idealized pinned support at
the lower cblumn was modeled by a "pin" and clevis assembly,
while the roller supports were modeled by "pin-ended" link
assemblies. Another "pin" and clevis assembly was used at the
point of lateral load application in the upper colunn. These
will be discussed in detail in the following paragraphs.

The cievis for the lower column support (Fig. 3.2) was
"fixed" to the laboratory floor by cementing with hydrostone and,
subsequently, by bolting.‘The "pinned"™ connection was achieved by
passinga 19-mm (0.75-1in.) diameter steel rod through the clevis
arms and through a conduit which was cast into the column. To
reduce friction and to ensure a eloée fif, the pin was passed
through ball bearings which were press-fitted into the clevis
arms. A similar pin and clevis arrangement was used at the point
of lateral load application in the upper column (Fig. 3.2).

The roller supports were modeled by four pin-ended link

assemblies along each transverse edge (Fig. 3.2). A typical
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linkage is shown in Fig, 3.10. Two lengths of ASTM A519 C1018
cold drawn seamless carbon mechanical tubing with threaded ends

are joined by a c¢coupler to form a unit. Spherical rod-ends
(bearings) are threaded onto both ends of the unit. Pins passing
through the rod-ends connect to clevises bolted to the floor and
clevises bolted to the underside of the slab {(Figures 3.2 and
3.10). The C1018 tubing used had an outside diameter of 19 mm
(0.75 in.) and a thickness of 3 mm (0.12 in.).

The linkages were designed to offer negligible resistance to
sway in the longitudinal direction, resisting primarily vertical
forces. Ideally, when the slab displaces in the longitudinal
direction, the links pivot about the floor clevises with
negligible lateral resistance and negligible vertical
displacement, However, the linkages will impose vertical slab
deflections along the edges as they pivot., The ratico of vertical
to horizontal deflections, assuming rigid links, 1s given by

equation 3.1.

8v 1-Y1 - (6h/1)?
= 3.1
Sh §h/1
where, sh = horizontal displacemnt of link (at slab level)
& = vertical displacement of link

1

length of link between pins
To evaluate the magnitude of vertical deflections given Dby
equation 3.1, representative values of 8§v/ & obtained during the

tests are given below.



h/1 1 8v/
{
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0.01 I 0.005
]
i

0.02 | 0.01
H
|

0.03 | 0.015
|
i

c.o4» | 0.02
1
[

The drift measurement ¢h/l1 is similar to the interstory drift of
the test specimen, so when &/1 = 0.01, the interstory drift of
the specimen is about o;e percent, At one percent interstory
drift, the ratio dv/6h is small enough that the imposed vertical
slab deflections do not affect the overall behavior of the slab-
column specimens. At greater drifts the imposed vertical
deflections increase in magnitude, but since the specimens are
cracked and behave non-lihearly at these drifts, there is no
significant effect on overall behavior,

An additional error due to modeling slab roller supports
with links arises because the link reactions become inclined as
the links pivot about their base. As a consequence, a horizontal
component is created, The ratio of the horizontal to vertical
components of the link reactions is approximately equal to the
imposed drift. For drifts less than three percent, %the ratio
between the total horizontal component of reactions in all 1links
to the total applied lateral load is approximately equal to the
drift for the interior connection and twice that value for the
exterior connection, Because the horizental component is
relatively small, it will not be further considered.

Another error introduced by the links results because of

axial deformation of the links. Bt one percent lateral drift of
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a test specimen, the maximum vertical compression or elongation

of a link is approximately 0.09 mm (0.004 in.). This corresponds

to an equivalent rigid body Jjoint rotation of 0.0001 radians.
The total measured joint rotation at this stage of testing was
.01 radians. At interstory drifts greater than one percent,
connection behavior is nonlinear and the equivalent rigid body
Jjoint rotation is negligible compared to the total measured joint
rotation. Thus, this effect can be ignored.

3.4.2 VLoading

3.4.2.1 Dead Load on Slab

For the specimens to accurately model typical connections in
the shaking-table model, shear and moment in the slab at the
column face should simulate that occurring in the sh%kingutable
model, Because shear transfer from slab to column is usually
critical in flat plate structures, and because of difficulty in
modeling both shear and moment, the dead load for the specimens
was arranged to simulate primarily the shear in the slab at the
column face.

Calculation of this shear in the shaking-table model was
based on a uniformly distributed slab dead load of 4.79 MPa (0.1
ksf), excluding slab self-welght. Using tributary load ideas,
lohgitudinal slab spans were approximated as beams fixed at both
ends with uniformly distributed loading. The clear span of the
slab in the longitudinal direction in the shaking-table model was
used for the span between fixed ends. Similarly, the slab of the
slab-column specimen was idealized as two propped cantilever

beams fixed to a column. The shear at the fixed end of each
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propped cantilever was obtained by staties, in terms of an
unknown distributed loading over the propped cantilever, and set
equal to the shear occurring in the shaking-table model, Solving
for the unknown distributed loading to produce this shear in the
propped cantilever results in a required uniformly distributed
slab load of T7.66 MPa (0.16 ksf) for the slaﬁ-column specimen,

Lead ingots were distributed symmetrically over the slab to
simulate a distributed %oading. Sixty ingots, with mean unit
weight of 0.43 kXN (97 lbs), were arranged symmetrically atop the
slab of the interior specimen for a total load of 25.8 kN (5820
l1bs)., The exterior specimen was loaded by thirty ingots in an
arrangemeﬁt consistent with that used for the interior specimen,
as shown in Fig. 3.11.

The effectiveness of the lead weights in simulating gravity
load effects in the shaking table model is discussed in Section
5.2.
3.4.2.2 Lateral Loading

Lateral locad was applied at the upper column by a hand
punped hydraulic actuator. The actuator was reversible, so0 load
could be applied or gradually relieved in either direction as the
actuator arm extended or retracted. A constant load could be

achieved by maintaining a constant hydraulic pressure.

3.5 Instrumentatiocn

Lateral load was applied to the interior and exterior
specimens as described above, The magnitude of lateral loading
was measured by a load cell in the actuator arm,

Deflection of the upper column in the direction of lateral
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loading was measured by a linear potentiometer attached to
concrete at the level of lateral load application. A linear
voltage displacement transducer (LVDT) was used to measure lower

column displacements in the direction of lateral loading at the
pinned support, Small displacements were measured there because
of clearance between the pin and the hole in the column receiving
the pin. Interstory drift of the specimens is obtained by
subtracting the displacement at the lower column pinned support
from the deflection of the point of lateral lcad application in
the upper cclumn,

Linear potentiometers (instruments 2 and 3 in Fig. 3.12)
were used to measure displacement in the direction of lateral
loading of slab mid-depth. For the exterior connection,
instrument 3 was attached to the edge beam at the slab mid~depth.

Reaction forces in the pin-ended links were measured by
strain gages affixed to the links. Foil gages were arranged in a
four-arm bridge on each link.

Weldable strain gages having 25-mm (1-in.) gage lengths_
were.welded onto top and bottom layer slab reinforcement bars
running in the longitudinal direction on the west side of the
column in both specimens. A11 gages were welded to the sides of
the bars so as to minimize readings due to bar flexure. The
strain gages are attached just beyond the north column face to
bars located at the center of the column, and at distances of 114
mm (4.5 in.), 229 mnm (9 in.), 457 mm (18 in.), and 686 mm (27
in.) from the center of the column.

These strain gages measured the variation of strain along a

transverse slab section at the column face extending from the

23



longitudinal slab centerline to a longitudinal edge. The strain

variations thus obtained provide clues to the distribution of

bending moment along that section.

Rotations of the slab-column joint were measured
approximately using LVDTs. For these measurements, square steel
collars were nounted directly on the concrete of the upper and
lower columns at locations 20 and 150 mm above the slab surface
and 14 and 155 mm below the slab surface of the interior specimen
(Fig. 3.12). Collars were mounted on the concrete of the
exterior specimen columns at locations 20 and 150 mm abové the
slab surf;ce and 25 and 150 mm below the bottom surface of the
edge beam. The amount of rotation was approximated by measuring
the rotation of the collar mounted on the upper column just above
the slab surface. Measurement was by LVDTs mounted to a fixed
reference frame above the specimen. Rotation of the collar
mounted on the lower column was not measured.

Slab rotations relative to the north and south column faces
were measured by LVDTs nos, 8, 10, 7, and 9 for the interior
specimen, and LVDTs nos. 7 and 9 for the exterior specimen (Fig.
3.12). The instruments were mounted to the top and bottom slab
surfaces at distances of a column width from their respective
column faces. They were targeted on the collars closest to the
s5lab.

Slab rotations about a transverse axis along the transverse
column line were measured by LVDTs mounted to a reference frame
above the specimen., The LVDTs measured vertical slab deflections

along two parallel transverse lines (Figs. 3.12). Given the
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distance between the lines, average slab rotations can be

obtained.

3.6 Data Acquisition

All experimental data was recorded on a Data General Nova
Computer high speed data acquisition system, and stored on both
magnetic tape and hard disk. Throughout the experiment, selected
instruments were monitored on a Tektronix terminal. In
addition, an X-Y plotter was used to monitor lateral load and:

deflection at the upper c¢olumn lateral load point.

3.7 Test Chronology

The test chronclogies are given in the following table:

Event Date
Interior Exterior
Specimen Specinen
Specimens Cast Jan, 21, 1983 June 28, 1983
Forms Stripped Feb, 2, 1983 July 18, 1983
Instrument
Calibration

Testing Begins May 25, 1983 Aug. 15, 1983

Testing Ends May 26, 1983 Aug. 16, 1983

Cylinder & Prisn
Tests

May 27, 1983 Aug. 17, 1983

;
:
!
'
|
!
!
i
H
May 19, 1983 ! Aug. 10, 1983
!
f
f
i
!
'
!
|
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k. OBSERVED BEHAVIOR

4.1 Introduction

This chapter presents the observed behavior of the interior
and exterior slab column specimens when subjected to lateral load
reversals, Topics to be covered in this chapter include load~
deflection relationships, measured slab rotations, and strains in
slab longitudinal reinforcement. Observed crack patterns and
apparent failure modes are presented also. Interpretations of

observed behavior are presented in Chapter 5.

§.2 Test Prodedure

Similar procedures were followed for testing the interior
and exterior specimens, The first step was to move the specimen
from the casting area to the test set-up location. This was
accomplished by l1lifting the specimen at its upper column pin hole
with an overhead bridge crane. When positioned in the test set-
up, and before the application of dead load, the interior
specimen was balanced so that the links, which simulated roller
supports (Fig. 3.2), carried negligible loads. Therefore, the
specimen was loaded by the weight of the slab cantileverihg from
the columns. The exterior specimen, however, could not be
balanced since it was not symmetric like the interior specimen,
850 the 1links of that specimen carried an initial l1oad of half the
slab weight. Additional lead weights simulating gravity load

effects were not placed on the slab surfaces of the two specimens
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until after testing began.
E.

Instruments were calibrated and positioned during the week
before the start of testing.

Preliminary tests were conducted on each specimen before
they were loaded with lead weights. Preliminary testing involved
reversed lateral loadings at drift levels equal to approximately
0.0005times the specimen height. After a few cycles of low
magnitude lateral loading, the lead weights were placed and
testing was resumed, Lateral loading was displaeemenﬁ
controlled, with each cycle of loading corresponding to a,
specific percentage of interstory drift.“ Upon attaining the
desired peak interstory drift for each cycle, the Qeflected shape
was maintained while the specimen was inspected and cracks were
marked.

Testing spanned two days for each specimen with no testing
during the night. Testing concluded with failure of the
specimen. Control eylinders and prisms were promptly tested for
compressive and -splitting tension strengths, and modulus of

rupture following conclusion of specimen tests.

4,3 Sign Convention

Lateral lcad on the upper column is positive when it is
direct%d towards the north (Fig. 3.1) and negative when it is
directed towards the south. The north-south direction coincides
with the longitudinal direction in plan views of the specimens.
Flexural moment about = transvefse axis of the slab is positive
when it produces tension in the bottom layer of slab rebars and

compression in the top layer. Moment is negative when tension is
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induce¢ in the top layer and compression in the bottom layer.
When viewed from east to west along a transverse axis,

¢clockwise slab and column rotations are considered positive.

B.% Imposed Lateral Deflections

Lateral loads applied to the interior and exterior test
specimens were displacement (or deflection) controlled. They
were applied slowly and were cycled with reversals. Histories of
the lateral deflections imposed on the interior and exterior
test specimens after application of full dead load are shown in

Fig. 4.1,

3.5 Preliﬁinary Tests (Prior to Dead Load)

Prior to application of full dead loads on the interior and
exterior slab-column specimens, each was subjected to low
magnitude lateral loads with reversals. The deflection histories
of Fig. 4.1 do not ineclude these preliminary tests. The lateral
loads and the amounts of upper column deflections, or interstory
drifts, never exceeded values corresponding to the first cycles
of testing following application of full dead load. The measured
load~deflection curves from these preliminary tests are presented
in Fig. 4.2. The stiffnesses of the specimens without dead load
can be approximated by measuring the slope of the line which best
describes the overall shape of these preliminary curves., The
figure indicates a small amount of hysteresis which is negligible
compared to the hysteretic behavior observed throughout the

experiments,

28



h,6 Tests With Full Dead Load
4.6.1 Load-Deflection Curves

For this report, interstory drift will be defined as the
deflection in the longitudinal direction of the upper column
point of lateral load application relative to the deflection at
the lower column pinned support. For the remainder o¢f this
report, unless stated otherwise, deflection of the upper column,
or simply the term "deflection®", is intended to be synonymous
with interstory drift. When presented as a percentage, the term
interstory drift is the ratio between column deflection and
column height.

Measured load-deflection curves are presented for both
interior and exterior specimens in Fig. 4.3 and 4.4. Figure 4.3
shows response for interstory drifts less than approximately oneée-
half percent. Fig. 8,4 presents the entire response history to
failure (drifts to approximately five percent).

For drift ratios less than or equal to one-half percent
(Fig. 4.3), a "modest"™ amount of hysteresis is present. The
presence of a small amount of hysteresis during the first cycles
suggests the presence of either friction in the experimental
apparatus, initial eracking, or both.,. Although no cracks were
visible to the unaided eye before testing, the presence of
hairline cracks is likely. To drifts of approximately two mn
(0.2 percent interstory drift) the hysteresis is relatively
stable with little degradation in stiffness and no pronounced
"pinching",

Beyond drifts of approximately two mm (0.2 percent), a

gradual reduction in average stiffness is apparent for both
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specimens (Fig. 4.3 and 4.4). The reduction becomes most
apparent at drifts of approximately 15 mm {1.5 percent drift) for
~theinterior specimen andfive mm (0.5 percent drift) for the
exterior specimen. Beyond these drift levels, each specimen
exhibits a gradual increase in resistance as drifts increase
toward failure (Fig. 4.4).

The hysteretic behavior bDecomes more pronounced with
increasing drift level (Fig. 4.4). Pineching of the curves is
apparent. In addition, degradation in the response (failure to
reach the same resistance when cycled to a given displacemenf a
second time) is apparent.

4.6.2 Slab.Rotation Profiles Along Transverse Axis

Average slab rotations about a transverse axis were‘inferred
from relative displacement measurements of LVDTs attached to
slabs and columns as described in Section 3.5. Records of
rotation versus time were used to construct rotation profiles
along the transverse axis of a specimen at various times during
each test. Representative profiles are plotted in Fig. 4.5.

L general trend which is apparent in the slab rotation
profiles (Fig. 4.5) is that rotations inerease roughly in
proportion to the increase of interstory drift, At any level of
interstory drift, slab rotations are largest at the column and
tend to decrease with increasing distance ffom the column. The
rate of decrease near the column is larger for the interior
specimen than for the exterior specimen (with the edge bean).
4.6.3 Slab Reinforcement Strains

Strains in selected slab longitudinal reinforcing bars were
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measured throughout each test with weldable strain gages.
Representative profiles of bar strains obtained at various stages
of testing are presented in Figures UL.6 and U,7. Top reinforcing
bar strains (Fig. 4.6) are plotted for instances when top bars
were in tension, that is, when the specimen was pushed to the
south, Bottom strains (Fig., 4.7) are plotted for times when
bottom bars were in tension, that is, when the specimen was
pushed to the north.

Strain profiles for top reinforcing bars (Fig. 4.6) indicate
that, for interstory drifts to one percent, strains were largest
near the column with a gradual tapering to small strains near the
3lab edge. Beyond one percent drift; slab bar strains increased
mest rapidly near the slab edge, although strains near the column
exceeded those near the edge for each specimen. Yield in top
layer slab reinforcing bars was not detected until interstory
drifts reached 2.5 percent. Yield was limited to bars passing
near the column.

Strain profiles for bottom reinforcing bars (Fig. U4.7)
followed the same general trend as described for the top bars
with exceptions noted below. For the interior specimen, strains
in the bottom slab bars near the edge exceeded corresponding
strains near the column for drifts exceeding 2.5 percent, At
makimum drift levels, measured strains in all bottonm bars were
near or beyond the yield strain.

B.6.4 Slab Rotations Along Longitudinal Axis

Slab rotation relative to the column was measured by LVDTs

attached to the top and bottom s1ab surfaces at a distance of one

column width (137 mm), which is approximately two slab depths,
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froﬁ the column face and targeted to the column face as described
in Section 3,5,

Representative histories of rotations of.the slab on the
north side of the columns are presented in Fig. 4.8. Relative
slab rotation histories followed trends nearly identical to

trends described for load-displacement histories (Section 4.6.1).

4.7 Slab Shear

Strain gages in the links which simulated roller supports
(Fig. 3.2) enabled link reactions to be inferred, The axial lpad
carried by the column can be computed by subtracting the measured
link reactions from total specimen weight including superimposed
slab loads. By further subtracting the column weight from the
column reaction, the total slab shear around the column is
obtained. This shear was monitored throughout each test,

Measured slab shearhistories are plottedinFig, 4.9. The
histories indicate that slab shears remained relatively constant
throughout a test for the interior specimen. Shears cycled up
and down in phase with imposed lateral loads for the exterior

specimen,

4,8 Vvisible Cracking and Other Damage

Visible cracks on top and bottom slab surfaces, on edges of
the edge beam, and on column faces were traced on specimens and
sketched on paper at the peak interstory drift of each half
cycle. Only surface cracks visible to the unaided eye were

marked. Observation of cracks on top slab surfaces was hampered

by the presence of lead weights which had been added to increase
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dead loads. Therefore, recorded patterns for the top surface are
likely to be idincomplete. Recorded c¢rack patterns at
representative stages of each test are presented in Fig. 4.10.

Surface cracking of the interior specimen slab initiated
near the column as short and straight small cracks. As larger
drifts were imposed, these c¢racks widened, lengthened, and
started curving toward the transverse centerline. Relatively
straight eracks running in the transverse direction on the top
slab surface away from the column initiated at about 1.5 percent
interstory drift, whereas similar cracks on the bottom surface
initiated at about one percent drift. The spacing of these
relatively straight transverse cracks corresponds roughly to the
spacing of slab rebars running in the transverse direction,

The sequence of surface cracking for the exterior specimen
slab differed from that for the interior specimen in that»the
straight transverse cecracks appeared earlier in the exterior
specimen test, Transverse c¢racks first appeared on the bottom
surface at about (0.05 percent) interstory drift. Curved cracks
near the column and diagonal e¢racks on the south face of the edge
beam near the column appeared at about one percent drift. Again,
spacing of transverse surface cracks corresponds roughly to the
spacing of transverse slab rebars. Cracking of the edge beam was
predominantly "diagonal®, and was most severe near the column,

Cracking in the columns of both the interior and exterior
specimens was similar, with horizontal cracks spaced roughly at
the hoop reinforcement spacing. Column cracks were predominantly
located on the north and south faces.

The interior slab~column connection failed under negative
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latéral load by a punching shear failure of the slab. The top
"surface of the slab ruptured in a crescent shaped crack about 100
mm from the north face of the column (Fig. 4.11a). The failure
was sudden,

The failure mode of the exterior specimen was of a more
gradual nature and can be considered a torsional failure of the
edge beam. As the connection was failing, cracks along the base
of the column and diagonal cracks on the south side of the edge
pbeam near the column openéd significantly, and column deflection
increased with essentially constant negative 1load. Failure was
declared as concrete of the edge beam began to spall, exposing
its reinforcement. Photographs of specimen damage after failure

are reproduced in Fig. 4.11.
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5. INTERPRETATION OF RESPONSE

5.1 Introduction

Interpretations of observed behavior are made inr this
chapter. The chapter begins with a study of the state of the
test specimens under grav;ty loads alone, Sources of deformation
of the slab-column assemblies are subsequently identified.
Results obtained by conventional analytical methods are compared ,
with observed behavior. Methods used to interpret lateral load
stiffnesses include the effective beam widith and the eguivalent
frame models [2,5,12,14,15]. Methods of interpreting strengths
include moment-curvature analyses as well as the procedure

suggested by ACI 318-83 [3].

5.2 Effects of Gravity Loads

The slabs of the slab-column assemblies were loaded
initiallyby their selfweight and Dby subsidiary lead weights
supported atop the slab surface, as described in section 3.4.2.1.
This section briefly describes the lcading and its likely effect
on internal forces of the specimens. A comparison is made between
internal forces of the slab-column assemblies and internal forces
expected in a complete structure,
5.2.1 Interior Slab-~Column Specimen

During the experiments, the interior slab-column assembly
was initially set in the testing apparatus such that the entire

vertical weight of the specimen was supported by the bottom
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column. In this condition, the slab "hung" from the column as a
cantilever. After positioning the specimens, the reaction links
which simulated roller supports (Fig. 3.2) were connected such
that they carried negligible vertical loads. Following low-
intensity (elastic) lateral loading, the subsidiary lead weights
were added. At this stage, the weights were supported in part by
the edge links, with the remainder being carried through slab
shear to the column.

Distribution of internal slab forces in the interior slab-
column specimen were investigated using a linear elastic finite
element analysis, Plate bending elements available in SAP-80 [16]
were arranged in the grid shown in Fig. b5.1. The grid represents
cne quarter of the slab-~column specimen, with the effects of the
remaining slab modeled by selecting appropriate boundary
conditions,. The finite element model was lcaded analytically in
the same manner as the test specimen, The calculated
distribution of slab moments is in Fig. 5.2. Calculated internal
forces are compared with those anticipated for the prototype
structure in the following paragraphs so that the adequacy of the
test setup can be gaged.

In the prototype structure which the specimen is intended to
model, anticipated slab forces can be obtained from available
analytical solutions [10]. Considering gravity load equal to
slab self weight, the anticipated slab shear on the c¢ritical
section one half slab depth from an interior column is 15.8 kN
(2.6 kip). The corresponding shear expected from the finite
element solution, 21.3 kN (4.8 kip), exceeds the prototype value

by 35 percent. The antiecipated prototype slab negative moment is
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two~-thirds of the static moment, resulting in a negative moment
of 1.95 kN-m (17 kip-in.) acting across the full slab width at

the column face. This value differs by only four percent from the
corresponding value of 2.03 kN-m (18 kip-in.) calculated by the
finite element method. Hence, the finite element analysis
indicates that under gravity loads the test specimen was more
heavily loaded in shear than would be the case in the prototype
(by 35 percent). However, it was loaded similarly in flexure.
Because initial latera; load response is likely to be affected
nostly by initial flexural stresses, and less influencéd by'
initial shear, it appears likely that the interior test specimen
will give a representative indication of behaviorlunder low
magnitude lateral loads. The capacity under more severe lateral
loads will probably be reduced because of the higher initial
shears.

The validity of the finite element model in representing the
interior test specimen can be checked by comparing measured and
calculated total slab shears and moments., In the experiments,
slab shear on a critical section a distance of one half slab
depth from the column could be deduced from known weights and
measured link reactions, The measured slab shear after loading
with the lead weights was 19.8 kN (4450 1b) on the critical
section. This corresponds to a nominal shear stress of 0.0943/fl
MPa (1.1ﬂ/¥gvpsi). The measured shear is seven percent less than
calculated for the finite element model. The measured slab
moment across the entire width at the column face is 1.3 kN-m

(11.5 kip-in,). This value is 36 percent less than the calculated
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value,

The discrepancy between measured and calculated slab mements
at the column face can be attributed to slab cracking. The

calculated cracking moment of a unit slab width is 2.91 kN-m/m
(0.654 kip~in./in.}). The peak moment indicated by the finite
element model occurs near the column and hés a value of 3.92 kN-
m/m (0.882 kip-in./in.). Because this value exceeds the
calculated capacity, cracking is credible. In the presence of
induced tensile stresses attributable to differential shrinkage
in this region, cracking is almost certain. The reduction of
stiffness associated with cracking near the column results in
migratioﬂ of bending moment away from the column, hence, the
specimen devélops negative moment less than that predicted by the
analysis.

Because similar moments are anticipated in both the
prototype structure and the finite element model, as previohsly
discussed, cracking and corresponding redistributions of moment
are also indicated for the prototype structure. It is not
unreasonable to deduce froﬁ the preceeding discussion that the
test specimen represented the prototype with feasonable accuracy
insofar as flexure is concerned, It may have been mere heavily
loaded in shear than the prototype.

5.2.2 Exterior Slab-Column Specimen

The exterior specimen was loaded vertically in a manner
similar to the interior specimen, However, since the exterior
specimen was statically determinate, the slab did not project as
a cantilever from the column, and zero moment was initially

induced at the column centerline. This was verified, within
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small experimental error, by experimental data. Calculated shear

on a section one slab depth from the column face was 7.5 kN

(1.7 kip).
Because of conplexities involved in modeling the edge beam

of the specimen, a finite element analysis was not performed.
However, tabulated elastic scolutions for edge panels afe
‘available [10]. These indicate that fhe edge moment is
relatively small, being on the order of 20 percent of the statiec
moment for connections having proportions similar to the test
specimen. Hence, the absence of moment in the exterior,speéimen
is reasonable. Using tributary areas concepts, the shear at the
exterior connectiocon should be approximately half that at the
interior connection, or about 7.9 kN (1.8 kip). This vealue
differs from the measured by five percent.

From the above the discussion, it can be concluded thatlthe
exterior slab-column specimen adequately represents the exterior

connection of the prototype structure.

5.3 Sources of Slab~Column Specimen Deformations

There are primarily two sources from which measured specimen
interstory drifts arise, from the column and from the slab. The
contribution of column deformation to measured interstory drift
is investigated by analyzing the analytical moment-curvature
response of the column. The contribution of slab deformation is
~analyzed by studying experimentally obtained slab deformation
measurements,
5.3.1 Cclumn Deformation

Moment-curvature relations were calculated for the columns
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of the interior and exterior specimens using MOMCUR, an

interactive computer program developed for use on micro-

computers, MOMCUR is designed to analyze the inelastic,
monotonically-increasing, moment-curvature response of reinforced
concrete beams and columns in flexure with axial load. Idealized
material properties used by the program are in Fig., 5.3.

Load-deflection responses for tip loaded columns fixed at
their bases to completely rigid slabs are presented in Fig. 5.4,
and are based on moment-curvature relations obtained by MOMCUR.
The measured lateral load capacity of the interior specimen was
11.2 kN (2.5 kip). This value corresponds to 66 percent of the
calculated column capacity of 17 kN, which was obtained from the
calculated moment-curvature response, The measured lateral load
capacity of the exterior specimen, 8 kN (1.8 kip), corresponds to
47 percent of the calculated column capacity of 17 kN. Based on
this discussion, it can be concluded that the columns remained
essentially in the elastic range of response and that colunmn
deformations were a small fraction of the total measured specimen
deformation,
5.3.2 Slab Deformation

The distribution of slab deformations can be determined by
examining measured deformations along the slab longitudinal and
transverse axes, By studying these deformations, effective slab
widths, and the effectiveness of the spandrel beam, can be
inferred qualitatively.

Instruments attached to the slab a column width

(approximately two slab depths) from the front and back faces of
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the columns (Fig. 3. 12) provide a measure of how the slab
deformations were distributed in the longitudinal direction.

Measured rotation histories, which were determined from these

instruments and are shown in Fig. 4.8, are similar in appearance
to the locad-deflection plots of Fig. 4.3, suggesting that a
sizable portion of the total deformation was attributable to slab
deformation near the colunmns. The portion of ¢total drift
attributable to rotation close to the columns can be determined
approximately by assuminé the slab rotations in Fig. 4.8 are due
to uniform curvature along a distance equal to two slab depths‘
from the column, and assuming all other protions of the slab-
column assembly to be rigid. The "calculated"” and measured total
drifts are compared in Fig. 5.5 for several stages of testing.
Examination of the data in Fig. 5.5a indicates that the
deflections calculated from rotations alone exceed the measured
total deflection for the interior specimen, As this canncot
actually occur, it is apparent that an error exists in the
rotation measurement (the error is not likely to have been in the
deflection measurements, as these were c¢ross checked with
redundant measurements). Nonetheless, the closeness between
measured and "calculated" results (Fig. 5.5a) suggests the
majority of deformations occurred in the slab close to the
columns, Similarly, examination of data in Fig. 5.5b indicates
that the slab within two slab depths of the column contributed
approximately two thirds of the total drift. It is likely that
the spandrel beam has resulted in a greater effective width for
the exterior specimen, which in turn forces slab deformations to

extend further along the longitudinal axis.
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Slab rotation profiles (Fig. 4.5) suggest that deformations
were greatest in the slab near the column, diminishing in the

transverse direction with increasing distance from the column.,
The lower ratio of decrease in rotations for the exterior
specimen supports the conclusion made in the previous paragraph
that the edge beam resulted in a greater slab effective width,

Measured distribution of slab bar strains (Figures 4.6 and
4,7) are generally similar to distributions of slab rotations,.
and support the same conclusions.

It may be noted that bottom layer slab reinforcement stfains
near the edge of the interior specimen eventually increase at a
more rapid rate than do strains near the column. This
accumulation of plastic strains is attributed to the experimental
setup, which in effect caused the edge of the slab to act as a
simply supported beam spanning from one set of "roller® suppqrts

(1inks) to the other (Fig. 3.1).

5.3 1Initial Lateral-Load Stiffness

The initial stiffnesses of the two specimens were compared
with elastic stiffnesses "predicted™ by the effective beam width
model [2,12,15] and the equivalent frame method [5,14,15].

In the effective beam width method, slabs are replaced by
beams spanning in the direction of lateral loading. The depth of
the beam is equal to the slab depth. The width of the beam is
equal to the product of an effective width coefficient and the
transverse slab dimension.

In the equivalent frame method, the slab-column connection

is transformed to an assemblage composed of a column connected to
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a lateral torsional member, which is connected to a beam having

flexural inertia equal to that of the full slab (Fig. 5.6).
5.4.1 Effective Beam Width Kodel

Analyses were performed for several effective width
coefficients. The resulting stiffnesses are presented in Figures
5.7 and 5.8 for the interior and exterior specimens,
respectively. It is noted that the effective beam width model
used in this report assumes & beam connected to the column
directly without a rigid connection region.

Vanderbilt and Corley [15] present a range of theoreﬁieal'
effective width coefficients for assemblages having square
columns, sguare slabs, and Poisson's ratio of zero. For an
interior connection having the dimensions of the test'specimen,
the coefficients given in their paper range from about 0.65 for a
rigid column system to¢ approximately 0.35 for a flexible colunn
system. The rigid column system is generally considered the
better for elastic structures, whereas the flexible column systen
gives a lower bound to the elastic response [15]. Figure 5.7
indicates that the initial stiffness of the interior specimen can
be modeled by an equivalent beam with an effective width of about
0.6L, where L is the transverse slab dimension. This value is
olﬁse to the theoretical value of 0.565L. Figure 5.8 indicates
that an effective width coefficient of 0.75 is required for an
equivalent width beam to0 model the initial stiffness of the
exterior specimen. By the presence of the edge beam and the
contribution of its torsional stiffness to the overall connection

stiffness, the slab is more effective in the exterior connection

43



than in the interior connection, requiring a wider equivalent

beam to model the initial stiffness,
5.4.2 Equivalent Frame Model

The equivalent frame model, or lateral torsional member

model, assumes that the column and slab of a slab-column

. i
connection are joined through a lateral torsicnal member which
can transfer torsion only. Idealizations for the interior and
exterior specimens are shown in Fig. 5.6, Although not shown in
the Figure, the coluns is assumed rigid over the slab or spandrel
depth. Gross section properties are assumed for all members,
Details of the torsion member and slab members stiffnesses are
deseribed.below.

The lateral-torsional member of the interior specimen is
formed by a slab strip of width one column width as shown in Fig,
5.6. The torsional member of the exterior specimen is composed
of the edge beam and an adjacent slab strip of width 46 nm (1.8
in,), as specified in ACI 318-83 [3]. The literature [3,5,14,15]
gives the total torsional stiffness of lateral torsional members
in a slab-column connection as Ki» where

Ky = 18EC / Lp (1-cp/Ly)3 (5.1)

and C is the torsional constant, where

€= (bt / 3)(1 - 0.63t; / b) (5.2)
E = Young's Modulus

¢, = square column dimension; Fig 5.6

b,ty = larger and smaller dimensions of rectangular

portions of c¢ross sections of lateral
torsional members.

The gross section inertia, Ig, is used for the slab, except
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in the joint region where a modified inertia, Ié’ is used

according to the ACI Code,. The modified inertia is given in

equation 5.3 below.
Iy = Iz /7 (1 = ep/L)? (5.3)

The stiffnesses used in the equivalent frame model are based
primarily on gross-section (uncracked) properties, Under working
lateral lcads that may c¢rack the structure, it is likely that the
equivalent frame will be excessively stiff. Vanderbilt and
Corley [15] recommend using an effective slab inertia of one
third the gross section inertia to estimate the lower bound
lateral 1load stiffness. For comparison, atiffnesses were
calculated using both the gross section inertia and anleffective
inertia equal to one third the gross section value.

Results of equivalent frame modeling using both gross
section inertia and an effective slab inertia equal to one-third
the gross slab inertia are shown in Figures 5.9 and 5.10 for the
interior and exterior specimens, respectively. The initial
stiffness of the interior specimen is slightly higher than that
indicated by the equivalent frame using the gross section inertia
of the slab ( g= 1). The initial stiffness of the exterior

specimen is modeled well by the gross section equivalent frame.

5.5 Lateral~Load Stiffness at Working Loads

The egquivalent beam width and equivalent frame stiffnesses
were compared with the stiffnesses of the specimens at working
loads. Two arbitrary definitiomns for working load are used in
the following, ©One definition is that working lcad is a lateral

load equal to approximately 40 percent of the lateral 1load
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strength. The second definition defines the working load as the
load producing lateral drift equal to 0,002 times the story

height. This drift limit is frequently cited asa limit for wind
design. For the test specimens, this corresponds to a lateral
deflection equal to 1.8 mm (0.04 in.). The gross section inertias
were used in the analyses of all equivalent width beams.

Figure 5.7 indicates that an effective width coefficient of
about 0.2 is necessary for an equivalent beam to model the secant
stiffness of the interior specimen at 0.4P, .., or about one third
the width required to model the initial stiffness, A width
coefficiegt of approximately 0.25 is required at the drift limit
of 0.2 percent. The effective width required to model the
working load stiffness of the exterior specimen depends on
whether the applied lateral load is positive or negative, Recall
from Section 4.3 that lateral loaé cn the exterior specimen is
positive when it increases tensile stress in the bottom of the
s8lab. A width coefficient of about 0.7 is required for positive
lateral loads and a coefficient of about 0.5 is required for
negative lateral loads (Fig. 5.8) when using the limit of

o.up Corresponding widths at the drift limit are 0.6 and 0.5.

max®
A possible reason for the different coefficients for the exterior
specimen 1s that longitudinal slab reinforcement is not identical
in the top and bottom layers {(Fig. 3.4).

An accurate modeling of the secant stiffness of the interior
speeimen at working loads is provided by an equivalent frame

having an effective inertia of about one third of the gross

section inertia when considering the load limit of O.lleax (Fig.
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5.9). The specimen is stiffer at the drift limit. Figure 5.10
indicates that effective slab inertias of approximately one-half
and three~quarters of the gross section value are required for
equivalent frames to model the secant stiffness of the exterior
specimen at working loads when the top and bottom slab surfaces
are in tension, respectively. This indicates that at working
loads the exterior specimen is still relatively stiffer than the
interior specimen, most likely because of the atiffening effect
of the edge beam,

Both the equivalent frame and equivalent beam width models
indicate that the exterior specimen continues to be stiffer than
the interior specimen at working loads, since greater effective
inertias and wider equivalent beam widths are required to model

the exterior specimen stiffness.

5.6 Connection Strengths

As discussed in Section 5.3, maximum lateral loads applied
to both the exterior and interior subassemblies were
substantially less than loads corresponding to column capacities.
Thus, lateral load resistance of the subassemblies was apparently
limitéd by capacity of the slab to transfer shear and moment to
the colunn. In the course of the research, several analytical
methods were used to determine "theoretical"™ strengths of the
connection regions. Computed "theoretical" strengths are
compared with measured strengths in Table 5,7, The analytical
methods and resulting theoretical strengths are described in the

following paragraphs,
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5.6.1 Interior Slab-Cclumn Connection

Four approaches to estimating strength of the slab-column
connection region of the interior connection were investigated.
These are described in the following subsections.
5.6.1.1 Moment-Curvature Analysis

The program MOMCUR was used to calculate the slab flexural
moment capacity. Jt is noted that the program assumes plane
sections remain plane, an assumption which is obviously violated
(Figures 4.6 andi4.7). Compute& capacities are compared with
measured capacities of the slab in negative and positive bending
moment in Fig. 5.11. In that figure, the computed and measured
moments are the unstressed moment capacities less the initial
moments due to gravity loads, The computed capacities are 165
and 110 percent of measured capacities in negative and positive
moment, respectively, indicating that it is unlikely for the slab
to develop its full flexural yield line capacity.

One possible reason why the computed flexural capacities
presented in the previous paragraph do not match the measured
capacities is that the program assumes plane sections remain
plane, which is contrary to measured slab reinforcement strain
distributions (Figures 4.6 and 4.7). In an attempt to account for
the nonuniform variation of bar forces, a new moment~curvature
analysis was performed assuming that plain sections remain plane
but that rebar strains had the distribution shown for two percent
drift in Fig. 4.6. The results of the modified analysis are
presented in Fig. 5.12. The modified analysis offers little
improvement 6ver the original analysis, indicating that the slab

capacity is probably reached by some mechanism other than pure
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flexure.
5.6.1.2 Linear Shear Stress Variation

Shear and unbalanced moment capacities of slab-column
connections can be estimated conveniently by assuming a linear
variation of shear stress about a ceritical section, with maximum
shear stress limited to a ecritical value. The ACI Building Code
follows this approach in design of slab-colunmn connections for
shear and unbalanced moment. |

In the ACI design apﬁroach, the unbalanced moment, Ms, is
resisted in part by direct flexure in the slab and in part by
eccentric shear around a critical section. The critical section
is taken to have the same shape as the column with dimensions
equal to the column cross section plus the mean depth to slab
longitudinal reinforcement, ie., ¢ + d. For the proportions of
the interior slab-column connection, the portion of MS resisted
by eccentric shear is Y, M., where Y, = 0.4, The remainder of Mg
is to be taken in design by slab flexural reinforcement within a

width ¢ + 3h centered about the column, where h = slab thickness,

The shear stress caused by the moment YVMS is given by Eg. 5.4,

V,  YyMg(e + d)
Vy = — + 5.4
A, 2J,
where vy = maximum shear stress, Vu = ultimate direct shear force
on the connection, A, = area of critical section = 4d(ec+d), Yy =
0.4, and J, = a section property similar to polar moment of
inertia as given by Eq. 5.5.
J = 2d(c+d)[(c+d)/212 + 2[(c+d)3d + (c*d)d31/12 5.5

[¢]
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According to ACI 318-83, v, is limited to the value v .,

given by Eq. 5.6.
Vipax =0-33Yf"_ ,MPa= 4/T7'_, psi 5.6

Using Eqs. 5.4 through 5.6, with Vu taken eqﬁal te 19.2 kN
(4,32 kip) as measured during the experiments, the value of y Mg
is calculated to be 3.01 kN-m (26.6 kip-in.). Accordingly, M, is
7.53 kN-m (66.6 kip-in,). This value is 73 percent of the
measured value of 10.3 kN-m (91.2 kip~in.).

As noted previously, the portion of Ms not carried by
eccentric shear is to be carried by direct flexure in the siab{
The compu?ed fiexural capacities of top and bottom slab
reinforcement within a width of ¢ + 3h are 2.63 kN-m (23.3 kip-
in.,) and 2.36 kN-m (20.9 kip-in.), for a combined capécity of
5.00 kN-m (44.2 kip-in.). For the proportions of the test
specimen, this is to be 60 percent M_, so that M  based on the
flexural reinforcement is found to be 8.33 kN-m (73.7 kip-in;h
which is 81 percent of the measured capacity.

It should be noted that the value of 0,4 given to the
coefficient Yy has been set somewhat arbitrarily by the ACI
Building Code, and can be considered as a guide to the desired
proportions of unbalanced moment to be carried by flexure and
eccentriec shear. In a given connection, some redistribution of
actions c¢an be anticipated, so that‘it ié possible that the
capacities in flexure and eccentric shear c¢an be developed
simultaneocusly. In this case, the computed unbalanced moment
capacity is given as YVMS + (1 = Yv)Ms = 3,00 + 5.00 = 8.00 kN=-m

(70.9 kip-in.). This value is 78 percent of the measured
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unbalanced moment capacity, which is not significantly different
from the capacities calculated previously for eccentric shear or
flexure alone.

It should be noted that the effective flexural width of c¢ +
3h used in the ACI Building Code exceeds the column width, the
intention being to account approximately for the torsional
strength of slab reinforcement which is otherwise ignored by the
method. Beam analogies presented by Hawkins and by Park and
Islam [7,11] envision beams of width equal to ¢ + d framing into
each face of a column, If torsional cracks extend back froﬁ the
edges of the front flexural beam, then it appears reasonable that
reinforcement within a width of ¢ + d& to either side of the
column critical section contribute to torsional strength.
Accordingly, the effect of the torsional steel can be included in
the flexural strength by defining an effective flexural width
equal to 3(¢ + h). Using this width, the sum of positive and
negative flexural capacities of the slab is 6.99 kN-m (61,9 kip-
in.). Adding this to the eccentric shear capacity of 3.00 kN-m
(26.6 kip-in.) obtained previously, the computed unbalanced
moment capacity is 10.0 kN-m (88.5 kip-in.), which is 97 percent
of measured capacity.
5.6.1.3 Beam Analogy of Park and Islam

Park and Islam [11] present a beam analogy whichenvisions
beams of width ¢ + d framing into each face of the column at a
connection. Each beam has section properties identical to those
of a slab section having the same width, The capacities of the

individual beams are summed to obtain the connection strength.
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The beam at the front face is presumed to be capable of
developing its flexural capaﬁity (top in tension) and the beam at
the back face to be capable of its flexural capacity (bottom in
tension). Computed capacities for the interior specimen are 1.72
kN-m (15.2 kip-in,) for both front and back beams.

Beams at the side face are each assumed to develop torsional

capacities given by Egq. 5.7.

5.7

where Tu = ultimate torsional capacity of a torsion beam, V_u =
shear acting on the torsion beam (assumed to be one-quarter of
the total measured connection shear at failure}, Vuo = shear
capaecity = v, (e + d), and Too is the torsion capacity in the

absence of shear, given by Eg. 5.8.

Teo = 0.133 Y£r_ h%(c + d), N-mm 5.8

The value of T,, is 0.477 kN-m (4,22 kip=in.) for the interior

o]
specimen. Taking V, = 4,80 kN (1.08 kip), the torsional capacity
of each beam is found by Eq. 5.7 to be 0.457 kN-m (4.04 kip-in,).

The beam at the front face is assumed to develop its shear
capacity in additieon to its flexural capacity. With an ultimate
shear stress of v, given by Eq. 5.4, the shear capacity of the
front face is 16.5 kN (3.72 kip). Given that the front face is
already loaded with a shear of V, = 4,80 kN (1.68 kip) (one
quarter of the gravity load shear), the unbalanced shear that the
face can carry is equal to 16.5 - 4.80 = 11.7 kN (2.64 kip). The

unbalanced shears on the front and back faces contribute an

unbalanced moment eqgqual to the product of the unbalanced shear
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and its moment arm, which eguals (¢ + d). The resulting
unbalanced moment due to eccentric shear is equal to 2.22 kN-m
(19.6 kip-in.).

The total unbalanced moment capacity is thus M = 2(1.72) +
2(0.457) + 2.22 = 6,57 kN~m (58.1 kxip~in.), which is 64 percent
of the measured capacity. The shortcoming of the calculated
capacity probably occurs because the torsiconal capacities do not
include a realistic estimate of the effect of slab reinforcement.
4 similar analogy presented by Hawkins considers explicitly the
torsional strength due to slab steel. That method is described
in detail in the next section. |
5.6.1.4 Beam Analogy of Hawkins

The beam analogy of Hawkins [7] ie identical to that of Park
and Islam except in the consideration eof the torsionai strength
of the torsional beans. In the Hawkins analogy, torsional
strength calculations consider slab reinforcement explicitly,
with the torsional strength given by the following expressions,

Va

2
T, = [1 - (—)°1 T, 5.9

VUO

wher-e.Tu = torsional strength of single beam in the presence of

shear, and Tuo = torsional strength without shear, as given by
Eq. 5.10.
A XqyaqF
t ™11
Tyo = 0-066 VEI_ (c + d)b2 + I, N-mm 5.10
8

where At = ¢ross-sectional area of a slab bar, t = 0.66 +
0.33y1/x1 z 1.5, Xq = center to center distance between
outermost layvers of top and bottom slab bars, g = ¢ + d, and s =

average spacing of slab bars. The value of Tuo is calculated to
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be 1.85 kKN-m (16.3 kip-in.) assuming an average spacing of s = 57
mm (2.25 in.). The value for Ty is subsequently calculated to be
1.69 kN-m (14.93 kip-in.).

All flexural and shear strengths are as calculated in
Section 5.6.1.3 for the beam analogy of Park and Islamn. Adding
these strengths to the torsional capacity.from the previous
paragraph results in a calculated unbalanced moment capacity of
9,03 kN-m (79.9 kip-in.), which is 88 percent of the measured

capacity.

5.6.2 Exterior Slab-Column Specimen
5.6.2.1 Moment-Curvature

Moment-curvature analyses were performed using the same
approaches used for the interior specimen as described iﬁ Section
5.6.1.1. As for the interior specimen, selecting a nonuniform
strain distribution for the slab reinforcement had negligible
effect on computed capacities. Computed negative moment capaeity
is 7.8 kN-m (69 kip-in.), and computed positive capacity is 5.8
kN-m (51 kip~in.). These values are approximately 15 percent in
excess of measured maximum values.

The ¢closeness between measured and calculated capacities
indicates that the plane-section capacities were nearly reached,
suggesting that unbalanced moment capacities may have been
limited by flexural yield across thé fuli slab width. This
possibility 4is investigated further in the next section in which
unbalanced moment capacity in combined flexure and torsion is

calculated using a beanm analoeogy approach.
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5.6.2.2 Beam Analogy Based on Space-Truss Theory

A beam analogy was developed to interpret unbalanced moment
strength of the exterior connection. The analogy envisions a
flexural beam of width ¢ + d framing into the front face of the
column, with transverse torsion beams comprising the spandrel
beams.

Flexural strength of the beam at the front face is
calculated directly as 1.72 kN-m (15.2 kip~in.) for top layer of
reinforcement in tension, and 0.605 kN-m (5.35 kip=-in.) for
bottom layer in tension.

Torsional strength of the spandrel beam in combined torsion
and shear is computed using concepts of the space truss theory
[9]. Accordingly, the torsional strength in the absence of shear

is given by Eq. 5.11.

uo 5.11
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where x, = horizontal center to center spacing of spandrel
longitudinal bars, Yo = vertical center to center spacing of
spandrel longitudinal bars, A, = cross-sectional area of spandrel
transverse bar, A, = symmetric porticn of total spandrel
longitudinal steel, and s = center to center spacing between
spandrel transverse bars, In the presence of shear the strength
is given by Egq. 5.1%12. |

Tuo

5'12
1 + Xovu

in which V, is the shear in the spandrel beam, The shear Vu in
each spandrel was not measured directly., Rather;, the total shear

on the connection at the time of failure was measured. For
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simplicity, it was assumed that the proportion of the total
connection shear carried by each torsional beam was equal to the

ratio R given by Eq. 5.13.

Tuo
5.13

2Tyo + My

in which My = moment capacity of the flexural beam, Using this
approximation, the torsion strength in the absence of shear was
computed to be 2.66 kN~m (23.5 kip-in.) when the connection was
in negative moment, which was reduced in the presence of shear to
2,09 kN-m (18.47 kip-in.). In the presence of positive moment,
the corresponding capacities are 2.6 kN-m (23.5 kip~-in.) and 2.52
kN-m (22.3 kip=-in.).

The shear not carried by the torsion members was assigned to
the flexural member at a distance d/2 from the column face. This
eccentric shear contributed to the unbalanced moment,

The computed connection unbalanced moment capacities(the
sum of the flexural, shear, and torsional components) are 6,28
kN-m (55,5 kip-in.,) and 5.64 kN-m (50.0 kip-in.) in negative and
positive noment. These values are 86 and 115 percent of maximum
measured capacities., It is noted that the connection failed in
combined torsion and flexure in negative mement (Fig. 5.14), It
is possible that the positive unbalanced moment capacity was not
achieved during the experiments, Considering that bottom slab
strains were all near yield (Fig. 4.7) and considering that
flexural capacity (Section 5.6.2.1}) is approximately equal to the
combined torsion flexure capacity, it 1s also possible that
positive moment capacity was limited by flexural yield across the

full slab width,
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Other researchers [11,13] have suggested that torsional

cracking in the spandrel results in a tendency for axial growth

¢f the spandrel. As this growth would be restrained by the slab,
the spandrel develops axial compression which enhances the
spandrel torsion capacity. Considering the close comparison
between measured and calculated negative unbalanced moment
capacities for the test specimen, it appears unlikely that the
effect referred to was significant. It is possible that
inelastic load reversals imposed during the experiment dissipated
the restraint if indeed there was a tendency for therestraintto'
develop. Further research is required to develop a firm

understanding of this phenomenon.
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6. CONCLUSION

6.1 Summary

Two reinforced concrete slab-column connections were
subjected to gravity loads and slowly applied lateral loads with
reversals, FEach connection comprised a column and a full panel
width of slab. One of the connections represented an interior.
connection, the other represented an exterior connection with a
shallow spandrel beam. Both connections were three-~tenths scale
models of typical connections in a prototype flat plate structure
designed for combined gravity and seismic loads.

This report documents the experiments, presents measured
data and observations, and compares the measured behavior with
behavior anticipated by analytical models. Primary conclusions

of the study are presented in the following paragraphs.

6.2 Conclusions

Results of a linear elastic finite element analysis of the
interior test specimen under gravity loads indicated that the
prototype dead l1ocad moments were simulated properly, but that the
teast specimen was probably more heavily loaded in shear than the
prototype. It was alsoc concluded that gravity load effects on
the exterior slab-column specimen adequately represented those on
an exterior connection of the prototype structure,.

The primary source of measured interstory drift of the

subassemblies under lateral loads was deformation of the slab.
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Slab deformations were 1localized within distances of
approximately a column width (two slab depths) from the column
faces of the interior connection, whereas the edge beam caused
deformations fto spread further in the exterior connection.
€olumns remained relatively rigid and elastic throughout the
experiments.

Effective beam width analytical models were used to
investigate lateral load stiffnesses at low level loads and at
loads corresponding to working loads. Effective width
coefficients of approximately 0.6 and 0.75 are required for
equivalent width beams t¢ model the initial secant stiffnesé of
the interior and exterior specimens, respectively. Vanderbilt
and Corley [15] suggest a value of 0.65 for an interior plate
column connection having the same proportions as thosé tested.
The slightly lower stiffness of the interior specimen may be a
consequence of cracking in the specimen under gravity loads. The
larger coefficient for the exterior connection is necesséry
because of the stiffening effect of the edge beanmn.

An effective width coefficient of approximately 0.25 is
required to model the secant stiffness of the interior connection
at working loads, where working loads are defined at a dpift of
approximately 0.2% of height, or a lateral load equal to 40% of
capacity. The coefficient for the exterior connection depends on
how working loads are defined and on whether the top or bottom
surface of the slab is in tension. An average value for the
‘coefficient is 0.6,

Equivalent frame models as defined for gravity loads by ACI

318-83 were also used to investigate lateral load stiffnesses.
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An equivalent frame having gross section properties slightly
underestimates the initial stiffness of the interior connection.

The initial stiffness of the exterior specimen was approximated

closely by equivalent frames having gross section inertias.

To investigate lateral load stiffnesses at working loads
using the equivalent frame model, moments of inertia for slabs
were reduced while maintaining gross section properties for
columns and edge beams of the equivalent frames, A reduced
effective slab inertia of approximately one-third of the gross
gsection value is required to model the stiffness of the interior
connection at working loads. An equivalent frame requires an
effective slab inertia of approximately two-thirds of the gross
section value to model the exterior connection stiffness at
working loads. The effect of the edge beam is to lessen the
reduction in effective slab inertia necessary for an equivalent
frame to model the exterior connection stiffness.

Strength of the interior connection was limited by the
capacity of the slab, and the exterior connection strength was
limited by the combined flexural strength of the slab and
torsional strength of the edge beam, Columns of the
subassenblies were not loaded teo their capacities in the
experiments.

A standard moment-curvature analysis assuming plane sections
remain plane in bending was found inapplicable for calculating
the flexural capacity of the slabs because of the nonuniforn
distribution of moments across the slab widths. The localization

of slab deformations indicates that slab bending moments are
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Breatest near the column and decrease away from the column,
A conservative interior connection slab strength estimate 18

provided by the procedure described in ACI 318-83 [3] for slab-

column connections transferring shears and unbalanced moments.
The beam analogy approach as described by Park and Islam [11],
whereby a slab-column connection is modeled by an assemblage of
flexural and torsional beaﬁs framing into the column yields a
more conservative strength estimate of the interior connection,
The analogy pfoposed by Hawkins yields a computed strength close
to the measured strength.

A beam analogy approach was used to estimate the unbalanced
moment capacity of the exterior connection. This approach
provides a good estimate of the exterior connection strength,

Measured responses indicate that the plafe-column
subassemblies did not develop significant yield until imposed
lateral drifts approached 1.5 percent. For comparison, ATC, in
its report [4], recommends a limiting drift of 1.5 percent.for
seismic design. Hence, flat plates having proportions similar to
those reported herein will remain essentially elastic at this
drift level and cannot be expected to dissipate significant
amounts of energy through hysteretic response. As a consequence,
structural damage is expected to be minimal at the code implied
drifts. However, the code procedure may not be directly
applicable because the implied inelastic behavior will not occur
at the prescribed drift.

Maximum displacement ductilities obtained during the
experiments cannot be clearly defined because of the gradual

yielding behavior exhibited by the connections. However, failure
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did not occur until lateral drifts reached approximately four

percent of interstory height. It is concluded from this

observation that the reinforcement details provided in these

connections were adequate,
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Table 3.1 - Plain Concrete Properties
INTERIOR SPECIMEN EXTERIOR SPECIMEN
Mean Std. Dev. Mean Std. Dev.
MPa (k=i) MPa (ksi) MPa (ksi) MPa (ksi)
ft 3.59 (0.52) 0.21 (0.03) 3.17 .(0.46) 0.074 (0.01)
fr 4,69 (0.68) 0.30 (0.04) 3.37 (6.49) 0.13 (0.02)
E.HSf 21793 (3200) 0.69 (100) 18414 (2700) 2760 (400)
Etangent 21655 (3100) 0.48 (70) 21007 (3000) 1483 (200)
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Table 3.2 ~ Concrete Mix Composition

Material Specific SSD Wgt
Gravity

Type I-II Permanente Cement (C1024) 3.15 2.593
Water 1.00 1.557
Radum Pea Gravel (9.5-mm MSA) 2.68 6.347
Radum Top Sand 2.68 5.809
Tidewater Blend Sand 2.60 1.312
Total - 17.62
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Table 5.1 Unbalanced Moment Capacity Estimates

(a) INTERIOR CONNECTION

Measured 10.3 kN-m
Linear Shear Stress Variation
{a) effective flexural width of c+h 8.33 kN-n
(b) effective flexural width of 3(c+h) 10.0 kN=-m
Park and Islam 6§.57 kN-m
Hawkins 9.03 kN-m
Moment Curvature
(a) bottom surface in tension 5.2 kN-m
(b) top surface in tension 7.9 kN-nm
(b) EXTERIOR CONNECTION
Measured
(a) bottom surface in tension 4,9 kN-m
(b) top surface in tension T-3 kN-m
Moment Curvature
{a) bottom surface in tension 5.8 kN-m
{b) top surface in tension 7.8 kN-m
Beam Analogy Based on Space Truss Analogy
(a) bottom surface in tension 5,64 kN-m
(b) top surface in tension 6.28 kN-m
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(a) SHAKE-TABLE MODEL

(b) INTERIOR CONNECTION (¢} EXTERIOR CONNECTION

FIG. 1.1 Flat Plate Structure Under Study
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EXTERIOR INTERIOR LEGEND

COLUMN COLUMN U = Ultimate Design Moment

D = Service Dead Load Moment
L = Service Live Load Moment
E = Service Seismic Load Moment

N COLUMN
Tle——FACE

U=14D +17L
(MIDDLE STRIP)

U=14D +1.7L
(COLUMN STRIP)

1.59 .20

U=0.75 (14D +i.7L +1.87E)

(ALL MOMENTS HAVE UNITS OF kN-m)

FIG. 2.1 Slab Design Moments
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HYDRAULIC ACTUATOR FOR
LATERAL LOAD APPLICATION PIN AND BALL BEARING 74 mmI
1—d —
TUBING BOLTED THROUGH UPPER COLUMN
/ 457mm

SLAB TO PLATE AND CLEVIS
SLAB
]

&) mm PLATE AND CLEVIS
SPHERICAL ROD-END LOWER COLUMN
/ PIN.ENDED LiNK 457 mm
PIN AND W/ STRAIN GAGE
BALL BEARING
Y J[
PIN SUPPORT L_|- .
CLEVIS AND TURING [¢] N« 240mm
BOLTED TO FLOOR ] BOLTED TO FLOOR @ i
6% mm —-I 814 mm ! I

102 mm
VIEW TRANSVERSE TO DIRECTION OF LATERAL LOAD

PIN AND

/BALL BEARING

UPPFR
COLUMNM

TUBING BOLTED THROUGH
SLAB TO PLATE AND CLEVISES\

PiN-ENDED LINK

CLEVIS AND TUBING
N

BOLTED TO FLOOR
I
e S s
~—|73—I “aaa -
mm mm

- -— Sl mm ——-

(a) INTERIOR CONNECTION

FIG. 3.2 Interior And Exterior Test Specimens

72



HYDRAULIC ACTUATOR
FOR LATERAL LOAD FIN AND 74
APPLICATION BALL BEARING mml

/ LUPPER COLUMN I

[~ ~-- EDGE BEAM

SPHERICAL

LOWER COLUMN ROD-END
/ PIN-ENDED LINK 457 mm
PIN AND w/ STRAIN GAGE
BALL BEARING J
1 —4
| _J 4
. [ CLEVIS AND TUBING
PIN SUPPORT 241 mm
BOLTED T0O FLOOK™ ROLTED TO FLOOR
o : = ——L

69mma| e 919 mm e a| |
A

VIEW TRANSVERSE TO DIRECTION OF LATERAL LOAD

PIN AND
BALL BEARING

UPPER COLUMN

TUBING BOLTED THROUGRH SLAB
TO PLATE AND CLEVISES

SLAB

i

PIN-ENDED LINK 506 mm
CLEVIS AND TUBING L=~ Tk T |4
BOLTED TO FLOOR i " =
g ass o
mm mm
b——— 914 mm ——
SECTION A-A

(b) EXTERIOR CONNECTION

FIG. 3.2 Continued
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TWO BARS

BOTTOM BAR 8
TOP AND BOTTOM ! COLUMN <——I
~TOP BAR /
r L o a2’ _{
—=- v :{ 137mm
A =, L4 A
le—330mm ——L-——l—— 444 mm —a-l L—
130 mm Omm
G4 mm _———_——T
2 B
(STIRRL'PS NOT SHOWN)
(a) PLAN

COLUMN REINFORCEMENT

s SH\OWN j_v‘-r_ / 3mm CLOSED STIRRUPS .
4 T
JRRREARRRRRRARARRRIHHIIN HIHHIHHLH]HLHH]H:L'gﬂmm

(SEE EDGE BEAM STIRRUP SCHEDULE)
(b) SECTION A-A

HOOKED SLAB REINFORCEMENT
FOR EXTERIOR SPECIMEN

A [1I8Bmm
MARK | LENGTH | SPACING | DIAM.
(mm) {mm) {mm)
7tmm 16572mm
2 152 NO STIRRUPS
¥
b 152 19.1 30
- 0lmm —— e— I8 mm < 686 38.1 3.0
137 mm

(c) SECTION B-B (1) EDGE BEAM STIRRUP SCHEDULE

FIG. 3.5 Edge Beam Reinforcement
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6dmm DIAMETER SPIRAL

FROM PLAIN WIRE

at 1¢mm PITCH

-

CONDUIT (24mm O.I)) 5 mm
[ 1)
B Tl ]25mm
T 1 24mm
pa sl 1] I 20mm
: 4 3lmm
i)
8 Ly -
6mm DIAMETER __{"]

DEFORMED BARS

3Imm DIAMETER HOOPS 1
{16 set at Slmm = 816mm) o :

NOT SHOWN

—

Bl 1B

74mm

-
1066 mm
SLAB STEEL — i

At %A

(a}) ELEVATION VIEW TRANSVERSE
TO DIRECTION OF LATERAL LOAD

(HOOP REINFORCEMENT NOT SHOWN}

END HOOKS FOR COLUMN
LONGITUDINAL REINFORCEMENT

_—CONDUIT (24mm Q.D.}

18mm
64mm DIAMETER SPIRAL
FROM PLAIN 3mm WIRE
N
5imm
138 mm
19mm
| Stmm
i 1Bmm
; 1]
’ LSme—-L—Sme J J
-—— Slmm - + -- Stmm -
o 69mm - 4- 63 mm L
(b) SECTION A-A
W — 108 mm - -+
T INSIDFE OF HOOP
f
18mm
5 i
.
i + 0 P 25mm
&
\. J
18mm 78 mm
— r— 25mm-» TO INSIDE OF FHHOP
{c} SECTION B-B
hd

FIG. 3.6 Column Reinforcement
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FIG. 3.10 Typical Pin-Ended Link Bolted To Slab And Floor
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(a) INTERIOR SPECIMEN

(b) EXTERIOR SPECIMEN

FIG. 3.11 Dead Load On Interior And Exterior Specimens
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137mm LOCATIONS OF WIRES TO

LVDTS ABOVE SPECIMEN
21 22
® ® C
19 20
® ® 1
i7 18
© @ Y- > 4@ 203mm =
412 mm
15 [13]
1t
N 77 R
NORTH EDGE

COLUMN (SHADED)

SLAB

PLAN

LINEAR
POTENTIOMETER @

¥

® —0 B
TV
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o F [ e ®

T -
00%, 000,90 0.0
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o
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2708’6 a0 L0 .

B
©2paan

, =
i LvDT
SET SCREWS FOR COLLARS AT

20mm & 150mm ABOVE SLAB SURFACE e '37
AND mm
14mm & 155mm BELOW SLAB SURFACE

END VIEW

(a) INTERIOR SPECIMEN

FIG. 3.12 Instrumentation Of Test Specimens
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LOCATIONS OF WIRES TO
LVDTS ABOVE SPECIMEN

¢
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|

e éla 1
1

'547 c};'ﬁ L >4 @ 203mm
|

13, llﬂ

® © (.
1

I T NORTH EDGE
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AND
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(b} EXTERIOR SPECIMEN

FIG. 3.12 Continued

84



DEFLECTION, (mm)

DEFLECTION, (mm)

40

30

20

40

30

20

-30

-40

Al

FIG. 4.1 Lateral Deflection Histories

85

MAVAVVVVV VVV TIME
| (a) INTERIOR CONNECTION
WAVAV%A\T,\VAVAVAVﬁ AVAV T
_ (b) EXTERIOR CONNECTION



LOAD, P(kN)

LOAD, P(kN)

8.0

>
o

O

'
H
@)

-80

8.0

40

-8.0

(a) INTERIOR SPECIMEN

1 1 ol L

#-

(b) EXTERIOR SPECIMEN

1 i L L

-4.0

-2.0

DRIFT, mm

0

2.0 4.0

FIG. 4.2 Preliminary Load-Deflection Response

86




LOAD, P(kN)

LOAD, P(kN)

8.0

-80

8.0

4.0

-8.0

(a) INTERIOR SPECIMEN

i 1 1 1

(b) EXTERIOR SPECIMEN

L 1

-4.0

-2.0

0

2.0 4.0

DRIFT, mm

FIG. 4.3 Load-Deflection Response Up To
Half Percent Of Interstory Drift




10.0

o
O

L.OAD, P(kN)
o

L
o
(e}

-10.0

10.0

LOAD, P(kN)
o
o o

1
o
o

-10.0

1 1 ' 1

(a) INTERIOR SPECIMEN

A 1 L L

0 20 40
DRIFT, mm

FIG. 4.4 Load-Deflection Response To Failure

(b) EXTERIOR SPECIMEN




SLAB ROTATION
8 (RAD.)
I’ 0.04

0.03

0.02

0.01

sLaB | 8

SPECIMEN INTER

---------- 4.0
— e—— 1.5
- — 1.5
——. 1.0
— i o— 0.5

DRIFT (%)

STORY

(a) INTERIOR CONNECTION

SLAB
ROTATION
8 (RAD.}

SLAB )
o

~-0.01

(b) EXTERIOR CONNECTION

brd

SPECIMEN INTERSTORY

DRIFT (%)
is
.5
1.5
1.0
0.5

FIG. 4.5 Slab Rotation Profiles For Selected Interstory Drifts

89



MICRO-STRAIN (x 10%)

ST 30
N
A e (0
,/ —20
w Jl
. N
COLUMN
SLAB

SPECIMEN INTERSTORY

DRIFT (%)
T X ]
-e anmum = . 8
-—— - 1.8
—— — 1.0
- —— 0.8

0.1

SPECIMEN INTERSTORY
DRIFT (%)

(a) INTERIOR CONNECTION

MICRO-STRAIN {x 10%)

- 3.0

fdo——— yviELD

2.0

N

90

v

(b) EXTERIOR CONNECTION

— 1.0

COLUMN

SLAB

FIG. 4.6 Strain Profiles For Top Layer Slab Reinforcement



MICRO-STRAIN (x 10%)

e
\ &
S——— vieLo

\. 20

SLAB

SPECIMEN INTERSTORY
DRIFT (%)

COLUMN
- 1.0

() INTERIOR CONNECTION

MICRO-STRAIN (x 10%)
I~ 5.0

"rvaa,

LTV

4.0
N

ety

=-3.0

/ p—— = ==~ YIELD

.-".'.../
Aao

IR
i
Rl . _/ /
e I SPECIMEN INTERSTORY
DRIFT (%)
............ a8
18

- —
- e 14
s ———re— 1.0

&5

-----
¢l

(b) EXTERIOR CONNECTION

FIG. 4.7 Strain Profiles For Bottom Layer Slab Reinforcement

91



10.0

o,
Q

L

LOAD, P(kN)
O

)
o
®)

-10.0

10.0

5.0

LOAD, P(kN)
O

-5.0

-10.0

L3

(a) INTERIOR SPECIMEN

1 3 ) !

(b) EXTERIOR SPECIMEN

I} ' [}

-0.08 -0.04

0

0.04 0.08

SLAB ROTATION

FIG. 48 Measured Rotational Slab Deformations Relative To The Column

92



SHEAR, V(kN)

20.0r
2. .
2
=
o
P
= 100¢
7]
(a) INTERIOR SPECIMEN
O 34 i1 i i
200t
-
100}
(b) EXTERIOR SPECIMEN
O [ 1 I i
0o 4.0 8.0

STEPS, T

FI1G. 4.9 Shear Histories

23



T | 7 ]
T ‘ P . 4
i Sl
P !
b i
b
i
TOP SURFACE at 1% DRIFT BOTTOM SURFACE at 1% DRIFT
HEE \ | |
\'\
L~ e e
=T . A""'\, __ﬂ__.—."“\.-—-'\-k e
! N ,/ v - \ — e L
g N A NN T.7
'\w..\ ";* \ )
e el TN =P
; h | ™~
h A
= [ T 7
: o A
! pd 5
{ p~1
i | ]
TOP SURFACE at 2.5% DRIFT BOTTOM SURFACE at 2.5% DRIFT
XTI T L e T | x
. L ) 1Ddavd N /
L L ~ )
! ] L~ T M
[~ } ; 1 I~ | ]
} ; - N yd ~]
L ? /
o= K
i ‘ et \'t—\ N
L - et s T ~~
—_] T - ’ 4
[ ——t i T A P,
/'4'/ ”d \ ! !
7T LN l |
TOP SURFACE at 3.5% DRIFT BOTTOM SURFACE at 3.5% DRIFT
COLUMN

(a) INTERIOR SPECIMEN

FIG. 4.10 Crack Patterns

924



7

r___

- 11 3 ] ~
| | L] ) R -
_ JL, ] 1 Jf B 1 1 m
|| | T
HERENN 1 | B NN
g - -
NN I i . .
TOP SURFACE at 1% DRIFT BOTTOM SURFACE at 1% DRIFT
[
% \\\ _ |
T = ol S ——
_ 0 D gy
| z
I T 1T 111 ! BRI

I~ {
-~ am i
[ | ] S
Ny ; S =
! s e SR R
1 i B e P s e e aomas sy
T RREEN
Rasaeess ARSI S
T I I I

TOP SURFACE at 3.5% DRIFT

BOTTOM SURFACE at 3.5% DRIFT

VERTICAL SIDE OF EDGE BEAM

(b) EXTERIOR SPECIMEN

FIG. 410 Continued

95



96

(a) INTERIOR SPECIMEN

FIG. 4.11 Specimen Damage



() EXTERIOR SPECIMEN

FIG. 4.11 Continued

97



ROLLER SUPPORTED EDGE

N

X' NODES'

EDGE
RESTRAINED

“ELEMENTS'

AGAINST

ROTATION
ABOUT

FREE

2 AXIS

EDGE

P

S

RIGID
COLUMN

EDGE RESTRAINED AGAINST
ROTATION ABOUT 1 AXIS

«———12(@ 70,5 = 846mm — >

196 NODES
169 4-NODES PLATE-BENDING ELEMENTS

FIG. 5.1 Finite Element Mesh For Quarter Of Slab Panel

98



[oueq Joyeng JO SIsA[euy JUSWS[Y SIUL] WOL] mE.QEoE Jo uonnguisiq g's ‘OI4

w/w NY 76°€

10V4d NIANN'TOD LV
NOLLDTYIA ASYTASNVIL

v
ONOTV LNINON NINNTOD AIDTy

S —
INANON FAILLISOd

NN NN NN NN NN K NOLLDANIA TYNIANLIDNO'T
//////W/// qu:z@zoz




COMPRESSIVE STRESS, MPa

COMPRESSIVE STRESS, MPa

434

TENSILE STRESS, MPa

40~ (a) INTERIOR SPECIMEN CONCRETE

== — = IDEALIZED-CONFINED CONCRETE*
IDEALIZED-UNCONFINED CONCRETE
N~ MEASURED-UNCONFINED CONCRETE

* BY MODIFIED KENT-PARK

30

20

10

668 8 10 2 |14
MICRO-STRAIN (x 10%)

30 (b) EXTERIOR SPECIMEN CONCRETE

_ 10
MICRO-STRAIN (x 109

800 (c) SLAB AND COLUMN REINFORCEMENT

600

474 | |
400

MEASURED-SLAB STEEL
————— IDEALIZED-SLAB STEEL
- o=+ = IDEALIZATION-COLUMN STEEL

2004

o L 1 1 I ; | ! |
2 4 6 8 10 12 14

STRAIN, % OF 51mm GAGE LENGTH

FIG. 5.3 Idealized Material Properties
For Moment-Curvature Analysis

100



LOAD, kN

LOAD, kN

i
!
10.01
|
| — —w — CALCULATED DEFLECTION
[ OF A COLUMN
| TOTAL MEASURED
50ir SPECIMEN DEFLECTION
|
(a) INTERIOR SPECIMEN
0 ] | | |
0 10 20 30 40
DEFLECTION, mm
10.0—
TOP LAYER REINFORCEMENT
IN TENSION
| '/,,— —
I
! BOTTOM LAYER REINFORCEMENT
50 -:- IN TENSION
I

(b) EXTERIOR SPECIMEN
| | | [ J

0 10 20 30 40 50

DEFLECTION, mm

FIG. 5.4 Comparison Between Calculated Column
Deflection And Measured Total Deflection

101



CALCULATED DEFLECTION+, mm

1 T 13 L)
40t o. -
o,
20+ .
UNIT SLOPE
0
-20+ .
-40r (a) INTERIOR SPECIMEN -

{ 1 1 {

1 H 1 T
40+ UNIT SLOPE -
20+ . .

[ ]
. [
0
]
-20+ . .
L ]
-40r (b) EXTERIOR SPECIMEN -
1 1 1 |

-40 -20 0 20 40
MEASURED DEFLECTION, mm

* CALCULATED CONTRIBUTION OF SLAB DEFORMATION
TO MEASURED TOTAL SPECIMEN DEFLECTION

FIG. 5.5 Comparison Between Measured Drift
And Calculated Slab Contribution

102



S[OPOJN Swel] judeainby jO mcczuum?oﬁ 9'¢ "DId

NIWIOIAS JOIHILXT (9)

WViIg 3903

NIWIDHdS YOIIFLINI (¥)

%_;o

wwygl =% =y

ww 828

NOISYOL
TVEILV

o -

3 a
8

av1is HAGINTIN NOISHOL TVHALV]
V ba— d
N
N YIIWIW
| NOISHOL

L'

NIN100D

TVHILYT

\

avis

103



LOAD, P(kN)

INTERSTORY DRIFT, %

' 3 4
EFFECTIVE WIDTH = 1.0
COEFFICIENT = 0.5
0.0+ =09
—~0.8
MEASURED
8.0 RESPONSE —HO.7
3 —10.6
r6 .O = _ 0'5
i |
| _
: 4.0 | 04
[ SEE FIG. 5.7b —0.3
} 20 F=0R DETAIL 0.2
| I —0.1
I O f l | I I 0

LOAD, P(kN)

| !
L_ O _5 10 15 20 256 30 35 40

DEFLECTION, mm
(a) ENTIRE HISTORY

INTERSTORY DRIFT, % P/P
0 0.25 0.50 max
T 1 0.6
6.0
4 0.5
MEASURED
50 RESPONSE
40.4
40
—40.3
30+
EFFECTIVE WIDTH
COEFFICIENT = 0.2
0.6 -1 0.
2.0 ————— .46
————— .33
1.0 T o2 4 0.1
O ] I L ] I o}
0 | 2 3 4q 5 6 7

DEFLECTION, mm
(b) DETAIL OF INITIAL BEHAVIOR

FIG. 5.7 Equivalent Beam Width Modeling Of Interior Specimen

104



LOAD, P(kN)

r———~——7—777"7

INTERSTORY DRIFT, %

DEFLECTION, mm
(b) DETAIL OF INITIAL BEHAVIOR

FIG. 5.8 Equivalent Beam Width Modeling Of Extetior Specimen

105

P/P
Oerrecr. wiptu__| 2 3 4 5 max
10 COEF. = 1 T T T T TOP
. / / / LAI:IER
9 B 07 0'4 P/Pmax TENSION
8 . e e am = LAYER 1.0
-—- IN
? TENSION
o LA
)
— —.0 _J
5 -
_0.8 0.6
4
3 € o4
2 Sk Pt St | ——=— — TOP LAYER IN TENSION 04
FOR DETATL BOTTOM LAYER IN TENSION —0.2
I -02
‘ |
oViit1v1 . 1 i L 1 L 1 0
o12345 I 10 15 20 25 30 35 40 45 50
————— ~ DEFLECTION, mm
(a) ENTIRE HISTORY _P/T‘;mpn
LAYER
IN
TENSION
1.0
5.0 04 _——""" dos
P/Pmﬂl
BOTTOM
LAYER
IN
TENSION
~ .2
Z ]
g - 1.0
E: —os
S
-40.6
—0.4
—0.2 .
o & [ I [ [ { | 0
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0



LOAD, P(kN)

INTERSTORY DRIFT, %

| 2 3 4
12.0 T - ' T P/P
— / ——-_B- ! ﬁ 1.0
100 / T —0.9
MEASURED
RESPONSE —10-8
8.0 do7
—0.6
16,
:6 d —40.5
lao —10.4
l ﬁ - 1(:1/ ] 0.3
20 EBF FIG. 5.90) Lo do.2
| } —0.1
o L1 1 ] 1 L1 0
L-Q__5 10 15 20 25 30 35 40
DEFLECTION, mm
(a) ENTIRE HISTORY
INTERSTORY DRIFT, %
P/P
5 OO : 0.25 0.50 max
. , .
Jdos
MEASURED
RESPONSE
—04
z
=
A —0.3
(=)
S
o - 0.2
0.1
0 0 | 2 2 4 5 6 70

DEFLECTION, mm
(b) DETAIL OF INITIAL BEHAVIOR

FIG. 5.9 Equivalent Frame Modeling Of Interior Specimen

106

max



LOAD, P(kN)

INTERSTORY DRIFT, % P/P

max

! 2’ 3 4 TOP  BOTTOM
10 LAYER IN LAYER IN
i J ,.’ __._._'B = ! [ TENSION TENSION
1 ; 1.6
- ;I == B=1/3 _ :
s- 1 : 1.0+ |, 4
i
6l 1 BT AvER IN TENSION 0.8 o 1! 2
- / 1.0
g 0.6 8
4 SEE FIG. 5.HHDb) _ Ay 047 0‘2
2 FOR DETAIL p= Loss 0.2— :
! — ' 2
0 1 : 1 1 ] 1 i ! { 0
L_O__ _§J 10 5 20 25 30 35 40
DEFLECTION, mm
(a) ENTIRE HISTORY
P/Pmax
INTERSTORY DRIFT, % TOP  BOTTOM
. 0.25 050 u&n LAI\l"ER
TENSION TENSION
! TOP LAYER IL TENSION 10
. o7
—i0.9
06
—0.8
% —0.5 —lo.7
; 0.4 0.8
a —0.5
o .
S 03 _Jo.a
02 —10.3
—0.2
0.1 —0. |
o1 L I ! o
0 QO 20 30 40 50 80 70

DEFLECTION, mm
(b) DETAIL OF INITIAL BEHAVIOR

FIG. 5.10 Equivatent Frame Modeling Of Exterior Specimen

107



sue[d SulUIBWUSY SUONOAS qe[§ JOJ asuodsay dinjeain) JUSWOW [['S "DIA

ur/pel ‘YUNLVAIND

L0 90 S0 ¥0 €0 20 IO 0
| _ _ [ [ _ [

wNY 8's = ALIDVdVD ¥OIYILXH

WNY 7°§ = ALIDVdVD YOIYILINI

NOISNAL NI ¥IAVT WOLL04

WNY 8°L = ALIDVdVD ¥OI4dLXH
WINY 6°L = ALIDVdVD YOIIHLNI

NOISNAL NI ¥34A¥T dOL

NANWIDHLS JOIYHLXH ———=~
NIANWIDALS JOTHTLNI

,ZO—mZHPZ_
dIAVT NOLLOY

NOISNALNI /o o e e e e ——

Y3dAVTdOL

O
<+

09

o8

w-NY ‘INFWONW

108



NOISNAL NI
YAAVT NOLLOY

NOISNIL NI
dIAAVT dOL

sqe[S coa_oonw JO 9suodsay ainjeAln)-JUsWON pauyasy ¢i's "Old

w/pel “PINLVAIND

L0 90 G0 0 0 0 'O 0]
0
| _ _ | I | |
WNA LS = ALIOVAVD QILVINDTVO |[WNA TS = ALIDVAVD QELVINJIVO .
WNY 6P = ALIDVAVD QIUNSVIW || WNA TP = ALIDVAVD QIUASVIN -11O0°¢
NOSINIL NI ¥3AVT WOLLOE NOISNAL NI ¥4AVT WOLLOG
WNY gL = ALIDVAVD QALVINDIVD || WNA 6L = ALIDVAYD QILVINDIVO
WNY 89 = ALIDVAVD QEUNSVAW || WNA 8y = ALIDVAVD QEANSVIW
NOSINZL NI ¥4A¥1dOL NOISNZL NI ¥4AV1 dOL -
NANWIDIALS 3018 A LXT———— NANWIDALS JOIJdIdILN] ——— Ot

w-NY ‘INIWON

109



V. M LINEAR SHEAR STRESS
u ut VARIATION OVER CRITICAL SECTION

CRITICAL SECTION

/ U = 4/ 1, (psi)

ACI 318—83 UNBALANCED CAPACITY = 8.2kNm
MEASURED = 10.3kNm

ACI 318-83

MEASURED — 08
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APPENDIX A
PULLOUT TESTS

Eight specimens for pullout tests were prepared and tested.
The purpcse of the tests was to investigate bond characteristics
between small-scale steel and concrete used slabs of the slab-
column connections. The specimens and tests are described in

this appendix.

A.1 Specimen Description

Each test specimen was a 76 by 76 by 280 mm concrete prism
with a 1eng£h of small-diameter reinforeing bar embedded in the
prism and protruding from each end (Fig. A.1)}. The reinforcement
was allowed to bond to the concrete in the central region of the
prism along the length lo shown in the figure. Polyethylene
tubing, sealed at the ends, prevented bond outside of the region
l,. Specimens P-1-1, P-1-2, and P-1-3 all had nominal bond
1engths]1)equalto30 mm, while specimens P=2~1, P=-2~2, and P=2-
3 had neminal bond lengths equal to 60 mm., Specimens P-4-1 and
P-4-2 both had nominal bond lengths of 100 mm, Actual bond
lengths are in Table A1l.

The specimens were cast in steel forms with reinforcing bars
in a horizontal position. They were rodded and tamped in
accordance with ASTM Specification C192. Immediately thereafter,
the specimens were placed in a "fog" room for curing. Except for

form removal 24 hours after casting, the specimens were cured
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continucously in the fog room for 28 days. On day 29, ¢the
specimens were removed from the fog room and stored at 68°F and
low humidity until testing. Nine 76 by 152 mm test cylinders
received identical treatment.

Steel and concrete material properties were nominally the
same as those for the slab-column specinmens. Heights of
deformations at opposite ends and at the center of the bond
length of each specimen were measured. Average height of
deformation values for the specimens are in Table A1,
Compression and splitting tension tests were performed on the
cylinders the same day the pullout tests were performed. The
average compressive strength was 40.5 MPa (5.9 ksi) and the

average tensile strength was 2.98 MPa (0.4 ksi).

A.2 Test Procedure

Pullout tests were performed with a 60~kip Baldwin hydraulic
testing machine at a constant loading rate of 22.2 N/sec (5
lb/sec). The specimens were tested in a vertical position (Fig.
A.2). One of the protruding ends of the embedded reinforcement
was passed through a hole in the lower, stationary head of the
testing machine and gripped by a gripping device which had been
attached to the uppér, movable loading head. The movable head
loaded the specimen by pulling the protruding end up through the
stationary head and bringing the end face of the prism to bear
flush against the bottom of the stationary head. A 13-mm (0.5~
in.) thick steel plate was placed between the prism and the
stationary head to ensure a uniform bearing surface,. A steel

"eradle"™, lightly clamped onto the prism, supported the prism in
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the event of bar failure (Fig. A.2).

A steel frame attached to the unlocaded end of the specimen
served as the reference frame for slip measurements (Fig. A2).

Slip of the unloaded end of the reinforcement relative to this
frame was measured by two linear variable displacement
transducers (LVDT). One LVDT was attached to each side of the
protruding bar, and slip was taken as the average of the two
measurements, Measurements of applied load versus slip was

plotted continuously by an X-Y recorder.

A.3 Results

Specimens P-1-1, P-1-2, and P-1-3 failed by pullout without
bar failure, P=-2=2 and P-2-3 failed by bar failure after some
initial slippage. P~4-1 and P-4-2 failed by bar fracture with no
measureable slip at the unloaded end. Plots of slip at the
unloaded end are plotted in Figure A.3. The load at which the
bars yielded in tension is also indicated in the figure,

The load-slip curves indicate that all test specimens
achieved the yield strength of the reinforcement. However,
specimenswith nominal bondlengthsof 30 mm(1.18 in,) sustained
significant slip at the unloaded end. Slip at the loaded end was
not measured directly.

To obtain a measure of slip at the loaded end for specimens
pP-1-1, P-1-2, and P-1-3, a uniform bond stress was assumed over
the bonded length, Using this assumption, slip at the loaded end
was computed for loads below the yield level lcocad of the
reinforcement. Computed relationships at the loaded end are

compared with measured relations at the unloaded end in Figure
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A4, Similar relations could not be obtained for the other
specimens because they yielded before any slip was measured at

the unloaded end.

Average bond stress is calculated by dividing the load (P)
by the area of the bonding surface. The ultimate average bond
stress 1s defined here as the maximum average bond stress
sustained by the specimen. Both the average bond stress at first

slip (ug) and the ultimate average bond stress (u, ) decreased

with increasing actual bond lengths. Values of load at first

slip (Pg) and maximum load (Pyjt), as well as average bond

stresses, for each of the specimens are in Table A2.
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Table A1 Details of Specimen Descriptions

Nominal Actual Bond Avg. Height of Deform.

Specimen Diameter Length Over Bond Length
P-1-1 4.52 nm 31.75 mm 0.15 mm

P-1-2 .52 31.75 0.38

P-1-3 4,52 34.14 0.23

P-2-1 h.52 65.89 0.33

p-2-2 4,52 57.94 0.30

pP-2-3 §,52 57.15 0.28

P-l-1 4.52 93.68 0.43

P-}4-2 h.52 108.74 0.38

f. = 455 MPa (66 ksi)
Nominal Area = 16.13 mm? (0.025 in.2)
1 in. = 25.4 mnm
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Table A2

Average Bond Stresses

Specimen Lo,mm PS,N Pmax’N us,MPa uult'MPa
P-1-1 31.75 5940 8760 13.2 19.4
P-1-2 31.75 6230 9120 13.8 20.2
P=1=3 34.14 4450 7430 9.2 15.3
P=2-1 65.89 - 10320 - 11.0
P-2-2 57.94 9560 10450 11.6 12.7
P=-2-3 57.15 8250 10630 10.2 13.1
P-4-1 93.63 - 10450 - 7.8
P=la«2 108.74 - 10610 - 6.9

u, = / d = average bond stress at first slip

Uyit * Ppax /

0

Lo

(1]

1 1b

1 MPa

L

o 0

= paximum average bond stress

nominal diameter, mm

bond length,

= 4.448 N

= 145 psi

mnm
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FIG. A3 Test Set-up
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