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ABSTRACT

Effects of slab flexural reinforcement on the punching shear strength and deformation capacity
of corner slab-column connections without shear reinforcement are evaluated in this study. Six
isolated corner slab-column subassemblages were tested under combined gravity-type loading
and lateral displacement reversals. Results from present and previous studies indicate that
punching shear strength and deformation capacity per ACI 318-14 is not conservative for
corner slab-column connections. For connections subjected to gravity-type loads only, a shear

strength model considering effects of the equivalent slab top flexural reinforcement ratio and

the critical section aspect ratio (b,/d ) is proposed. For connections subjected to combined

gravity-type loads and lateral displacement reversals, the gravity shear ratio determined based

on the proposed model improves applicability of the shear decay model per ACI 318-14.
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CHAPTER 1
INTRODUCTION

1.1 FLAT-PLATE FRAMING SYSTEM

Reinforced concrete (RC) flat-plate frame (Fig. 1.1) consisting of slabs that are directly
supported by columns without the use of beams has been popularly used in practice as the
primary system to support gravity-type loads due to its obstruction-free slab underside
configuration that promotes architectural versatility, easy installation of pipelines, and most

importantly cost efficiency.

Wi

g s
i_ =

R -

Fig.1.1- Flat-Plate Structure
(http://www.houstonarchitecture.com/haif/topic/1 5624-2929-weslayan-40-story-residential-tower-by-pm-realty/page-10. Retrieved
February 15, 2016)

Its beamless feature, however, inevitably results in a more flexible response when subjected to
lateral forces. As a result, the flat-plate framing system is typically designed for gravity type
loads while a stiffer element such as shear walls or moment-resisting frames are incorporated
to resist the lateral forces. Another major concern for the use of flat-plate framing system is the
punching shear failure at the connection, as shown in Fig. 1.2. Punching shear failure, typically
observed around the vicinity of the column, is believed to be caused by the combined effect of
gravity-type load and unbalanced moment that are transferred at the connection. Punching

shear failure is brittle in nature and may cause catastrophic damage to properties and even loss



of lives (Wood, 2004; King and Delatte, 2004; Park, 2012; and among others). Despite the
extensive research works conducted in the past to minimize the likelihood of punching shear
failure, controversial issues (Dilger et al., 2005; Widianto et al., 2009, Cheng and Giduquio,
2014a, 2014b; Ghali et al., 2015, and among others) still exist. The strength and deformation

capacity of corner slab-column connection is of interest in this research.

Fig.1.2 — Punching Shear Failure
(https://reidmiddleton.files.wordpress.com/2011/03/ddd2.jpg. Retrieved June 1, 2016)

A corner and interior slab-column connection is surrounded by slabs from two and four sides,
respectively. As a result, the confining effects for the two types of connections are different.
However, test results of corner slab-column connections are relatively limited, especially for
specimens subjected to combined gravity-type loads and lateral displacement reversals. Most
of the design provisions in the ACI 318-14 have been developed based on test results of interior
slab-column specimens. Whether the code-specified design provisions are applicable to corner
slab-column connections is of particular concern. This research, through analyses of test results
from previous and the present studies, aims to provide more information of punching shear

strength and deformation capacity for the design of corner slab-column connections.



1.2 CURRENT DESIGN PRACTICE OF SLAB-COLUMN CONNECTIONS

The current ACI Building Code (ACI Committee 318, 2014), referred as ACI 318-14 hereafter
in this report, prohibits the use of flat-plate framing system as the primary seismic-force-
resisting system in regions with high seismicity, more specifically in regions assigned to
seismic design category (SDC) D, E, or F (ASCE/SEI 7, 2016). Within such regions, flat-plate
framing systems are designed to support gravity-type loads. According to ACI 318-14, the flat-
plate framing system in SDC D, E, or F is required to satisfy two-step design processes, i.e.

satisfy “strength check” provisions followed by “deformation check” provisions.

“Strength check” provisions require connection shear capacity to be greater than the shear
demand under gravity-type loads at the critical section, i.e., v, < ¢ v, 4¢;- In which, the strength
reduction factor ¢ is 0.75 and the critical section is located at d/2 distance away from the
column faces. An eccentric shear stress model per Section 8.4.4.2 of the ACI 318-14 (ACI
Committee 318, 2014), as shown in Eq. 1.1, is provided to evaluate connection shear demand,
v,.. On the other hand, shear capacity v, 4y per the code is determined by Eq. 1.2. Notations

used in both Eqgs. 1.1 and 1.2 will be explained later in Chapter 2.

“Deformation check” provisions intend to ensure enough connection deformation capacity.
Previous research works have shown that connection deformation capacity is greatly influenced
by the connection gravity shear. A bilinear interaction diagram shown in Fig. 1.3 is provided
by the ACI 318-14 (ACI Committee 318, 2014) to evaluate connection deformation capacity.
In Fig. 1.3, the v,,¢/¢ v, 4¢; for the horizontal axis is defined as the factored gravity shear at the
critical section connection using a specified code-defined load combination divided by the
punching shear capacity determined per Eq. 1.2. The connection design drift must be less than

the larger of 0.035 — (1/ 20)(vug/¢vvc ,AC,) and 0.005. Shear reinforcement is needed if the

demand is greater than the capacity in either of the two design step.

b= Yoy 7 Mupc Eq. 1.1
bod =\ J,



( (a) (2 + %) / fc' (psi)
veacr = Least of { (b) (absd+ 2) \/@ Eq. 1.2
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Fig.1.3 — Drift Ratio vs. Gravity Shear Ratio Interaction Diagram
per ACI 318-14 (ACI Committee 318, 2014)

Several types of shear reinforcement are permitted by the ACI 318-14 (ACI Committee 318,
2014) such as stirrups and headed shear stud as presented in Fig. 1.4. In practice, headed shear
stud is favored due to its installation advantage (Robertson et al., 2002). However, headed shear
studs are relatively expensive. In addition, test results (Cheng et al., 2010; and Matzke et al.,
2015) show that shear capacity per ACI 318-14 for headed shear studs is not conservative
because of its deficiency to provide adequate confinement to concrete and bridge crack widths

under large inelastic deformation.

The potential of using fiber reinforced concrete as an alternative shear reinforcement in the
slab-column connection has been studied previously. Test results (Swamy and Ali, 1982;
Shaaban and Gesund, 1994; McHarg et al., 2000; and Cheng and Parra-Montesinos, 2010a,
2010b) show that the application of steel fiber-reinforced concrete in the slab-column

connection enhances the punching shear strength and drift capacity of the connection.
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A
(b) Headed Shear Studs

(https://nees.org/warehouse/experiment/3046/project/983. Retrieved June 3, 2016)

Fig.1.4 — Slab Shear Reinforcement

1.3 RESEARCH MOTIVATION

The complexity of shear transfer mechanism in the slab-column connections results in some
controversial issues. First, different research reports interpret eccentric shear stress model (Eq.
1.1) differently (Cheng and Giduquio, 2014a, 2014b). Shear stress demand (v, at corner slab-
column connection is affected significantly due to this issue. Second, the empirically derived
shear capacity per Eq. 1.2 has been criticized for its need to consider slab flexural
reinforcement, as suggested by other design recommendations or research reports (European
Committee for Standardization, 2004; Widianto et al., 2009; International Federation for Structural
Concrete, 2013, Dam et al., 2017). This issue affects both interior and exterior slab-column

connections. Third, the bilinear interaction curve, presented in Fig. 1.3, for the evaluation of



connection deformation capacity is primarily developed based on test results of interior slab-
column specimens (Hueste et al, 2009; Cheng, 2009). As a result, it appears there is still some
room for research in the area of punching shear strength and deformation capacity of corner

slab-column connections.

1.4 RESEARCH OBJECTIVES

The objective of this study is to examine strength and deformation capacity of the corner slab-
column connections. To accomplish this, six approximately full-scaled isolated corner slab-
column specimens subjected to combined gravity load and lateral displacement reversals were
tested. The six specimens were geometrically identical and evenly divided into two groups
depending on the flexural reinforcement ratio within the effective slab width, b,,,, defined per
ACI 318-14. In each group, the connection gravity shear ratio (v/v, 4¢7) of the three specimens
was targeted at 0.3, 0.4 and 0.5, respectively, during the test. In which, v, represents the shear
stress demand assumed to be uniformly transferred at the critical section due to gravity-type
load without induced lateral displacement and its value was recorded from a load cell at the

bottom column support. Please note, v, is V,, (Eq. 1.1) at zero lateral drift divided by the critical

section area, b,d . In addition, in order to better understand the influence of flexural
reinforcement ratio on punching shear strength, a database consisting of 19 test results of corner
slab-column connections subjected to gravity-type load from previous researches is
established.

To be consistent with the design philosophy of the ACI 318-14, in this report, connection shear
strength is evaluated based on test results of specimens subjected to gravity-type load.

Connection deformation capacity is evaluated with respect to the gravity shear ratio, vg/v, 4¢;-

1.5 REPORT OUTLINE

This report consists of six chapters. A brief introduction of flat-plate framing system is
presented in Chapter 1. A review of related literature, comprising the historical background of
the development of the punching shear provisions stipulated in the ACI Building Code (ACI
Committee 318, 2014), punching shear provisions per European Code (European Committee
for Standardization, 2004), design recommendations per fib Model Code or MC-10
(International Federation for Structural Concrete, 2013), and a brief description of tests

conducted previously on corner slab-column connections subjected to gravity-type loads, is



outlined in Chapter 2. Details of the experimental program of this study are described in
Chapter 3. Chapter 4 focuses on discussion of the test results. In Chapter 5, previous test results
of corner slab-column connections subjected to gravity-type loads are collected and a database
is developed. Based on test results from the present study and the database analysis, code
provisions and design recommendations for punching shear strength and connection
deformation capacity are evaluated. Finally, conclusions drawn from this study are summarized

in Chapter 6.



CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION

Development of the code provisions per ACI 318-14 (ACI Committee 318, 2014) on shear
strength and deformation capacity of slab-column connections is presented in this chapter.
Design provisions of the European building code (European Committee for Standardization,
2004), fib model code (International Federation for Structural Concrete, 2013), ACI 352 report
(Joint ACI-ASCE Committee 421, 2008 and 2010), and ACI 421 report (Joint ACI-ASCE
Committee 352, 2011) on punching shear strength (capacity) are also reviewed. In the final
part of this chapter, relevant research works (Zaghlool et al., 1970; Walker and Regan, 1987;
Desayi and Seshadri, 1997), specifically on punching shear strength of corner slab-column

connection subjected to monotonically gravity-type loading, are summarized.

2.2 DEVELOPMENT OF PUNCHING SHEAR DESIGN PROVISIONS PER ACI 318

Prior to the establishment of standards or building code in the United States, acceptance of the
design of flat slab construction was based on the results of load tests (Sozen and Siess, 1963;
Gasparini, 2002). The first design provision for shear appears to be first provided in the
National Association of Cement Users (NACU) Report (Henley, 1908). It specified that for a
concrete compressive strength of 2000 psi, the corresponding shearing strength should be
assumed equal to 200 psi. It was not clear whether this stress limit was applicable to members
subjected to one-way (column/beam members) or two-way (slab-column connections) shear
actions. No further explanations were provided within the report on how to determine the shear

demand.

For members with web reinforcement, NACU Standard No. 4 (1910) recommended that
concrete shall be considered to carry 40 psi of the total shear stress demand; the remainder
shear stress demand shall be resisted by the web reinforcement. This recommendation was
specifically intended for beams (one-way shear). No provision was provided for shear stresses

in the slab-column connection.

The term “punching shear” was first adopted in the report of the Joint Committee on Concrete
and Reinforced Concrete (1913). The first design provision for punching shear stress (vertical

shear) was also introduced, where the allowable punching shear stress demand shall be limited
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to 0.06f . . The concrete compressive strength, /', was based on the average strength of a set
of 8 x 16 in. (200 x 400 mm) concrete cylinder samples or the recommended maximum
concrete compressive strength provided by the committee (Joint Committee on Concrete and
Reinforced Concrete, 1913) based on concrete mix proportion. However, it was not clear how

the shear demand should be evaluated.

Later, the stress limit for punching shear was increased to 0.075f, in the report of the

Committee on Reinforced Concrete Building Laws (1916).

Based on Moe’s (1961) review, the report of the Joint Committee on Concrete and Reinforced
Concrete (1917) indicated that the diagonal tension shall be considered for punching shear
design. However, it was still not clear how the stress demand due to diagonal tension should

be determined.

The American Concrete Institute (ACI), through its Standard Specifications No. 23 (1920),
presented a clear definition of the two possible shear failure mechanisms in the flat slab
construction including the vertical shear failure and diagonal tension failure. To prevent the
vertical shear failure, punching shear stress was required to be evaluated on the vertical section,
with a depth equivalent to slab effective depth d, along the periphery of the column or column
capital. The working stress considering “punching shear” (vertical shear) was limited to 0.10f,,
where /', was the concrete compressive strength based on 6 x 12 in. (150 x 300 mm) or 8 x 16
in. (200 x 400 mm) concrete cylinder samples. To prevent the “diagonal tension” failure, two
scenarios were presented. When column or column capital was used, shear stress was suggested
to be evaluated within the slab effective depth d, on the surface of the frustum of cone or
pyramid, passing though the periphery of the column or capital with a base angle of 45 degrees.
In this case, the working stress on this critical section was limited to 0.035f,. When drop panel
was used, the shear stress limit for diagonal tension, evaluated on the vertical section along the
periphery of the drop with a depth of jd, must not exceed 0.03f,. The parameter j is the ratio
of the lever arm resistance couple to the slab effective depth, d. The critical sections for both

“punching shear” and “diagonal tension” failures are presented in Fig. 2.1.



Column Centroid of slab flexural reinforcement.

Slab . .
Drop Panel Critical section for shear
governing diagonal tension
Critical section for punching following the periphery of the
shear following the periphery drop panel.

of the column capital.

Critical section for shear
governing diagonal tension on
the surface of the frustum of
cone or pyramid through the
edge of column capital.

Column Capital

Column

Fig.2.1- Critical Section Definition per ACI Standard Specifications No. 23 (1920)

The Joint Committee on Standard Specifications for Concrete and Reinforced Concrete (1921)
submitted a report to the constituent organizations entitled “Tentative Specifications for
Concrete and Reinforced Concrete.” According to the report, the working shear stress capacity,
v, can be computed based on Eq. 2.1. No further explanations were given for its associated

failure mechanism (vertical shear or diagonal tension).

Ve < min{ Eq. 2.1

0.02f, (147,
0.03f,

In Eq. 2.1, r, is the ratio between the area of negative (top) reinforcement that crosses entirely
over the column capital or over the drop panel and the total area of negative reinforcement
within the two column strips in the two orthogonal directions, and in no case shall be less than
0.25. Throughout this report, column strip was defined as the design strip with a width of each
side of a column centerline equal to 0.25 times the lesser of the bay distances in both orthogonal

directions.

The critical section of connection without drop panel was defined as the vertical section having
a depth of [# — 1.5](in.) along the perimeter lying at a distance of [# — 1.5](in.) from the edge
of the column or column capital. For a connection with drop panel, two critical sections shall

be considered: first was the critical section within the drop, defined as the vertical section
having a depth of 0.875[th - 1.5](in.) along the perimeter lying at a distance of
[hdp - 1.5] (in) from the column or column capital; and second was the critical section beyond

the drop, defined as the vertical section having a depth of 0.875 [hdp - 1.5](in.) along the

10



perimeter lying at a distance of [# — 1.5](in.) from the edge of the drop. The definitions of /

and hg, are illustrated in Fig. 2.2.

The “tentative specifications” for shear in slab-column connections were later adopted and
published in the final report of the same committee (Joint Committee on Standard

Specifications for Concrete and Reinforced Concrete, 1924).

Critical Sections for Shear

Column

R Y
: : hap
Slab i e
| h-12"
-~ -
1/
Drop Panel hap172

Column Capital
Column

Fig.2.20 — Critical Section Definition (Joint Committee on Standard Specifications for
Concrete and Reinforced Concrete, 1921)

In 1927, ACI Committee E-1 (1927) adopted Eq. 2.1 for punching shear capacity. Further
requirement was made to provide at least 25% and 50% of the negative (top) reinforcement
area in the column strips within the width of the strip directly above the column or capital and
drop panel, respectively. Also, the punching shear stress demand was suggested to be evaluated

using Eq. 2.2.

shear stress demand = Eq. 2.2

Thyd

In Eq. 2.2, V' is the vertical shear at the critical section; b, is the perimeter of the critical section

defined in Fig. 2.2; and the effective depth, d, is taken as either [2— 1.5](in.) or
[4, — 1.5](in).
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Few years later, slight changes were made for the punching shear provisions by ACI Committee
501 (1936). The working stress limit (shear capacity) at the critical section should be taken as
follows:

(a) 0.03fc/ , when 50% of the total negative (top) reinforcement passes directly over the
column capital.

(b) 0~025f; , when 25% of the total negative (top) reinforcement passes directly over the
column capital.

(c) For intermediate percentages, intermediate values of shearing unit stress shall be used.

Shear stress demand along the critical section, on the other hand, was suggested to be evaluated
using Eq. 2.3. The parameter j is the ratio of the lever arm resistance couple to the slab effective
depth d, which is taken as [# — 1.5](in.), and b, is the perimeter of the critical section defined

lying at a distance [ — 1.5](in.) from the column or capital.

V
shear stress demand = w Eq. 2.3

No change was made for the punching shear provisions in the next few ACI Building Code

versions (1941, 1947 and 1951).

In the 1956 ACI Building Code (ACI Committee 318, 1956), shear stress limits at the critical

section were revised as follows. In which, shear demand was evaluated using Eq. 2.3. Critical

section for the evaluation of shear strength was defined as a vertical section located at a distance

d away from the column face.

(a) 0.03f, < 100 psi, when 50% of the total negative reinforcement passes directly over the
column capital.

(b) 0.025f, < 85 psi, when 25% of the total negative reinforcement passes directly over the
column capital.

(c) For intermediate percentages, proportionate values of shearing unit stress shall be used.

Ultimate strength design (USD) philosophy was introduced in the 1963 ACI Building Code
(ACI Committee 318, 1963a). As a transition from the then widely used working stress design
(WSD) approach to the USD approach, the 1963 ACI Building Code allowed the designer to

12



adopt any of the two design approaches in proportioning structural components. Both
approaches, per ACI 318-63, intended to provide shear resistance for diagonal tension failure

mechanism.

For WSD approach, the concrete shear stress capacity was limited to 2,/f.( psi). The use of
shear reinforcement was permitted for sections with total slab thickness of at least 10 inches

but the nominal shear capacity including shear resistance from both shear reinforcement and
concrete shall be limited to 3+/f.( psi). For USD approach, shear capacity without shear
reinforcement was limited to 4./f.( psi)and shear capacity with shear reinforcement as shall

limited to @m The critical section perimeter for both WSD and USD was defined at a
distance d/2 from the periphery of the column. The slab effective depth, d, was defined as the
distance from extreme compression fiber to the centroid of tensile reinforcement. The nominal
punching shear capacity specified in the USD method of the 1963 ACI Building Code was
primarily developed based on the recommendations of the Joint ACI-ASCE Committee 326
(1962).

Shear demand for connection subjected to vertical load only was suggested to be evaluated per
Eq. 2.4(a). In which, ¥, is shear demand at the critical section due to vertical load, b, is the
critical section perimeter located at a distance d/2 away from the column face as shown in Fig.
2.3(a), and d is the slab effective depth. For connections subjected to combined vertical load
and unbalanced moment perpendicular to b,,, shown in Fig. 2.4(b), shear demand was
suggested to be evaluated per Eq. 2.4(b). In which, V, is the shear demand assumed to be
transferred uniformly at the section with a perimeter defined by points 4, B, B’, A’ shown in
Fig. 2.3(b), A7 is the section area, M7 is the unbalanced moment transferred by torsion, and J,.
refers to the polar moment of inertia of the section. This analytical model, typically referred as
eccentric shear stress model, was primarily developed based on the work of Di Stasio and van

Buren (1960).

Vy
b,
Mz (cx + d)/2

Vo
shear stress demand due to combined effect = T + — 5 Eq. 2.4 (b)
T c

shear stress demand due to vertical load = Eq. 2.4 (a)
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Fig.2.30 — Critical Section Defined in the Commentary of the 1963 ACI Building Code
(ACI Committee 318, 1963b)

The WSD approach was completely eliminated in the 1971 ACI Building Code (ACI
Committee 318, 1971a) and its commentary (ACI Committee 318, 1971b). Punching shear
provisions were slightly modified in the ACI 318-71. Shear demand at the critical section due
to combined vertical and unbalanced moment was suggested to be evaluated using Eq. 2.5. The
critical section was defined as a section located at a distance of d/2 away from the column face.
Please note, Eq. 2.5 is essentially the same as Eq. 1.1 because 4, is b,d. As can be seen, this

model (eccentric shear stress model) has remained unchanged since then.

v, "M,
vuzA—oi J“b Eq. 2.5

In Eq. 2.5, referring to a typical interior connection shown in Fig. 2.4, v, is the combined shear
stress on the critical section; V, is shear assumed to be uniformly transferred at the critical
section; 4. = b,d = 2af(c)C + ¢ + 2d) is the area of the critical section; M, is the unbalanced
moment acting at the centroid axis of the critical section; J. is a property of the assumed critical
section analogous to polar moment of inertia (for example, J, = 2[(b1d3 / 12) + (db? / 12)] +

2(byd)(b,/2)? for an interior slab-column connection with parameters and direction of M,
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defined in Fig. 2.4); ¢ is the distance measured perpendicular to the axis of M,, between
centroid of the critical section to the point of interest (an interior connection example is

presented in Fig. 2.4); and y  is the factor to determine the percentage of unbalanced moment

transferred by shear. The factor y  is evaluated using Eq. 2.6.

1
L
+§ b_2

The parameters used in Eq. 2.6 are defined as follows: v is the fraction of unbalanced moment

transferred by flexure within the effective slab width between lines that are half the slab
thickness on each side of the column; b, is the dimension of the critical section measured in
the direction of the span for which moments are determined; and b, is the dimension of the

critical section measured in the direction perpendicular to b;.

In the 1974 code supplement (ACI Committee 318, 1974), the effective slab width was
redefined between lines that are 1.5 times the slab thickness on each side of the column. This

definition has remained unchanged since then.

b,
d? e R

;}4 |t

Shear Stress

¢ Column ~

dn

Critical

Section

Cy
b,

1
Y

‘ c=b2 /  c=b/2

dr

L .
C=b1/2 C=b1/2
(a) Critical Section (b) Combined Shear Stress

Fig.2.40 — Combined Shear Stress Evaluation per Eccentric Shear Stress Model

The Joint ACI-ASCE Committee 426 (1974) has reported that the permissible shear stress of
4,/f /( psi) was not conservative when B, the ratio of long-to-short dimension of the supporting

column, is larger than 2. The shear stress on the critical section is assumed to vary from a
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maximum of 4,/ ,( psi) down to 2./f.( psi) as the B increases. To account for the effect of
the rectangularity of the column, the 1977 ACI Building Code (ACI Committee 318, 1977)

introduced an additional shear stress limit for slab-column connections without shear

reinforcement, as expressed in Eq. 2.7.

4 ’ ’ .
VC=(2+7)\/ZS4 'fe, PSi Eq. 2.7

Another shear stress limitation was introduced in the 1989 ACI Building Code (ACI Committee
318, 1989) for connections without shear reinforcement, as expressed in Eq. 2.8. In Eq. 2.8, o,
is 40 for interior connections, 30 for edge connections, and 20 for corner connections. As a

result, the connection shear capacity, v,, shall be taken as the least value obtained from Eq. 2.7

to Eq. 2.8, but need not exceed 44/ .( psi), same as v, 4c; shown in Eq. 1.2 per current ACI
318-14.

osd . Eq.2.8
vc:<—+2> fer PSi q
b,
Table 2.1 - Modified values of 7, per ACI 318-95 (ACI Committee 318, 1995)
Limitations
Column | Axis of Unbalanced Slab Modified
Location Moment Gravity Shear() | Reinforcement Yr
Ratio®
Either
< < Q)
Corner direction < 0.50¢ v, < 0.375p, 1.0
Parallel
< < Q)
to the edge < 0.75¢ v, < 0.375p, 1.0
1.25
Edge Transverse 2 (b
< 0.40 <0.375p,® e
to the edge - P ve - P I+ 3D,
<1.0
1.25
. Either 2 b
< < 3 2 b
Interior direction < 0.409 v, < 0.375p, 1+3 5
<1.0

(1) ¢, is the strength reduction factor for shear, v is the least value from Eq. 2.7, Eq. 2.8 and 4,/f (psi)

(2) slab flexural reinforcement ratio within the effective slab width.
(3)p,is the balanced reinforcement ratio using the effective slab width.
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An evaluation of available test results (Moehle, 1988; and Joint ACI-ASCE Committee 352,
1988) showed that some flexibility in the distribution of unbalanced moments transferred by
both shear and flexure was possible (Grossman, 1989). This led to the additional provisions for

the fraction of unbalanced moment to be transferred by flexure Vs in the 1995 ACI Building
Code (ACI Committee 318, 1995). Adjustments for Vp @S summarized in Table 2.1, were

introduced in the 1995 ACI Building Code (ACI Committee 318, 1995).

No changes were made for the punching shear design provisions in the 1999 ACI Building
Code (ACI Committee 318, 1999). Seismic design requirements for slab-column connections
were incorporated for the first time in the 2002 ACI Building Code (ACI Committee 318,
2002). The results of the tests conducted by Pan and Moehle (1989) indicated that a lateral
interstory drift of 1.5% could be achieved if the level of gravity shear acting on the slab critical
section was limited to 40% of the connection shear capacity. Considering those findings, the
2002 ACI Building Code (ACI Committee 318, 2002) limited the factored gravity shear of
slab-column connection without shear reinforcement to 0.40¢ v. when the flat-plate framing
system was designed as part of the lateral force-resisting system in seismic design category C

(intermediate).

The 2005 ACI Building Code (ACI Committee 318, 2005) required that slab-column
connections shall support the designed gravity loading when subjected to the designed lateral
displacement. It provided two options in assessing the adequacy of the slab-column connection
under earthquake-induced effects; (a) the shear strength check, v, < ¢ v, 4¢;, where v, shall be
determined with earthquake effects, and (b) the displacement check, that was included the first
time in the building code, as presented in Fig. 1.3. In Fig. 1.3, v, is the factored shear force on
the slab critical section calculated from the load combination 1.2D + 1.0L + 0.2, where D, L
and S refer to dead, live and snow load, respectively. This interaction curve indicates that shear
reinforcement is not needed in the connection when the design story drift ratio is less than the
larger of 0.005 and[0.035 —0.05 (vug/qﬁvvc ACI)]. Unless either of the two checks is satisfied,
shear reinforcement shall be provided to reduce the likelihood of punching shear failure. In the
2008 ACI Building Code (ACI Committee 318, 2008), a minor change is made pertaining to

the provisions for the fraction of unbalanced moment to be transferred by flexure Ve The

requirement for the amount of longitudinal reinforcement in the effective slab width to be less
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than 37.5% of the balanced steel ratio is replaced with a steel minimum net tensile strain ¢; of
0.010. However, this change seems to be applicable only for interior connection and edge
connection with unbalanced moment about an axis perpendicular to the edge. Further changes

are made for the modification of the fraction of moment to be transferred by flexure ¥ in the

current ACI Building Code (ACI Committee 318, 2014). The changes are summarized in Table
2.2.

Table 2.2 — Modified values of 7, per ACI 318-14 (ACI Committee 318, 2014)

Limitations Maximum
Column Span & Modified
Location Direction Vug (within y
effective width) /
Corner Either < 0.50¢ v, > 0.004 1.0
direction v
Perpendicular <
0.75 >
to the edge B bVe = 0.004 1.0
Edge 1.25
Parallel —<1.0
<
to the edge = 0.409,v. = 0.010 1 +% %
2
” 1.25 <10
Interior Either < 0.404. v, >0.010 B
direction v 1+3 b_l
2

2.3 ISSUES RELATED TO THE ECCENTRIC SHEAR STRESS MODEL
It is very controversial whether connection shear demand using Eq. 2.5 is to be evaluated with
moments from both designed directions simultaneously, as shown in Eq. 2.9. In which, ¢, and

cy refers to distance from centroid of critical section to the point of interest, respectively, y

and Viy refers shear fraction factor in the x- and y- direction, respectively, and J,, and J,, is the

inertia properties in the x- and y- direction, respectively. The combination of unbalanced
moments from both directions basically results in maximum shear stress at a corner of the
critical section, as shown in Fig. 2.5. A remark made by Wight and Falconer (2005) has
indicated that it is unnecessary to evaluate biaxial moments simultaneously, but moment
transfer should be checked individually in each designed direction and take the larger value in

the design, as shown in Eq. 2.10.

Vo <vaM uchC n VvyM uycAB>

* *
ch ch

vu,318b = bd Eq 2.9

o
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{ v, YuM Cpe
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L f{b”d e Eq. 2.10
318, = Larger o C2.
Vu,318 g v, N VvyMuyCAB q
lbod B Jey
i
Column : Slab Edge
Centroid | / J
|
: Y Critical Section v //
M, | Ci Centroid l °/ q
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_____________ A
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Section | CuB

Slab Edge—/

Fig. 2.50 — Punching Shear Stress Distribution due to Combined Gravity Load and
Biaxial Unbalanced Moment

However, reports published by the Joint ACI-ASCE Committee 421 (2008, 2010) explicitly
suggest that moment transferred in both principal directions should be considered
simultaneously. As a result, shear demand should be evaluated using Eq. 2.11. Considering that
peak stress at a single point on the critical section is not likely to govern the strength due to
stress redistribution, the Joint ACI-ASCE Committee 421 (2008) recommends that the
maximum stress to be considered in the design may be evaluated at a distance 0.4d from the

peak point, but the reduction need not exceed 15%.

v, Mc M,c
+(yv1 192 | 1o 1) Eq. 2.11

Vu 421 = @_ L T L
Despite the similarity between Eq. 2.9 and Eq. 2.11, parameters used in the two equations are
conceptually different. In Eq. 2.9, parameter J,, or J,, is difficult to handle for critical section
with irregular geometries or with openings (Wight, 2016). On top of that, Ghali (1989)

indicates that the use of Eq. 2.9 does not satisfy equilibrium. The aforementioned issues can be
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resolved by replacing J., and J,,, with /; and /, as shown in Eq. 2.11. The subscripts 1 and 2
refer to the principal axes having a rotation angle, 8, from the axes coinciding with the column
cross-section about the centroid of the critical section, as shown in Fig. 2.6. Both shear capacity
and shear demand per Joint ACI-ASCE Committee 421 (2008, 2010) are evaluated with respect

to the principal axes.

The inclined angle, 8, can be evaluated using Eq. 2.12, wherein two values satisfy from -180
to 180 degrees. Selection should be made for the angle which results in a larger I; of the critical
section, i.e., I} 2 1,. InEq. 2.12, I, I,,, and I,,, can be determined for a critical section consisting
of multiple straight sections by summing up the corresponding properties of each straight
section. For example, as shown in Fig. 2.6, section AB represents one segment of the critical
section. Coordinates of point A and Point B with respect to the x-y axes is (4x, 4,), and (B,
By), respectively. Using the coordinates, (1,) 43, (Iy)AB, and (Ixy)AB representing /,, /,, and [,
of this section AB can be determined using Eq. 2.13, where d is the slab effective depth, and
145 1s the length between A and B.

After 0 is determined, /; and /; in Eq. 2.11 can be also determined by summing up the
properties of each straight section as shown in Eq. 2.14. In which, the coordinates of point A,
and B with respect to the principal axes, i.e. (41, A2), and (B1, B2) shown in Fig. 2.6(b),

respectively, can be obtained using Eq. 2.15.

20= 2L
tan 20 = -1, Eq.2.12
U)ap = — (A2 +B; +A4,B,)
d
(1), == (43 + B + 4,B,) Eq.2.13
dl
(Iy) =~ (ZAXAy +2B,B, + A,B, + 4,B,)
) =dlﬁ(A2+Bz+A B,)
1/4B 2 2 202 Eq 214

(L) 45 =—(A2+BZ+A B))
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Ay =A4 cos0+ A,sin0

Eq. 2.15
Ay = —A sinf+ A,cos0

Elgabry and Ghali (1996) have also found that Eq. 2.6 leads to an infinite increase of punching
shear demand at a certain point when critical section moves away from the column face, which

is contrary to the real situation. Modifications of Eq. 2.6 have been proposed based on finite
element analysis (Elgabry, 1991) and are presented in Eq. 2.16 and Eq. 2.17, in which / and /,

are illustrated in Fig. 2.7.

7, = 0.40 Eq.2.16
1 e
(I_T’ 1f1—20.2
i 0 N 2
yv2=1 1+3\/; 02 Eq.2.17
i
| 0, if £ <02
h

(a) With Respect to x-y Axes (b) With Respect to 1-2 Axes

Fig. 2.60 — Coordinates of Endpoints of Line AB
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Critical Section

Fig. 2.7 — Illustration of Principal Axes per ACI Committee 421 (2008, 2010)

2.4 CONNECTION DISPLACEMENT CAPACITY

Slab-column connection is required to sustain its design gravity load while undergoing the
expected lateral displacement. Based on test results of interior slab-column connections, Pan
and Moehle (1989) have indicated that lateral drift capacity of a slab-column connection is
highly dependent on the gravity shear ratio, defined as the gravity shear transferred at the
connection divided by the connection shear capacity. Pan and Moehle (1989) have
recommended that the gravity shear ratio should be limited to 0.4 in order to ensure a minimum

drift capacity of 1.5%.

Later, a shear-drift interaction model for interior slab-column connections is proposed by Luo
and Durrani (1995), as presented in Fig. 2.8. It is observed that the lateral drift capacity

decreases as the gravity shear ratio increases.

Few years later, Hueste and Wight (1999) have proposed a trilinear interaction diagram
between drift capacity and gravity shear ratio, as shown in Fig. 2.9. In the model, the
contribution of unbalanced moments to the total punching shear stress is considered
insignificant for drift ratios ranging from 0% to 0.5%, as represented by the first line segment.
It is followed by a linear decrease of gravity shear ratio from 1.0 down to 0.4 as the drift

increases from 0.5% to 1.5%. The limiting gravity shear ratio recommended by Pan and Moehle
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(1989) appears to be incorporated in the model. The third line segment defines a slower

decrease in allowable gravity shear ratio as the drift ratio increases from 1.5% to 4.0%.

5'°+ @ D Momison & Sozen 8 Pan & Mochle
45 0 Dumani&Luo 4 Robertson & Durrani
¢ ® Zec&Mochle ¥ Du & Durrani

4.0 ‘ @ Farheyetal.
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Fig. 2.8 — Shear -Drift Model by Luo and Durrani (1995)
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Fig. 2.9 — Shear-Drift Model by Hueste and Wight (1999)
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The ACI 2005 Building Code (ACI Committee 318, 2005) has adopted a simpler bilinear
interaction diagram between the gravity shear and drift ratios for slab-column connections, as
shown in Fig. 1.3. Shear reinforcement is not needed for connections with design values below

the bilinear curve; otherwise, minimum shear reinforcement with shear strength of at least

3.5\/f /(psi) b,d shall be provided. This model has remained unchanged until the current ACI
Building Code (ACI Committee 318, 2014).

The Joint ACI-ASCE Committee 421 (2010), though has adopted the bilinear interaction
diagram embodied in the ACI Building Code, has added a more stringent requirement for shear
reinforcement, as presented in Fig. 2.10. Shear reinforcement is not needed for slab-column
connections within Zone 1 only. Minimum shear reinforcement should be provided for slab-
column connections that fall within Zone 2. However, sufficient shear reinforcement should be
provided for slab-column connections that are within Zone 3. For slab-column connections
within Zone 4, with relatively high drift ratio, sufficient slab reinforcement should also be

provided. It should be noted that the gravity shear ¥y presented in Fig. 2.10 considers all cases
of load combinations including seismic effects as opposed to the V,, (v,40,d) in the ACI

Building Code (ACI Committee 318, 2014).

[

Designed Story Drift Ratio (%)

0

0 01 02 03 04 05 06 07
Ve ' OV,

o, ACE

Fig. 2.10 — Shear-Drift Interaction Diagram per Joint ACI-ASCE Committee 421
(2010)
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2.5 OTHER PUNCHING SHEAR STRENGTH MODELS

Two shear strength models for punching shear strength of corner slab-column connections are
briefly reviewed in this section, namely the Eurocode 2 (European Committee for
Standardization, 2004), here in after referred to as EC2, and the fib Model Code 2010

(International Federation for Structural Concrete, 2013).

2.5.1 Eurocode 2 (2004)
2.5.1.1 Control Perimeter

The definitions of critical sections where shear strength is evaluated according to the model
adopted by EC2 are presented in Fig. 2.11. The basic control perimeter b, ;,is the minimum

perimeter located at a distance 2d from the face of the column, as shown in Figs. 2.11 and 2.12,

where dis the average of the slab effective depths in the two orthogonal directions.

o ol

Basic Control Section

(a) Section View

Further Control Perimeter, b, ou 2
(with shear reinforcement)

Basic Control Area

Eb) Plan

Fig. 2.11 — Critical Sections for Punching Shear per EC2 (2004)

25



2d
~—{ Slab Edge

Column

[\>J
QU
~

L ==~

Basic Control
Perimeter

Slab Edge

Fig. 2.12 — Corner Connection Basic Control Perimeter per EC2 (2004)

2.5.1.2 Design Shear Force (Demand)

Connection shear should be evaluated at the column perimeter and at the basic control
perimeter b, g, as shown in Figs. 2.11 and 2.12. Focus is given to the shear at the basic control
perimeter in this study. In this case, the connection shear demand v, z¢» is evaluated using Eq.
2.18, where vgp is determined by dividing the factored gravity shear on the control perimeter
by the critical section area, b, g,d, where d is the average slab effective depth. Coefficient g
that accounts for shear amplified by the unbalanced moment is determined as described in the

following sections.

vu,EC2 = ,BVED Eq 2.18

For corner slab-column connections, g is determined using Eq. 2.19 if the load eccentricity is
toward the exterior. In Eq. 2.19, Mgp is the transfer moment at the critical section, coefficient
k related to the support rectangularity is shown in Table 2.3. And, ¢, is the dimension of the

rectangular column parallel to the design direction; and ¢, is the dimension of the rectangular
column perpendicular to ¢, . The parameter ¥ corresponds to the shear distribution along the

basic control perimeter and can be determined as the first moment of critical section area with
respect to the centroid of the critical section. An example to illustrate the determination of W
for a corner slab-column connection is provided in Appendix A. Please note, Eq. 2.19 applies
to bending from one direction only. If biaxial bending is considered, based on the suggestion

from German Annex (EN 1992-1-1/NA, 2013), § can be evaluated using Eq. 2.20 that is
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typically adopted by most commercial software DECON EXPERT Studrails(DECON
EXPERT Studrails 4.2.0.23, 2017) and Peikko Designer (Peikko Designer Ex. 1.0.2.75, 2017)

in practice.

4 e Eq.2.19
ﬁ a VEDd Wl 42
Mepe 1\ [ Mgy 1Y
p=1+ (kx EDx ) + (kyﬂ—> Eq. 2.20
vepd Wi« vgpd Wl,y
Table 2.3 — Values of k for rectangular columns per EC2
cx/cy <0.5 1.0 2.0 >3.0
k 0.45 0.60 0.70 0.80

For a corner slab-column connection with load eccentricity toward the interior, punching shear
stress is assumed to be uniformly distributed along the reduced control perimeter b, gco yeq-

The definition of b, g¢» eq 1 shown in Fig. 2.13. The coefficient g can be obtained using Eq.

2.21.

b,
= _of2 Eq. 221

bo,ECZ,red

2d
~ & sle "> Slab Edge

Column 'T <154
E I <0.5¢,

()
S8

%Q
« e

-——————

-] e Reduced
<1.5d Basic Control
<0.5¢, Perimeter

Slab Edge

Fig. 2.13 — Reduced Basic Control Perimeter per EC2 (2004)
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2.5.2.3 Punching Shear Strength (Capacity)

The punching shear resistance of the slab-column connection is evaluated at the basic control
section (Figs. 2.11 and 2.12). The connection punching shear resistance without shear
reinforcement, v, gc,, is determined using Eq. 2.22. Instead of using characteristic concrete
strength originally specified in the code, this study uses f,' in Eq. 2.22 for comparison purpose.

—Sk(loo V7 > 04228277 psi
Ve EC2 = y_ s pl,ECZfC) = 0. ks fca pst Eq 2.22

c

where:

7. = partial safety factor for concrete material properties, taken as 1.5 for transient and
persistent situations and 1.2 for incidental situations. In this study, y_ is taken as 1.0 for the

evaluated specimens.

7.9
<20

=1+ 26y =

d = average slab effective depth in inch.

Pleca = /ptx,Ecz Pyrcy = 0.02

Prrcr Pyecy™ slab reinforcement ratios in the x- and y-directions, respectively, considering a

slab effective width equal to the column width plus 3d each side.

f. = concrete strength (psi)

2.5.2 FIB Model Code 2010

2.5.2.1 Control Perimeter

The FIB Model Code 2010 uses 2 different control perimeters in the design of punching shear
of slab-column connections. First is the basic control perimeter, b; y;c, for the evaluation of
shear demand. The definition of b, 4, is presented in Fig. 2.14. To evaluate punching shear
capacity, the shear-resisting control perimeter b, )/ is introduced and it will be explained

further in the following.

Due to two-way action, shear stress is concentrated at the corner of the support. To consider
this effect, a reduced basic control perimeter b, ysc10 = i prcrea 18 used, as shown in Fig. 2.15,
in which the length of its straight segments does not exceed 3d on each side. In addition, to
account for the moment transfer between the slab and the column, the shear-resisting control

perimeter b, ) is taken as k.bj s, Where k, is the coefficient of eccentricity. The
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parameter k, is 1/(1+e,/b,), where e, = |el + e}, can be determined per Fig. 2.16

assuming that the simplified basic control perimeter is composed of straight line segments at
d/2 distance away from the column face; and b, is the diameter of a circle with the same surface

area as the region inside the basic control perimeter.

dr2
A F Slab Edge

Column

- e e

d2 ’

Basic Control

Perimeter

Slab Edge %

Fig. 2.14 — Basic Control Perimeter for Punching Shear per fib Model Code (2010)

Reduced Basic
Control Perimeter

Fig. 2.15 — Reduced Basic Control Perimeter for Large Supported Areas
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Fig. 2.16 — Resultant of Shear Forces Location per fib Model Code (2010)

2.5.2.2 Design Shear (Demand)
The shear stress demand, v, 5/c, is evaluated per Eq. 2.23. In which, V, is the support reaction
force; g, is the design load on the slab; 4, is the area within the basic control perimeter; and

d is the average slab effective depth from the two directions.

v _ Vg - quAcp Eq. 2.23
M,MC - bO,MCd

2.5.2.3 Punching Shear Strength (Capacity)

The concrete punching shear capacity v, ¢ of the connection is evaluated using Eq. 2.24. In
which, fc is the concrete strength; b, /¢ is the shear-resisting control perimeter as presented
above; and d is the slab effective depth. The parameter y, is the partial safety factor for concrete

material properties, taken as 1.5 for transient and persistent situations and 1.2 for incidental

situations. Similarly, y_is taken as 1.0 for the evaluated specimens in this study.

‘/fc, MPa Eq.2.24

Vemc = kw
c
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The coefficient k,, in Eq. 2.24 is calculated using Eq. 2.25. The parameter kj, is evaluated as

32/ (16 + dg(mm)) but may be taken as 1.0 if the maximum aggregate size (d,) is not less than

16 mm. The parameter y is the rotation of the slab around the supported area. For a typical

design (Level II approximation), i can be determined using Eq. 2.26.

1

ky = < 0.60
Yoo1.5+ 0.9k ggyd(mm) ~— Eq. 2.25
r S, m
= 15— Eq. 2.26
v dE; (mn) q

bs‘r

D —

V‘

Fig. 2.17 — Support Strip Dimensions

For regular flat slabs, where the ratio of the spans (Lx/Ly) is between 0.5 and 2.0, the », in Eq.
2.24 denotes the position where the radial bending moment is zero with respect to the support
axis and is assumed to be 0.22L, or 0.22L, for x- and y-directions, respectively. The parameters
j; and E, are the yield stress and modulus of elasticity, respectively, of slab flexural
reinforcement. The design moment and nominal flexural strength per unit length represented
as m,, and m,, respectively, of the slab is evaluated within the support strip b, of the considered
direction of moment transfer, where b, = 1.5M < b, and the definition of by, is

presented in Fig. 2.17. The design moment m, of corner connection in each direction is

evaluated using Eq. 2.27, where V,, is the vertical load measured from the support center, e, ;
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is either e, or e,, depending on the direction being investigated. In the end, w per Eq. 2.26

shall be evaluated in each direction and taken the larger value to evaluate &, in Eq. 2.25.

1 ey v,

v (L .Y Eq.2.27
M "(8+ bs>_2 d

2.6 CORNER SLAB-COLUMN CONNECTION TESTS
Research works on slab-column connections subjected to combined gravity and earthquake-
type loadings have been extensively started in the early 1970s. However, only a few were

conducted for corner slab-column specimens.

Behaviors of corner slab-column connections under combined gravity load and unbalanced
moment were experimentally evaluated using different setups. Most of these tests (Zaghlool,
1971; Zaghlool and de Paiva, 1973; van den Beukel, 1976; Hammill and Ghali, 1994; and
Widjaja, 2008) were conducted using isolated corner slab-column sub-assemblage, others
(Zaghlool et el., 1970; Walker and Regan, 1987; and Desayi and Seshadri, 1997 ) were using
single-panel flat plate specimens, and a few (Gardner and Shao, 1996; Hwang and Moehle,
1990, 2000; Sudarsana, 2001; and Rha et al., 2014 ) were utilizing multiple-panel specimens.

To be aligned with the current ACI 318-14, connection shear capacity is evaluated based on
test results of specimens primarily subjected to monotonically increasing gravity-type loading
while connection deformation capacity is evaluated based on test results of specimens
subjected to combined gravity-type loading and lateral displacement reversals. Unfortunately,
test results of specimens subjected to combined gravity-type loading and lateral displacement
reversals are not completely reported in the literature; i.e., lateral displacement data are not
available. As a result, only research works on corner slab-column connections primarily

subjected to monotonically increasing gravity-type loading are reviewed in this section.

2.6.1 Zaghlool, de Paiva and Glockner (1970)

Four single-panel reinforced concrete flat plate specimens, each supported by four square
columns at the corners, as shown in Fig. 2.18, were tested by Zaghlool et al. (1970). The design
parameters used in this study were the column width-to-slab thickness ratio and the concrete

strength. The gravity load was applied at 16 points through 15-in. square steel plates resting on
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rubber pads on the slab top surface, as shown in Fig. 2.18. Tripod devices were used to monitor
the reaction forces at the column supports throughout the test. According to the report, flat
plates I, Il and IV failed in shear with relatively limited inelastic behavior observed. Flat plate

II failed due to the initial failure of one of its reaction supports.

Gravity Load i

Load Plate /‘?/‘?/‘?/‘7 !

= i/‘7 60"
-

Reactions

120"

—> —>
-~ 120" /‘?}/

[ >
[ >

Fig. 2.18 — Single Panel Flat Plate Specimen Tested by Zaghlool et al. (1970)

The proposed model by Moe (1961) for interior connections was evaluated using the test
results. The results showed that Moe’s model was very conservative when applied to the corner
connections. A value of 0.04 for the fraction of moment to be transferred by shear was found
to provide a more reasonable prediction of strength instead of using 1/3, as recommended by
Moe (1961). The proposed value of 0.04 for the fraction of moment to be transferred by shear
was further evaluated in terms of linear interaction diagram between shear and moment
(Hanson and Hanson, 1968) and showed good agreement with the test results. A simplified
model in evaluating the punching shear strength of corner connections was proposed as
expressed in Eq. 2.28. The parameters d and c, or ¢, refer to the slab effective depth and side

dimension of a square column, respectively.

d
v, = [5.6+2.0 (C—)] N Eq. 2.28
X
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2.6.2 Walker and Regan (1987)

Eleven single panel flat plate specimens were tested by Walker and Regan (1987). The first 7
specimens were tested using the experimental setup shown in Fig. 2.19. The rest of the
specimens were relatively smaller in size and had no upper columns to simulate roof slab. The
test arrangement at the bottom was essentially similar with that shown in Fig. 2.19. The top
reinforcement of one of the specimens was placed diagonally for some specimens, 45 degrees

with the slab edges.

The bottom end of the columns was supported by spherical bearings, allowing freedom of
rotation. Three of the columns were allowed to freely translate while the bearing support of the
other one was fixed to the laboratory floor. Bottom columns were interconnected with pin-
ended steel ties with strain gauges attached to the rod to monitor the tie forces. For specimens
with upper columns, struts with rotating bearings and load cells were employed to brace apart
the top ends and acting as ties. Gravity loads were applied through several points on the slab

surface using strands and a jacking system.

According to the report, the ultimate failure mode of all specimens was punching, though some
had attained their flexural capacities given by yield line theory especially those with lesser
amount of flexural reinforcement within the effective width. Based on the test results, column
dimensions were shown to have a great impact on the stiffness of the slab-column connections,
and consequently, the moment transfer mechanism. The stiffness of the connections was also
affected by the amount and detailing of the reinforcement. Specimen using diagonal top
reinforcement produced a much greater connection stiffness compared to its equivalent
specimen with a conventional, orthogonally-oriented, top reinforcement layout. The predicted
design shear stresses per ACI 318-83 (ACI Committee 318, 1983), considering that unbalanced
moments from the two directions are transferred simultaneous were conservative, except for

the specimen with a relatively large column side length-to-slab effective depth ratio.
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Fig. 2.19 — Test Setup Adopted by Walker and Regan (1987)
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2.6.3 Desayi and Seshadri (1997)

Six single panel flat plate specimens were investigated by Desayi and Seshadri (1997) under
gravity-type loading until failure. The gravity load was applied at 16 discrete points on the slab
and distributed as shown in Fig. 2.20. The specimens were constructed with three different slab
flexural reinforcement ratios and two different moment-to-shear ratios. The base of the
columns was supported by ball bearings, three of which were free to both rotate and translate

while the other one was only permitted to rotate and translation was restrained.

3.94"
(100 mm)
| 0.050P | 0.075P | 0.075P | 0.050P

07

5P 0.075P 0.075P 0.075P

075P

0.075P 0.075P 0.075P

050P

l 0.075P l 0.075P l 0.050P

25.59" (650 mm)

. 3.94" (100 mm)

v
)

3.94" (100 mm)

41.73" (1060 mm)

Fig. 2.20 — Single Panel Flat Plate Specimen Tested by Desayi and Seshadri (1997)

All of the specimens were reported to fail in punching with failure surfaces inclining at an angle
of about 30 degrees with the horizontal. Deflections in the slabs were observed to decrease as
the flexural reinforcement ratio was increased. Specimens with smaller moment-to-shear ratio
had relatively lower ultimate slab deflections. A model to predict punching shear capacity of
the corner slab-column connection was proposed by the authors. Details can be found

elsewhere (Desayi and Seshadri, 1997).
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CHAPTER 3
EXPERIMENTAL PROGRAM

3.1 INTRODUCTION

Experimental studies on the behavior of flat-plate framing system have been extensively
conducted before. However, there is no clear evidence indicating that a particular experimental
setup provides apparent advantages over the other. As a result, different experimental setups
have been adopted by different research groups. Some researchers (Desayi and Seshadri, 1997;
Rha et al., 2014; and Einpaul et al., 2015) believe that a continuous flat plate specimen is
suitable to monitor the actual load redistribution throughout the duration of the test. However,
isolated slab-column sub-assemblage is deemed satisfactory enough to capture the behavior of
the slab-column connection under certain loading condition (Broms, 2007), provided that
proper boundary conditions are carefully considered. Experimental program is usually
designed based on two major factors, namely, project cost and capability of the available test
facilities. In this study, the isolated slab-column sub-assemblage type of specimen is adopted.
This chapter provides a detailed discussion about the experimental program implemented in

this study.

3.2 PROTOTYPE FLOOR SYSTEM

The prototype floor system used in this study had a square floor plan, which was composed of
5 equivalent bays in each direction with center-to-center distance of 17.25 ft, as shown in Fig.
3.1(a). This bay distance was chosen such that the support of the test specimen would coincide
with the hole pattern on the strong floor of the structural laboratory. A uniform slab thickness
of 8 in. was used and it was supported by 16 in. square columns. No drop panels or column
capitals were used. The slab edges were flushed to the exterior faces of the perimeter columns.

Spandrel beams were not provided.

The designed forces were evaluated using ADAPT-Builder (ADAPT-Builder Ex. 3.20.1,
2008), a commercially available analysis and design software package, specifically for flat
plate structures. A one-story structural model was isolated from the prototype structure for
analysis. In the model, the ends of the columns above and below the slab represented the mid-
height of the prototype structure as shown in Fig. 3.1(b). Boundary conditions at the column
ends were set to be pinned connections, simulating the point of contra flexure at the column

mid-heights during seismic event even if no lateral load was applied to the model.
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Fig. 3.1 — Prototype Floor System

A uniform gravity load was applied on the entire floor area and its magnitude was adjusted to
impose a punching shear demand at the corner slab-column connection (Fig. 3.1) equivalent to

a 0.45 gravity shear ratio, defined as the shear demand divided by the shear capacity per ACI
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318-14 (ACI Committee 318, 2014) using a specified concrete strength of 5000 psi. Under this
uniformly distributed gravity load, a gravity shear of 32.57 kips and unbalanced moment of

47.88 kip-ft in both directions were then obtained at the corner slab-column connections.

3.2 SPECIMEN DESIGN

This experimental program focused on the behavior of corner slab-column connection under
combined gravity-type loading and lateral displacement reversals. An approximately full-
scaled corner slab-column sub-assemblage was designed as experimental specimen of this

study.

The test specimen was composed of a column stub and slab as shown in Fig. 3.2. The column
stub, with a 16 in. square cross section, was 134 in. high. The 8 in. thick slab had a total edge
dimension of 119.5 in. in two orthogonal directions, allowing 8 in. extension from the
centerline of the slab panel described in the prototype slab system. This was to accommodate
attachments to simulate boundary conditions of the pseudo-continuous edges of the slab panel.
The slab edges were flushed to the outside faces of the column. The east and south sides of the
slab were provided with holes for boundary condition attachments and for SW, SE and NE
corner steel arm supports. Additional 3 holes with 1 in. diameter were laid near the slab-column
connection at gridline intersections C-3, C-4, and B-3 for gravity load applications. The column
was extended 60 in. from the top slab face. Four threaded rods were anchored at the top end of
the column to fasten a steel support on which the hydraulic actuator was attached. Underneath
the slab, the column was extended 66 in. downward. The six specimens in this study were
geometrically similar with detailed dimensions shown in Fig. 3.2. Based on the slab
reinforcement ratio, however, the six specimens were divided into two main groups, namely,

the G-Series and the R-Series.

Test parameters for each specimen are summarized in Table 3.1. Connection gravity shear

levels in each series are expressed in terms of / S bod.
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Table 3.1— Specimen Target Gravity Shear Level

Series Specimen Target Connection Gravity Shear
Gl 1.20 / £ (psi)b,d :0.10 / f.(MPa)b,d ]

G-Series G2 2.00 / /. (psi)b,d :0.17 / f.(MPa)b,d
G3 1.60 \/%bod io.13 / f.(MPa)b,d
R1 1.20 / £ (psi)b,d io.1o / f.(MPa)b,d ]

R-Series R2 2.00 / £ (psi)b,d io.17 / f.(MPa)b,d
R3 1.60 Wbod :0.13 / f.(MPa)b,d
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