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Abstract

Reinforced concrete slab-column structures are lyidsed because of their practicality. However,
this type of structures can be subject to punckimggr failure in the slab-column connections.
Without shear reinforcement, the slab-column cotioeccan undergo brittle punching failure,
especially when the structure is subject to late@ding in seismic zones.

The shear bolts are a new type of transverse reirfitent developed for retrofit of existing struetur
against punching. This research focuses on howsliear bolts can improve the punching-shear
capacity and ductility of the existing slab-columannections under vertical service and lateral

seismic loads.

A set of nine full-scale reinforced concrete slabimn connection specimens were tested under
vertical service and cyclic loads. The verticabdty) load for each specimen was kept at a cohstan
value throughout the testing. The cyclic lateraftdwith increasing intensity was applied to the
columns. The specimens were different in numbédbpalfs, concrete strength, number of openings,
and level of gravity punching load. Strains in fiead rebars in the slabs, crack widths, laterati$pa

and displacements were obtained.

The peak lateral load (moment) and its correspandiift ratio, connection stiffness, crack width,
and ductility were compared among different speoisnd he testing results show that shear bolts can
increase lateral peak load resisting capacityrdhtdrift capacity at peak load, and ductility diet
slab-column connections. Shear bolts also changdaitlure mode of the slab-column connections
and increase the energy dissipation capacity.

The thesis includes also research on the develdpofieguidelines for shear bolt design for concrete
slab retrofitting, including the punching shearigesmethod of concrete slab (with shear bolts),
dimensions of bolts, spacing, and influence of Halfout patterns. Suggestions are given for
construction of retrofitting method using shearthidRecommendations are also presented for future

research.
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Chapter 1

Introduction

1.1 Reinforced Concrete Flat Slab Column Structures and Punching Shear
Failure

Among many types of reinforced concrete buildingsnforced concrete flat slab structure is very
popular. It consists of flat plate and columnghwio beams between the columns to support the slab
Figure 1.1 (a) shows a flat plate floor, and Figlrg (b) shows a flat slab with drop panels and
column capitals. Figure 1.1 (c) shows a beam dtaiy.fIn this thesis, the flat slab column struetur
are such as represented in Figure 1.1 (a). Fig@rehbws an example of a system that consistsbf fl
plates supported on columns. The research addrissbshaviour, design, and retrofit of this tyfe o

structures. Emphasis is on the punching sheaffitaifeglab-column connections in seismic zones.

1
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Drop panel
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™ Capital

(a) Flat plate (slab) floor (at slab floor (c)@wa-slab floor

Figure 1.1 Flat slab (plate) floor and beam-slabiflladapted from MacGregor and Bartlett, 2000)

Flat slab-column structural systems are popular tdueeduction of building storey height, easy
setting up of formwork, convenience for HVAC utié$ layout, and good slab’s appearance.
However, this type of structure can easily be sthije brittle punching shear failure. When the-flat

slab-column connections are subjected to heavyceétbading, cracks will occur inside the slab in
the vicinity of the column. These cracks then pgape through the slab thickness at an angle 0620 t
45 degree to the bottom of the slab. This can teapunching shear failure of the slab along the

cracks (Fig.1.3). When subjected to seismic latexad, shear stresses in the slab increase due to a
1



unbalanced moment (from horizontal loading), arelglab-column connection is more likely to fail

by punching shear.

Figure 1.2 Reinforced concrete flat slab buildi@ge and Clark, 1984, courtesy of British Lift Slab
Ltd.)

Figure 1.3 Failure surface of punching shear (&dhfpom MacGregor, 2000)

There have been several cases of punching shdéarefan the last few decades. Punching shear
failure can happen during the utilization of buigs. For example, in 1962, in New York City, a

three year old concrete deck of a plaza, which paats of a roof of a car garage, collapsed suddenly
(Feld and Carper, 1997). The roof was supporti@grd deep earth cover with vegetation on it. It was
found that the slab punched through a column aeckttvas little damage in other places of the slab.

2



The reason was that the earth on the slab top atasased and frozen, which increased the load.
Moreover, the slab was constructed with insuffitigimnching shear capacity.

Figure 1.4 Collapse of Skyline Plaza (adapted fBaidding Science Series 179, 2003, by Building
and Fire Research Laboratory of the National lasiof Standards and Technology, USA)

Punching shear failure can also occur during caostm, when the weight of the fresh concrete and
shoring are transferred to the adjacent lower esorThese construction loads are sometimes larger
than the designed live loads. If the shoring isaeed too early, the concrete strength of the lower
story may not be sufficient, resulting in lower pbhing shear capacity. In 1973, the Skyline Plaza
(high-rise apartment building in construction) suéd a progressive collapse from thé 2®or to

the basement which caused fourteen workers’ ddéth (.4). The investigation revealed that the
failure started from 23 floor by failure of the slab near one or more cohs due to premature
removal of shoring and the low punching shear gtteof concrete (Carino, et al., 1983).

Openings in slabs are often necessary and areloftated near columns. This makes the slab column
connections weaker in punching shear. Feld andeZgf®97) reported punching shear failures of
concrete slabs due to construction of openingsibesilumns (Feld and Carper, 1997).



1.2 Reinforced Concrete Flat Slab Column Structures under Earthquakes

There are more than 10,000 earthquakes recorddd ye=sr and approximately 60 of them are
significant and potentially destructive (Berter®94). Earthquakes occur in Canada mainly in the

east and west coast areas and in the Arctic.

During an earthquake, the horizontal movement efgltound induces large horizontal inertia forces
and lateral drifts in the buildings. The inter-stalrift makes the flat slab-column connection retat
and produce moments in the connection. The monieatsase punching shear stress in a concrete
slab around the column area. Therefore, the f#dt structures are easy to be damaged in earthquakes

In 1985 Mexico City earthquake, 91 waffle slab stuwes collapsed and 44 were severely damaged
(Rosenblueth et al.,, 1986). This type of structuw@s the most vulnerable to collapse in that
earthquake. Waffle slabs have solid slabs at therooconnections, thus they have similar behaviour
to flat slab structures. Some of them were damdyedunching shear failure of the slabs. Others

were damaged by column failures.

In the 1994 Northridge earthquake, a four-storynfoeced concrete slab-column building was
severely damaged. Its typical plan view is showrFigurel.5. The outside perimeter consisted of
ductile moment frames. Slabs (with drop panels)ewsrst tensioned. Each of the first floor and the
second floor was damaged in six slab-column commextFigure 1.5). Also, there was cracking and
spalling of concrete on the perimeter frame (S4984, Wallace et al., 2000)
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| | | | | | | | | |
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[E—— [ [E— [E— [E—
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Figure 1.5Damage of the slab due to punching shear (Sab®4)19
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1.3 Objective of This Research

Strength and ductility are both important for stanes designed for seismic zones. It would not
economical to make all buildings to deform elasdtycander earthquakes. Most structural members
are allowed to have plastic hinges and deform ipkbt. An important philosophy is that these
members must be able to sustain load under larfgendations to let people be evacuated during an
earthquake. Thus, these structures must possesiitylud general definition of ductility can be
stated as: the ductility is the ratio of the ulttendisplacement (drift, or rotation) over displaesin

(drift or rotation) at the onset of yielding.

It was not until in 1976 that the United Building@® specified ductility requirements for structures
A large number of buildings, including flat slablwmn structures, constructed before that are
therefore lacking ductility. Recent earthquakeswsiioat buildings designed using newer structural
codes behave much better than the older ones. foherd is desirable to find effective method to
strengthen the existing reinforced concrete flab glolumn structures. It is important to incredsee t

punching shear capacity, ductility, and lateraftddpacity of the slab column connections.

Adding shear reinforcement is one way to meet theggirements. Among many kinds of shear
reinforcements, steel shear bolt, was developedX@sting concrete slabs. Figure 1.6 shows one
shear bolt and its washer and nut. This type ofishelt set was used in this research. The batiste
were of 3/8” (9.5mm) diameter. Figure 1.7 gives thmensions of the bolt. The washer at the
threaded end was machined to be 9mm thick and 4dimmeter with 14mm diameter holes centered.
The washer at the other end was of 44mm diamdtiekrntess 3mm and a hole of diameter 18mm.
This washer was provided to increase the bearieg ander the head which had a diameter 30mm

(typical for shear studs).

Figure 1.6 Picture of shear bolt
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Figure 1.7 Dimensions of boll, washer and nut

The shear bolts were installed vertically through holes drilled in the concrete slabs around the
columns. Figure 1.8 shows the shear bolts instatleadslab. The bolts intersected with the poténtia
punching shear crack, holding the outer part ofcostie slab from punching. Figure 1.9 shows the
possible pattern: orthogonal and radial layout @fsbin the concrete slab. Figure 1.10 and Figure

1.11 show the top and bottom view of the concrietle with shear bolts, respectively.
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Figure 1.8 Shear bolts installation in the concfietieslab
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Orthogonal layout Radial layout

Figure 1.9 Layout pattern of shear bolts in theccete slab
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Figure 1.11 bottom view of the slab with shear®olt

Since 1996, research has been carried out onldlatcelumn structures strengthened by shear bolts.
First, ElI-Salakawy et al. (2003) published testitsson edge slab column connections strengthened
with shear bolts subjected to a constant ratiora¥ity load and lateral loads. Then, Adetifa and

Polak (2005) tested six interior flat slab columammections. Those experiments showed that under



static loads shear bolts can improve the punchivearscapacity and ductility of the slab column

connections.

Since punching shear strength and ductility of §lab-column connections is especially important in

seismic zones, the behaviour of slabs strengthestbdshear bolts became the primary objective of
this research. This behaviour was investigateché déxperimental program designed to study the
load-displacement responses. Nine full scale spawinwere tested. Comparisons were done with
slabs without shear reinforcements. In additioe, ¢ffect of openings in slabs, intensity of gravity

loads and bolts patterns in the slabs were varieihé tests. The thesis is concluded by a detailed
investigation of the design recommendations regardihear bolt size, anchorage head size and

spacing of bolts in slabs.

1.4 Contribution of This Research

This research involved experimental investigatiom the behaviour of interior slab column
connections with shear bolts subjected to gradadland pseudo seismic loading. Nine slab column
specimens, in two series, were cast. Three of tlvere designed with 150x150mm openings next to
column faces. Three of the specimens had appliestant vertical load of 110kN and the others were
subjected to 160kN.

This research is the first to present test resfltdab column specimens strengthen with sheas bolt
under pseudo seismic loading. It involved desigd #asting of nine specimens (six of them with
shear bolts) under gravity load and cyclic latatisblacement loading. The obtained results were
analyzed regarding lateral load capacity, latenaft datios, cracking, strains, deflections, and
ductilities of the specimens. Series |, which wasrétial test series, was designed to study tifiecef

of shear bolts in slabs, number of shear bolt rowmsd gravity load intensity under cyclic
displacements. Series Il was designed to studyctefi€ openings and bolt pattern on the overall
behaviour of connections.

In order to conduct this research, a detailedrtgstetup was defined. An existing steel test frame
the laboratory was first modified and an additios#el supporting frame was designed and
constructed. An independent steel rack was designedinstalled for displacement transducers to
record the specimen deformation.

In addition to testing, a theoretical investigativas completed on the design aspects of shear bolts

and slabs reinforced with shear bolts. To providesign and construction guide for strengthening of
8



flat slab column structures, bolt heads were aealyrsing elastic thin plate theory and finite eletne
analysis. Equation for head area was derived baseconcrete bearing strength. Relation among

head thickness, bolt diameter and diameter of heéssprovided.

Bolt spacing in slabs was analyzed and appropdesggn procedures were provided. These included
strength requirements for concrete slabs retrdfitteth shear bolts and requirements related to
inclined crack propagation. Seismic design requineis regarding to slabs with shear bolts were
given. Finally, some suggestions were providedtlier retrofitting construction, fire and corrosion

protection of steel shear bolts, and maintenance.

1.5 Organization of the Thesis

Chapter 1 of this thesis introduces the backgroarplains the objective of the research, and ptesen

the contributions.

Chapter 2 describes a literature review on: 1) pimg shear research; 2) seismic behaviour and
research on flat slab column structures; 3) previmsearch work carried out at the University of
Waterloo.

In Chapter 3, the experimental setup is introdu@eduding the design and setting up of steel test
frame, steel supporting frame, instrumentation, design and fabrication of the concrete flat slab

column connections.

Chapter 4 presents the experimental results. Casqgparare made which show the advantages of the
steel shear bolts. Analysis of the results is deh&ech shows the performance of slabs with shear
bolts. Loads, drift ratios, strains, and crackspesented.

In Chapter 5, the design of steel shear bolt isihtced. Also the design of the existing concrete
slabs strengthened with shear bolts is explaingéerims of number of bolts, the spacing and laydut o
the bolts in the slab. Some suggestions are al@ngin the operation of retrofitting, protectiordan
maintenance of the shear bolts.

Chapter 6 presents the conclusions and providegestigns for future research.



Chapter 2

Literature Review

2.1 Introduction

This chapter describes literature on punching shesearch work that has been done by previous
researchers. First, in section 2.2, it introdutesresearch completed on reinforced concreteléibt s
column connections under vertical (gravity) loacha@ombination of vertical load and static moments
only. Second, in section 2.3, it addresses previessarch on punching shear behaviour of flat slab-
column structures subjected to seismic loads aaglitgrload. Then in section 2.4, some typical
mechanics models for punching shear of slab-colaommections are reviewed. In section 2.5, the
code design methods for punching shear of flat stdibmn structures are introduced. Finally, section
2.6 presents research on shear bolt strengthenaigoch that has been done at the University of
Waterloo, which includes work on edge slab-colunumnections under gravity loads and static
moments, and behavior of interior flat slab-coluconnections subjected to monotonically increasing

gravity loading.

2.2 Punching Shear Behaviour in Reinforced Concrete Slabs under Vertical

Load or Vertical Load Combined with Static Moments

When a reinforced concrete flat slab column stmecia subjected to heavy gravity (vertical) load,
punching shear cracks occur inside the slab atdhenn vicinity. They propagate at 20 ~ 50 degree
angles through the slab thickness. A truncatedcebmir pyramid failure surface around the column
forms. In addition to vertical loads, the slab-entu connections may be subjected to unbalanced
moments, which are caused by unequal spans onshu®h of the column or by lateral loading such
as wind or earthquakes. The unbalanced momentsisted by a combination of stresses in slab
flexural reinforcements, shear strength of concrate shear reinforcement in the vicinity of column
Effect of unbalanced moments from earthquakes (sede cyclic loading) will be discussed in
Section 2.3. Punching shear transfer mechanismerifed forces equilibrating punching force)
include: aggregate interlock at the crack, compoesand tension in concrete, dowel force from
flexural steel, and tension in transverse reinforests if present.
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2.2.1 Parameters Influencing Punching Shear Strengt  h of Slab-Column Connections

Many factors affect the punching shear capacitflaifslab-column connections under static loads.
Slab thickness, column dimensions, concrete sthefigikural reinforcing ratio and pattern, and shea
reinforcement are all the parameters influencingching shear capacity. In experiments, the testing
methods and conditions, such as the loading ralesaale of specimens, also influence the results,
and supporting conditions. The discussion belowaised on some selected references related to the

above factors.

2.2.1.1 Concrete Strength
Research has been done to find the relation bettreeconcrete compressive strendthand the

shear strength. Moe (1961) was the first to coreltitht the shear strength relates notfjcbut

to+/ f, . Based on the testing results, he obtained thewislg equation for ultimate nominal

Cc

punching shear capacity, :
V. = [151- 0.0755) - 525014/ f. 2.1)

where cis the column dimensior is the effective slab deptlyg = ——, V,,, is the vertical

flex
punching shear force at the calculated ultimateufial capacity of the slab. Moe explained that shea
strength is primarily affected by concrete tensdiglitting strength which is often assumed

proportional ta/ fc' . Current research also suggests that high strexggttrete can increase 20% of

the shear strength of the slab-column connectiomafi, Marzouk, and Hilal, 1997).

2.2.1.2 Column Size and Slab Thickness
As shown in equation (2.1), Moe (1961) proposed #t@ar strength depends on the ratio of

concentric load area (column) dimensiorto slab effective thicknesk. In equation (2.1), if let

V Lo . .C . , ,
@ =1, the value of== would be in linear relation wﬂha. This means when dimensions of

i
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: , , V
concentrated load area increase, or when the $lettige thickness decrease\/% decreases as
f
c

well.

2.2.1.3 Flexural Reinforcement

The strength of flexural reinforcement, reinforcemngoattern and layout, and the amount of

compression reinforcements have effects on pundtiegr capacity. These are explained as follows.

(1) Strength and Ratio of Flexural Reinforcement

Research indicates that shear strength can bedetatflexural effects. Yitzhaki (1966) tested 14
slab-column specimens and proposed that the streamigth depends proportionally on the flexural
reinforcement strength and the column size.

Dowel forces develop in the flexural reinforcemewtsen they cut across the inclined shear crack.
Vertical forces also develop due to the membrafecein the flexural reinforcement mat when the

rigid parts of a slab (outside of shear cracksateoiround the column. Kinnunen (1963) concluded
that dowel forces and vertical forces from membraffiect account for 35 percent of the punching

shear capacity. Therefore, according to Kinnenwosclusion, slab punching shear capacity
increases if the ratio and strength of flexurahf@icements increases.

. V V, . .
Moe (1961) proposed the relation betwee¢h and—"—, as in equation 2-2,
0 flex

V—“.+C' Vo =10 (2-2)
v, \Y;

flex

whereV, is the nominal punching shear strength (verticaighing shear force of the columi,,
is the vertical punching shear force at the catedlailtimate flexural capacity of the slaB,is a

constant between 0 and 1, avigis a fictitious reference value of shedf, = Abd,/f_, A'is a

constantbis the perimeter length of the critical secti@h,is the effective thickness of a slab. From

V, V
Figure 2.1, it is found that =" =1, V—“ approaches a constant. This means if we desidgba s
flex 0
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governed by flexural failure{, =V

which is a preferred mode of failurey/, can be calculated

flex 1

usingV, = A'bd\/fT, which is independent of the flexural reinforciragjo.
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Figure 2.1 Interaction between Shearing and Fléx&trangth (Moe, 1961)

(2) Pattern of Flexural Reinforcement

Tests by Kinnunen and Nylander (1960) showed tafailure loads can be about 20%-50% higher

in circular slabs reinforced with two-way bars thhat in slabs with ring reinforcements.

(3) Concentration of Tensile Reinforcement

Hawkins et al. (1974) summarized that concentratbriensile reinforcement over a column is

preferable because it increases slab stiffnesaydbk first yielding of tension reinforcement, and

decrease the crack width under the same loadingjtamm

(4) Compression Reinforcements

13



V,
Elstner and Hognestad (1956) reported thatgfor —— <1, there is little effect on shear strength

flex

with the variation of the compression reinforcemevitereV, ,V,,, are defined as in equation (2-1).

flex
However, wheng, =1, the shear strength increases if the ratio ofctrapression reinforcement

increases. Compression reinforcements also incrs@sdowel force after punching failure, which

can prevent progressive collapse of a structure.

2.2.1.4 Shear Reinforcements

Conical punching shear cracks form if the slalulgjexcted to a vertical load or a vertical load véth
unbalanced moment. To prevent punching shear draokpropagating, shear reinforcements can be
used. Shear reinforcement is, in general, a bastf@r shape) crossing the inclined cracks togarev
punching shear failure. The bar should have adegeasion strength, ductility and good anchorage
to develop its strength if punching shear occufger€ are many types of shear reinforcements for

new or existing reinforced concrete slabs.

(1) Shear Reinforcements for New Construction

For new construction, shear reinforcements are dddzewith the flexural reinforcements before the
concrete is cast. They can be divided into thremigs: 1) Structural steel sections such as | shape
steel, or channels; 2) Bent bars and stirrups; &ddd reinforcements including shear studs and

headed bars

Hawkins and Coley (1974) investigated the effect-siiape steel in edge slab-column connections
(Figure 2.2). They found that I-shape steel inazest®ear capacity and rotation capacity of the slab-
column connections. However, |-shape steel sectioeed to pass through the slab-column
connection, and therefore sections in one directiead to be welded or bolted onto the I-steel
sections in the other direction. This congestssiab column connections. In addition, the I-shapes
can only be embedded between the top and bottoar relts, otherwise holes have to be drilled to
let the rebars go through. Thus this kind of punghéhear reinforcement is not a favorable one in
construction, with the exception of thick slabs &arde columns where they may work.

14



Figure 2.2 I-shape shear reinforcement (HawkinsGaidy, 1974)

Headed shear studs welded to a bottom steel saip ¥irst tested at the University of Calgary by
Dilger and Ghali (1981) (Figure 2.3). The areadfead on the top of the bar is usually at least te
times of the bar sectional area. Tests using tiéarsreinforcement show that the shear capacity and

ductility are increased.

Figure 2.3 Headed shear studs welded to a bottesh igate

Megally and Ghali (2000) compare five 150mm thiaterior slab-column connections under vertical

loading. Four of them were strengthened by shepitatadrop panel, stirrups, and shear studs,
respectively. It is shown that the shear capital drop panel increase punching shear capacity, but
the strengthened slabs show no better ductilityy than-strengthened slab (Figure2.4). Stirrups

15



increase strength, but not ductility for 150mm khiglab (due to poor anchorage). Shear studs
substantially increase strength and ductility @f tonnections.

Slab ABI {no punching strengthening)
—®— Slabl-1 (shear capital)

—*— Slabl-2 (drop panel)

—=4-= ShbB (stirrups)

~—%¥— Slab ABS (stud shear reinforcement)

Shearing force V (kN)

- 88838888

PR TR ST SN TR WS I S S SO T [N VRN S S S

20 30 40 50 60
Maximum slab deflection (mun})

0 10

Figure 2.4 Load-deflection curves of slabs witlfiedent punching strengthening methods (adapted
from Magally and Ghali, 2000)

(2) Shear Reinforcement for Retrofit of Existingif®erced Concrete Slab-Column Structures

Existing concrete slabs may need to be strengthénedo insufficient punching shear capacity. This
may be caused by change of the building use, n@nings in a slab, design and constructions errors.
There have been several methods proposed for jmdtiear retrofit of existing slab column
connections. A steel support can be installed atatwe column on the bottom of the slab. Also

reinforced concrete capital or a drop panel caadued to the bottom of a slab.

Ghali et al. (1974) tested 10 specimens with peeserd shear bolts in three groups (Figure 2.5). The
twelve bolts for each specimen were 3/4 inch diamieigh tensile strength steel bolts with a 4x4x3/4
inch steel plate at each end. The unbonded bolts igasioned to 75.3kN before testing. One group
of specimens (Group B) were subjected to monottigiéacreased moments, and another group
(Group C) were subjected to monotonically incregisiertical load. The results showed that the
prestressed slab had much higher deflection capaadid failure load than unreinforced slabs. In
Group C, specimen # 10 ( no bolts) obtained amalié load of 413 kN, but specimen #9 (prestressed

bolts) obtained 690 kN ultimate vertical load, anrease of 67% compared with specimens #10. In
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group C, specimens #5 (without bolts) reached 196 lultimate moment, and specimen #4 (with

prestressed bolts) reached 241 kNm moment, a 288dse.

Figure 2.5 Prestressed shear bolts for slab uratécal load (Ghali et al. 1974)

A new shear strengthening technique using steelrdhats for existing slab was proposed by El-
Salakaway et al. (2003), and Adetifa and Polak $20Besults of the tests show that the maximum
deflections measured at ultimate loads are betvideh62% larger for slabs with shear bolts than
those of non-shear-reinforced slabs. The ultimatecpbing shear capacity can also be increased by

using shear bolts. These will be introduced iniad.6.

2.3 Previous Research on Seismic Behaviour of Reinf  orced Concrete Slabs

2.3.1 Flat Slab Column Structures in Seismic Zones

In seismic zones, flat slab column structures rdefbrm without damage together with the primary
lateral load resisting system such as shear waltsaced moment frames. If the slabs do not have
adequate ductility and strength, punching sheduréaiof slab-column connection can occur. When
the concrete slab column structures experienceccipeding during an earthquake, the behaviour of
the structure is different from those in non setsmtines. The punching shear strength and stiffofess
concrete decrease under cyclic load, hence thecslamn connections need to possess certain
strength and ductility to undergo inelastic defatiores. Lateral deforming capability and ductilityea
two main necessary properties of slab-column sirecin seismic zones. Furthermore, this type of
structures needs to have post-failure resistariee afi earthquake to support service loads.
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Substantial research work has been done on punshiegr behaviour of slab-column structures in
seismic zones. Most of the previous experimentsewdwne using interior or edge connection
subassemblies isolated from prototype structuresisting of a slab with columns extending from
the top and bottom of the slab. These subassendiesubjected to vertical loading from either the
top of columns or slab surface, and cyclic loadingthe column ends or slab edges. This method is
easy to carry out and the test results have bekzedtin design codes. There is also some research
was done using continuous slab column specimeniserGiéxperimental methods include testing
model structures on shaking tables.

Many factors influence seismic punching shear dapamnd ductility of slab-column connection in
seismic zones. In addition to the ones describeskation 2.2, the following are also important in
seismic zones: biaxial loading or uniaxial loadamgl the magnitude of the gravity load shear.

2.3.2 Behaviour of Slab-Column Connections under Cy  clic Loading

2.3.2.1 Effect of Gravity Load

Robertson and Durrani (1992) tested three specimaok with two exterior and one interior slab-
column connections as shown in Figure 2.6. Theetlspecimens were subjected to different vertical
and lateral cyclic loadings. The specimen A, B @were subjected to vertical load of 140, 285, 420
Ib/ ft*(6.7kPa, 13.6kPa, 20.1kPa) respectively. Specimesashed a peak lateral load of 19.8 kips
(88.0 kN) at 3.5% drift, while peak load on speaisé8 and C were 13.1 kip (58.3kN) and 9.6
kip(42.7kN) respectively (Table 2.1). Specimen Aaled maximum drift of 5% at failure, while
specimen B and C reached 1.5% and 1%, respectively.

This work demonstrates that when the gravity laaabll (gravity shear level) increases, the capacity
for moment transfer and ductility of the connectibecrease. The hysteresis curves of unbalanced
moment versus drift for three specimens A, B an@vith increasing gravity loading) show that the

capacity of lateral drift, stiffness, and energgsifpation decrease as the gravity loading increase.

Robertson and Durrani (1992) suggested a design%khs 035, whereV, is the direct shear force
0

at peak lateral load, and, is the nominal shear capacity of slab in the atsef moment transfer.
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D A
Figure 2.6 Specimens including exterior and inteslab —column connection

Table 2.1 Vertical load influence on peak load drift (from Robertson and Durrani, 1992)

Specimen| Superimpose Peak load and Drift of first failure
slab load (Ib/f}) corresponding drift

A 140 19.8 kip at 3.5% drift 5% at one exterior gection
B 285 13.1 kip at 1.5% 1.5 % at interior connectiof
C 420 9.6 kip at 1% 1% at interior connection

1kip=4.448kN, Ib/ft>=47.88Pa

2.3.2.2 Effect of Biaxial Lateral Cyclic Loading
Pan and Moehle (1992) investigated the effect akihl lateral loading and gravity loading on the

behaviour of slab-column connections. Their tesupeis schematically showed in Figure 2.7. Some
of the specimens were subjected to uniaxial cydtift, while the others were subjected to biaxial

loading. It was found that lateral cyclic loadingduces the lateral stiffness, strength, and drift
capacity of the slab-column connections. Figuresh®ws the lateral force versus drift envelopes for

Specimens 1 to 4. Specimen 1 and specimen 2 hawgatne average gravity nominal shear stress on
the critical sectiori.4,/ fc' psi (0.12\/1‘7 MPa), specimen 3 and 4 are with the same gravidarsh
stress ofOBB\/fi psi (007,/ fc' MPa). Specimens 2 and 4 were subjected to bias@lihg. It is
concluded that the biaxial cyclic loading resutisdecrease in stiffness, strength, and availalife dr
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capacity as compared to uniaxial cyclic loadingiatibn. Figure 2.8 also demonstrates that higher

gravity level loads lead to decrease in stiffnetigngth, and available drift capacity.

s
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Figure 2.7 Test set up of biaxial loading
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Figure 2.8 Experimental envelopes

2.3.2.3 Shear Capitals and Drop Panels

Since shear capitals increase the thickness aflargar the column, they are helpful for increasing

punching shear capacity. This was confirmed by \&leg¢t Durrani’s tests (1992). They tested three
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specimens with shear capitals under vertical loatiyclic moment. It was concluded that when the
shear capital is too small, and the connectioméet high moment reversals, the net positive moment
at the connection may result in an inverted purgtilure and the thickness of the shear capital is

not effective in increasing the shear capacity.

As mentioned in section 2.2.1, Megally and GhalQ@) concluded that shear capitals can only

increase shear capacity, but not enhance duadifiitlye slab-column connections.

2.3.2.4 Effect of Concrete Strength on Seismic Punc  hing Shear

Emam, Marzouk and Hilal (1997) researched seisnhiaracteristics of slab-column structures
constructed with high-strength concrete. Accordibogtheir tests on four interior slab-column
connections: two with high-strength concrete colwemd slab: H.H.H.C.0.5(1) and H.H.H.C.1.0(2),
two with high-strength column and normal strengéibsN.H.H.C.0.5(3) and N.H.H.C.1.0(4). By
using high strength concrete, the ductility of thsement and rotation increased by 100 and 125
percent, respectively, as the concrete strengteased from 35 to 75 MPa. Shear strength, moment
capacity, drift percent, and rotation capacity @ased by 20, 31, 37 and 50 percent, respectively.

However, Megally and Ghali (2000) concluded thahaligh high strength concrete increase
punching strength, the ultimate drift ratio andpthsement ductility factor, it can hardly prevent

brittle failure in severe earthquakes.

2.3.2.5 Shear Reinforcement for New Slabs

Several tests on slab-column structures under acyofiding were conducted using stirrups, shear

studs, bent-bars, or shearhead reinforcementssdienary of the findings is presented below.

(1) Stirrups, bent bars, and steel shearheads

Four slab-column connections (three with verticdbsed stirrups and one without shear
reinforcement) were tested under cyclic loadinglélgm and Park (1976). Meanwhile they also
tested other two specimens under monotonic laleading, one with bent-bars, the other with
shearhead reinforcement (channel sections). Therimental results led to the conclusion that the

closed stirrups increase the shear strength anifisantly increase ductility of the connection @nd
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cyclic unbalanced moment. The closed stirrups tésuinore ductile behaviour at large deflections
than a structural steel shearheads. Bent bars hadnel sections also increase shear strength,
however, bent bars do not increase ductility anly oesist punching shear in one direction; and

channels only slightly increase ductility.

Hawkins et al. (1975) investigated the effectivenet integral beam type stirrup reinforcement in
slabs under cyclic loading. They concluded thatdlosed stirrups can increase the shear strength,
ductility and change the ‘hysteretic behaviourhs tonnections with low reinforcement ratios from a
shear to a moment type of energy dissipation mésimenin order to make stirrups work efficiently,
they should be closed and with 135 degree hookB,amehored and extend far enough from the

column.

(2) Shear studs

Shear studs were developed at the University ofd@glas mentioned in section 2.2. Cao and Dilger
(1993) tested four specimens with shear studs. Tdwyd that the shear studs improve significantly
the connection ductility and shear strength. Sitoear studs are easy to install and do not interfer
with flexural steel bars and with concrete castitigjs type of reinforcement is preferred in
construction. One other conclusion from Cao andydil(1993) is that under cyclic loading the
concrete nominal shear strength of the conneciarduced. This should be included in punching

shear design formulas for slabs in seismic zones.

Megally and Ghali (2000) published their test resaf eight single edge slab-column connections
with and without shear studs under cyclic loadifige conclusion was that shear studs increase the
punching shear resistance and prevent brittlerfaidwen in a severe earthquake. The connections can

undergo ductile deformations up to 5% inter-stateff ratio without punching shear failure.

2.3.2.6 Seismic Retrofit of Reinforced Concrete Sla b Column Connections

Ebead and Marzouk (2002) tested two slabs, 190@xIIBDmm slab with 240x240 columns, which

were strengthened by eight ASTM A325 bolts (19mantditer) and 6 mm thick steel plates on top

and bottom slab surface around the column. (Fig@yeZhe bolts were bonded with concrete using

epoxy. The specimens were subjected to constatitaldoad and cyclic lateral load. They found that
22



the moment capacity increased about 15% and teegilrened connection could undergo 75% more
lateral drift than those without bolts and steeltg$. The strengthened connection could reach 8%

drift before failure, whereas the non-strengthesiall could only reach about 4-5%.

19mm Dia. Steel Plate
Bolts / / t=6mm

0
120120

Figure 2.9 Slab strengthened by steel bolts antdpl&bead and Marzouk, 2002)

Carbon fibre-reinforced polymer (CFRP) were alseduso strengthen the existing concrete slabs.
Stark et al. (2005) tested two slab specimens gitnened with CFRP. As shown in Figure 2.10,
CFRP straps were wrapped with epoxy through theshiol the slabs. These CFRPs acted as stirrups.
The slabs were detailed according to the old varsioACI 319-63. The columns were made from
steel and were attached to the slab using ste&d. b®dlvertical constant load and reversed cyclic
lateral load were applied to the specimens. Pugcéliear failure was found at about 2% for the non-
strengthened specimen, while the strengthened rapasi could undergo about 8% drift without
significant strength losses. The moment capadsty imcreased. The retrofitted connections had two
times displacement ductility and 3.5 times joirtatimn ductility as compared to the non-strengtdene
ones.
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Figure 2.10 Slab strengthened by CFRP stirrupsK tzal., 2005)
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2.4 Analytical Models for Punching Shear

In the last few decades, intensive research work deme related to punching shear. Based on the
experiments and analysis of the slab behaviougraganalytical models have been proposed. Some
of them formed the basis of the design formulae leyeg in various structural codes and

specifications. This section examines the backgtafrthe important models for punching shear.

(1) Punching Shear Model by Kinnunen and Nylander

Kinnunen and Nylander (1960) proposed a punchirgaisimodel based on static gravity-type test
results of circular slab-column connections, witircar column and circular and radial
reinforcements. Kinnunen (1963) developed the maiitiable for circular slabs with two way
orthogonal reinforcement mats on the tension sidecansidered dowel forces of the reinforcement.
As shown in Figure 2.11, the part outside the ivedi crack is divided into sectors bounded by the
inclined crack, radial cracks and the perimetethefslab specimen. The sectors as shown in Figure
2.12b, which are assumed to be rigid and suppdoyethe imaginary conical concrete shell, rotate
around the root of the inclined cracks. The congtalll, which supports all the sectors, is shown in

Figure 2.12 and the shaded area in Figure 2.12 c.

inclined
tangential crack

perimeter of a
slab specimen

\
conical inclined
shell i

Radial
crack

sectors

Figure 2.11 Assumption of conical shell and riggttors by Kinnunen and Nylander model
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Figure 2.12 Punching shear model of Kinnunen, 1963

Through the equilibrium of the sectors, Kinnunenivdml three equations as follows: equation (2-2)
was set up by satisfying moment equilibrium; eqrati2-3) and (2-4) were set up to satisfy force

equilibrium in radial and vertical directions, resgively.

y[IPqu—cl)+T E'kinaE(EZ—EZ)—T [tor Oh-z, - 2R, O0-ATY k= ( (2-2)
T [Gosa + 27(R, - 21k [R - ZTERZE-IA%= ( 2-3)
P1-y)=TGina (2-4)
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where P is the punching shear load on the connectiongipdied load at the slab periphery or at the

column), T is the inclined compression force in the conitadlls kR, is the force component in the
tangential direction of reinforcement cutting asrtéise shear cracky, is the force in radial direction
of the reinforcement cutting across the shear ¢r&kis the force of shear reinforcement (not

included in this model)R, is the tangential resultant of concrete compressitess at the bottom of

the sectionM is the vertical component of membrane force imfogcement mat caused by the
rotation of the sectionD is the dowel force in the reinforcement intersegtivith the conical shear

crack,V =M +D = yP, y is the ratio oV over P, Ag is the slice angle of the rigid sectiom,

is the incline angle of the imaginary compressionatete conical shelly is the vertical height of
the conical shell from the slab bottom surfads, is the vertical height of the resultant forBgfrom

the slab bottomB is column diameterz, and z, see Figure 2.12 c.

Kinunnen also assumed that the failure criterioriifie tangential compressive concrete strain on
the bottom surface of the slab under the root efsthear crack reaches a characteristic value ahwhi

favorable embedment of the conical shell is impHire

Using the compression stress in the slab bottororete, we obtain punching lod€l. Then using the

forces in the reinforcements, a punching Idgdcan be calculated. The ultimate punching Ié&ds

obtained by an iterative process: assume an inékile of% to calculatea , calculateR,, andP,;

if P is not close toP,, assume anothe%, and repeat tillF, = P,, which is then equal to the

ultimate punching loadP .

(2) TrussModéel by Alexander and Simmonds

Alexander and Simmonds (1987) proposed a truss Immdesimulate the punching shear

mechanism of slab-column connections. The modalnass the top steel bars as horizontal

chords and the concrete from the bottom of slabht top reinforcement as inclined struts

(gravity struts). As shown in Figure 2.13, the dmawconcrete struts resist the downward

movement, while the uplift struts resist upward ement. (Uplift struts consist of bottom rebar

and concrete from top slab to bottom rebar.) Wihenpunching load or the moment is large, the
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stress in the struts would be large enough to thesheinforcement mat apart from the concrete.
To determine the inclination angte of the struts, Alexander et al. (1987) gave théofdng
equation based on experimental results:

Dy CoppC

Figure 2.13 Truss model of slab punching sheaeX&hder and Simmonds, 1987)

—2.35K

tana = 1.0-¢e (2-5)
_ s, @t
A Efy mC/ds)O'25

where s is the effective tributary width of reinforcing hadl'is the cover of reinforcing mat
measuring from center of the mat to the near slefase, A, is the area of a single reinforcing bar,
C is the dimension of column face perpendiculahtliar being considered, is the effective depth

of the slab,fy is the yield strength of the reinforcement, af;g'dis the concrete compression strength.

For interior slab-column connections under vertioad only, once the strut angte is determined,

the ultimate punching shear lo& can be calculated using the following equation:

P= A O, dana (2-6)
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where A is the section area of flexural reinforcements the close enough to the column to

participate as a shear strut.

(3) Bond model by Alexander and Simmonds

On the basis of their truss model, Alexander amin®nds (1992) proposed a bond model for
concentric punching shear. In the truss modelshar is resisted by vertical component of theeforc

of the straight-line compression struts. Howevests show that a curved arch is more consisteht wit
strain measurements than the straight-line strgu(eé 2.14). The shear is transferred to the column
by the curved, radial compression arch. Tdie the tension force in the reinforcing bar as show

Figure 2.14. The shear ford&can be expressed as

y =d(@4d) _d@) id+ d(id) ;
dx dx dx

d()

where jd is the moment armT jd is the beam action part in which tension forcehe rebar
X

varies with locationx (stress gradient in the rebar), Wherge%QT is the arching action part in
X

which the armjd changes with x.

Reinforcing Bar 7

Face of Column

Figure 2.14 Curved compressimat (adapted from Alexander et al., 1992)
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Figure 2.15 Layout of radial strggépted from Alexander et al., 1992)

2w

Figure 2.16 Equilibrium of Radial Strip (aded from Alexander et al., 1992)

It is assumed the loads on the slab are transfeoréour radial strips intersecting with the column
(Figure 2.15). Each radial strip can be assumdxtta cantilever beam (Figure 2.16) when the far end

is free of moment, as in many punching shear testslab-column connections, ® ,,, =0 in

Figure 2.16.w is the maximum shear load that may be deliveresht side of a radial strip by the

adjacent quadrant of the two-way slab. Alterndgive is calculated from the maximum force
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gradient in the reinforcement perpendicular to rhdial strip. The punching capacity of the slab-

column connectiorP is

P=8w*l =8/M ,w 2-7)
2
where M, = 2w
2

M, is the flexural capacity of the strip, which damcalculated by the following equation:

— 2
Mneg —p[ny:Ejd (2-8)
where p is the effective reinforcing ratio (tension reirdement on the slab top) within the radial
strip, € is the width of the strip,fy is the yield stress of the reinforcemend is the internal
moment arm within the slab.

In order to calculate the ultimate punching sheadIP as in equation (2-7), the distributed load

is estimated using either the maximum stress gnadinethe rebar perpendicular to the strip or the
nominal maximum one-way shear strasswhich is specified by the ACI code 318. Alexanded

Simmonds applied bond stress to calculate stresliagt in the reinforcements, which is then used to

calculatew:
w=jd ) (2-9)
S
r,, =+, [0.09614 + 0.1337 (2-10)
b =—-1
. d,
q =min (2-11)

0, =3E

b
where s is the spacing of rebar perpendicular to the stljps the diameter of the rebad,'is the

concrete cover thickness (from rebar center tcstalp surface).

The second alternative to estimate the distribldad w is using the nominal maximum concrete
shear stresy_for a beam subjected to shear and flexure onlychvlis specified in ACI 318-05

clause 11.3.1 as:
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v, =2,/ (psi) = 0.166/f. MPa) (2-12)

It is assumed that the maximum shear stress ofttife (beam) section is transferred to the strip.

Therefore, the value ofv is:

w=d*v, =d(0.166,/f, (MPa) (2-13)

whered is the effective thickness of the slab.

(4) Plasticity M odel of Braestrup (1976)

Braestrup et al. (1976) proposed an upper bourstigity punching model for axisymmetric slabs
Figure 2.17 shows the section of an axisymmetab,sihich is simply supported by a circle ring
with diameter D on the bottom. As shown in Figurg82 a vertical load P is applied on the top center

area with diameted ; the diameter of the punched opening on the bosorface isd, ; curve A-B-E
is the inclined punching shear crack. It is assurntied the generatrix of the failure surface is

r =r(x) and the displacement vector is at an angle a(x) to the failure surface. The energf/()

dissipated at the failure surface should be equtide work (V) done by the punching loal .

Figure 2.17 Axisymmetric punching (Braestrup et #.76)

1 . dx
W, = j =0t (A - usina )2 (2-14)
02 cosy
W, =P (2-15)
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where Jis the relative velocity (displacement), is the uniaxial concrete strength, is the tensile

A —1- p(k-1), g=1- p(k+1), k=273 5 is the friction
f 1-sing

strength of concrete,p =

angle of concrete.

“x

X

Figure 2.18 Predicted failure surface (Braestrugl.etL976)

By equating (2-14) and (2-15), the upper boundnalte punching load® can be obtained. Braestrup
et al. (1976) optimized the failure surface and/tteeind that it includes a conical part and a caitgn

part. In the failure surface A-B-E in Figure 2.8 is an inclined straight line; BE is a catenary

curve. Thus the ultimate punching lo&dncludes two partsP, from the upper cone anlg, from

the lower catenary part.

P=R+P, (2-16)

P =7ch$(d cosp +h, sing )(& sip | (2-17)
2 cos ¢

P, =%nfc[/10(h—h0) +/1(d—21 (d—zl)z —c? -ab) —y((d—zl)z—az)] (2-18)
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where h is the slab depth and, is the height of the top cone part of the failunack,
a:%+h0tan¢, b=ctang, c=+a*-b’.

This model assumes the concrete as a perfectltiqraaterial. It gives good qualitative explanation
to punching shear failure. The variation of thecakdted ultimate punching loads was about 16% as
mentioned in their conclusion.

(5) Shear Friction M odel by Dilger (2000) and Dechka (2001)

Based on the shear-friction criterion (Loov, 19%&) beam shear, Dilger (2000) and Dechka (2001)
developed the shear-friction model for punchingastaf reinforced concrete slabs with or without
shear reinforcements, under concentric load. Adagrtb shear-friction criterion, the shear stress

von a concrete failure surface is related to thenabistresso on that surface and the compressive

strength fc' , Which can be expressed as equation (2-19):

v=k,/o [T, (2-19)
whereV is the average shear stress on the shear failare@r is the normal stress on that plane,

fc' is the 28-day compressive cylinder strendthis the correlation coefficient determined from

experiment data. In order to obtain reasonablelteeshey modified equation (2-19) by adding the

concrete tension strength to o'

v=k(o+ )T, (2-20)

Two forms of the shear-friction model were devebipgeneral model and the simplified model. The
general model is suitable for computer programmihge the simplified model can be used for hand

calculation. Figure 2.19 shows the free body diagiaf the slab-column connection for general

model. The failure surface includes eight facetee Tltimate punching shear capacify .., , as in

equation (2-21), is the summation of the shear agpaf each facet which is obtained by
incorporating equilibrium equations of the facdbiequation (2-20).

Vs gen :Z{%[:H cot 9] {\/{%+%j+ cot 8 - COH}—T co€+Tv} (2-21)
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K = 05(2 fcl (boot +QOp )h
fy

rh=—t

fe
T =tension force in the flexural reinforcements

T,=tension force in each shear stud

@ =angle of the failure facet

h =slab thickness

b, = bottom edge length of the facet
hop =top edge length of the facet

X, =the distance between column face and the bottaimedilure facet

By assuming a suitable range xf, and angled, a series 0V 4 CaN be obtained using computer

program. The minimunVy ., and its corresponding are the ultimate punching shear capacity.

The simple form of shear-friction model, as in ggpra(2-22), was derived from the general model:

K2f'h(h 4r Xh
— e | 2+ (] + )+ f :
e RN

V,

o ,simple 4

2-22)

l, =2(c, +¢,)+ 4/ 26+ (- 1B),

k | hl,

X=—
2 mt + A\/sfyv?s,eﬁ
f.h°s

where Vgsmie 1S the nominal shear force resisted by the cdiore@s given by shear friction,

h, « =average effective length of the stigj,c, are column dimensions, s, are spacing of bolts,

n is the number of shear studd, is the section area of the stud stefy,, is the yield strength of

the shear studs.
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Figure 2.19 Free body diagram of slab-column cotimedor shear friction model (Dilger, 2000, and
Dechka, 2001)

(6) Yield LineModd (Ranking and L ong, 1987)

When a reinforced concrete slab is subjected taanhvertical load, the flexural reinforcementhie t
slab may yield at the maximum moment locations aodcrete would crack there. Finally, some
crack patterns, i.e. yield line patterns, wouldwcin the slab, which divide the slab into several
elastic plates connected by plastic hinges. Thmate load that the slab can sustain is calculbyed
considering the equilibrium of all these dividedtpk or by equating the external work of the slab

loads and the internal work of the divided plates.
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Rankin and Long (1987) developed the following eiquea(2-23) to calculate the ultimate vertical
load P,

e When the flexural steel bars in the concrete glalal, by assuming the yield line pattern as

shown in Figure 2.20.

Figure 2.20 Yield line pattern in the slab (Ran&imd Long, 1987)

P, =8(——-0.172M, (2-23)
a—-Cc

where sis the square slab edge lengthjs the support length on four sidess the dimension of the

square column sectioVl, is nominal capacity of the slab section usingitenseinforcements.

Ranking and Long also proposed an empirical fornmilgalculate the shear punching strenBthof

the slab when the concrete subjected to punchiegrdhilure.

RPs = 1-66\/7; €+d) (10(p §* (2-24)

whered is the effective slab thicknesg, is the flexural reinforcement ratio.

For the slab-column connections subjected to graliad and moment, Cao (1993) proposed

equation (2-25) to estimated the unbalanced moroaptcity M assuming the yield line crack
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pattern in Figure 2.21 (ring cracks belong to cogspion surface; other cracks are on the negative
surface).

M =2(1+ 7)1+ k)mc- 0.8V (2-25)
where Kk is the ratio of positive to negative moment capagiér unit length,m is the negative

moment per unit length which is equal in the twthogonal directionx and y, c is the column

dimension,V is the shear force applied on the slab-column ection.
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Figure 2.21 Yield line pattern of interior slab-gwmin connection subjected to shear and unbalanced
moment (Cao, 1993)

(7) Critical Section Models

Talbot (1913) first proposed the shearing stressidita (Moe referred to it in his report, 1957) for
reinforced concrete footing slabs based on thengaison that the failure occurs on a so called aailti
section:

V= L (2-26)
4(r +2d)jd

wherer is the side length of the loaded ar€ds the effective depth of the slalpd is the distance

between tension and compression resultént®.9d), andV is the shear force. The critical section

in this case is at column faces and it is is a thgtical failure plane, perpendicular to the swsfat
the slab.
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Forsell and Holmberg assumed (1946) that the sigatresses are parabolically distributed across

the depth of slab. They proposed the shear stoesaifa:
-1V (2-27)
bh
wherebis the perimeter length of the critical section ethis ath/2from the column facedj is

the slab thickness.

Moe (1961) suggested that the critical section khbe at a column face. Based on his testing result

of 42 slab-column specimens and others’ testinglt®sMoe proposed the ultimate shear strength

v, (psi) as

v 150-00750)\f
v, = = d (2-28)
bd 1+ 52850d,/f, /v

whereV, is ultimate shear force (IbY/,,, is a shear force at ultimate flexural (yield lirm@pacity of

flex

the slab (Ib) 1 is the column size (in.), b is the column perimé&egth (in.), andd is the effective

slab thickness (in.).

Based mainly on Moe’s work, the ACI-ASCE Commit&#6 (1962) specified the critical section at
d /2 from the column face to simplify the equation @-2 They proposed the following equation to
calculate the ultimate punching shear strengthhef doncrete slab, which forms the basis of the
current ACI code provision on punching shear design

- Vu - '
vk 401,

whereb, is perimeter length of the critical sectioncht2 from the column face, other variables are

same as those in equation (2-20).
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2.5 Punching Shear Design

This section examines the punching shear desigeedires of some important structural codes of
practice. All codes adopt an approach involvingitical section, which is at a certain distanceriro
the column perimeter. The basic rule is that #edred shear stress on the critical section shoaild
less than the nominal shear capacity. Canadian €&Fe A23.3-04 and the American Code (ACI
318-05) have similar provisions for punching shé&aboth codes, the critical section is 0.5d fréma t
column faces. In other codes such as Eurocode@j2ihd CEB-FIB Model Code 90, the positions
of the critical section are different. In all codebear capacity has contributions from concreteé an
the shear reinforcement. Both ACI318-05 and CSA .88} do not account for the effect of flexural

reinforcement in calculation of the shear resistamchile the European codes consider the effect.

2.5.1 Punching Shear Design Requirements in CSA A23  .3-04

According to the CSA A23.3-04 code, for two waybstaolumn connections, the factored shear stress
V; on the critical section (the perimeter at a dism%r from column faces, Figure 2.22) should be
no more than the factored shear resistapce

V, SV, =V, +V (2-29)

wherev, is the factored shear resistance from conchetis, the factored shear resistance form shear

reinforcements. Factored shear resistance of ttieatisection without shear reinforcement is:

0381@f, = 02471,
v, =min{ 0191 /f, L+ ﬁi) = 0124/, L+ ﬁi) (MPa) (2-30)
aM/f. 019+ ‘Lsd) = 065/ f. (019+ C;Sd)
0 0

Where A = 1for regular concreteg, =0.65 is the reduction factor for concrete strengthis the ratio

of the long side over short side of the colurbp,is the perimeter length of the critical sectior,=4,

3, 2 for interior, edge, and corner column, redpelt Equations in (2-30) are equivalent to those
ACI 318-05.
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If v, from equations in (2-30) is less thap, shear reinforcements are required. For slabs shigar

reinforcements, the shear resistance is alsg asv, +V,, but v, is calculated as in equation (2-32).

For slabs with shear reinforcement, factored shesastance from shear reinforcement is :

g = EATy

2-31
T s (2-31)

where @, = 085 is reduction factor of steel baf is the section area of the shear reinforcement,
fW is the strength of the shear reinforcements the radial spacing of the shear reinforcement.

For concrete with headed shear reinforcement (sétems), shear resistance from concrete in the

shear reinforced zone is

v, = 0281¢4/ f, (2-32a)
Maximum shear resistance of section with headedrstgnforcement should satisfy the following
equation:

V, o < 07504/ £, (2-33a)

For concrete with stirrup shear reinforcement, shesistance from concrete in the shear reinforced
zone is

v, = 019¢ f. (2-32b)
Maximum shear resistance of section with stirrupastreinforcement should satisfy the following
equation:

V, max < 05519,/ £, (2-33b)

To calculate the factored shear stigs®y gravity load and unbalanced moment in the petémof
the critical section, the following equation is &eg:

V M.e M.e
v, = f . Y W + Y W (2-34)
b,d J J ,

whereV, is the vertical shear forcéM ; is the unbalanced moment iy direction, which is

transferred by slab shear and flexural stresgess the fraction of the moment transferred by shear,
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1

Vo=lo—re=
1+g &
3\b,

b, is the other side lengtle is the distance from the centroid of the critisattion to the point

, b, is the width of the critical section side perpentfr to the moment vector,

where shear stress is calculatdds analogous to polar moment of inertia of the slegitical section

around thex, y centriodal axes, respectively. In calculationd/pfand M ; , the factors for dead

loads and live loads are 1.25 and 1.5 for most émabinations.

Critical
= section

.

________________________________________

4
d; potential H dyf dy a;
2 failure 2 2 2

surface

Figure 2.22 Critical sections defined in CanadiadecCSA A23.3-04 (Cement Association of
Canada, 2006)

2.5.2 Punching Shear Design Requirements in ACI 318  -05 (in Sl units)

Similar to CSA A23.3-04, ACI 318-05 requires thettaed shear stress at the critical section (the
perimeter at a distanc% from column faces) should be no more than the yodf nominal shear

strengthv,, times a shear strength reduction fagter 0.75:

41



Vf = Wn (2_35)
wherev, =V, +V,, V, is the shear resistance from concretds the shear resistance from shear
reinforcements. To compare with CSA A23.3-94, thiergth reduction factog can be assigned to

v.andyv, , and equation (2-35) can be written as:
vV, SV (2-36)
where v, = @v, +@u =V, +V,_.

The factored shear resistance of the critical sratiithout shear reinforcement is

033p/f, = 0248,
Vv, =min{  017¢/f, (L+ ﬁi) = 0.128p/f, (L+ ﬁi) (MPa) (2-37)
083p 1. 02+ ‘Lsd) - 0623/, (02+ ‘Lsd)
0 0

Wheref. is the ratio of the long side over short side & tolumn,b, is the perimeter length of the

critical section.a =4, 3, 2 for interior, edge, and corner columnpeesively.

For slabs with shear reinforcement, shear resisthom shear reinforcement is:

_¢ A,

v
° b,S

(2-38)
where A, is the section area of the shear reinforcema‘rg,@, is the strength of the shear

reinforcement,s is the spacing of the shear reinforcement. Shesistancev, = 017¢,/ f. for

concrete with stirrups. Maximum shear resistanca séction with stirrup shear reinforcement shall
satisfy the following equation

V; max s 05¢ \/Tc (2'39)

When calculating the factored shear stwgsghe following equation is applied:

42



V M.e M.e
v, = f . Y W + Y W (2-40)
b,d J y J ,

whereV, is the vertical shear forcdJl, is the unbalanced moment iy direction.y, is the

fraction of the momentM , transferred by sheay;, :1—;, b, is the width of the critical
1+2
3\b,

section side perpendicular to the moment vedigris the other side lengtfe is the distance from

the centroid of the critical section to the poirtiese shear stress is calculatdds the analogous

polar moment of inertia of the shear critical settaround thex,y centriodal axes, respectively. In
calculations oV, and M { , the factors for dead loads and live loads areah® 1.6 for most load

combinations.

2.5.3 Eurocode 2 (2004)

The Eurocode 2 (2004) employs a basic control@eeti a distancd from the faces of the column

or the loaded area. Similarly, the shear stigsen the control section should be no more than the
shear resistancey().

v, SV,

r

As shown in Figure 2.23, for rectangular columhs, basic control section includes round corners
(ACI and CSA code permit right angle corners). Thede also requires checks on the column face
and on the control section outside the shear rmafoent area.

For interior slab-column connections without sheginforcements, the shear resistancdor the

basic control section is calculated as
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Figure 2.23 Basic control sections defined in Eadec2 (2004)

V. = Vc :0_18k(10010 fck )1/3 2 Vmin

r
C

k=1+ (%))0'5 <2.0,d inmm

f, =the characteristic concrete strength, MPa

p =flexural reinforcement ratiop = (0,0,)"'* < 0.02

(2-41)

P,, P, are reinforcing ratios irz, y directions for a slab width equal to column wigths 3d

each side.

¥. =1.5, partial factor for persistent and transient cotere

Vmin - 0.035(3/2 kal/2

The shear stresg, at the basic control section due to factored esleconcentric load/; and

unbalanced moment ; is

V, 5
V, =——
" ud
u
L=@1+ M, L) for one direction moment, or
V. W,

o

L =1+ 1.8[ %)2 + (%)2 for two direction moments
z y
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W
W=, e
wherey, is the length of the basic control section lengthis the fraction factor oM, (y=0.6

for rectangular columnby,bZ are the dimensions of the basic control perimigure 2.23).e,,€,

M
are the eccentricitiesv—f alongy andz axes respectively g results from a moment from z axis).
f

eis the distance ofll from the moment axis.

If v, >v_, shear reinforcement is required. The shear eesist strengtlv. can be calculated as

following:
1 .
v, =0.75/, + 1.5§ A Fonaer (—d )sir (2-43)
u

whereV, is calculated as in equation (2-4%),is the radial spacing of shear reinforcemehis the
effective depth of the slabd, is the section area of all shear reinforcementsria perimeter,

foae =250+ 0281 < f . f , isthe design yield strength of the shear reirdorents,u, is the

length of the basic control section length,is the angle between the shear reinforcement laad t

slab plane.

At the column face, the shear stregsdue toV, and M, shall be no more than the maximum

punching shear resistanvg, ,, as following.

Vi = 0.5 F (2-44)

v =0.6(1-—1% ) (2-45)
' 250

fcd = fck/yc

where f, is the characteristic compressive cylinder stiergtconcrete at 28 dayg, =1.5. For

interior columns, the shear stregs at the column face is

Vv, = V_f IB (2-46)
u,d

45



whereu,is the length of column periphery (for interior aoin), 5 is calculated as in equation (2-

42).

2.6 Seismic Requirements for Design of Flat Slab-Co  lumn Structures

In addition to the punching shear provisions désctiin the above Section 2.5, some codes provide

special provisions for seismic punching shear regoents.

2.6.1 National Building Code of Canada (NBCC 2005)

NBCC 2005 requires that the primary lateral loasistant system should not be a flat slab-column
structure when the building is more than threeissoMNBCC (2005) also requires that lateral inter-
storey drift ratio should not exceed 1.0% for pdisaster structures, 2.0% for high importance

buildings, and 2.5% for other buildings.

2.6.2 Seismic Requirements of CSA 23.3-04

Clause 21.12.3 in the Canadian structural code €%8-04 requires: for slab column connections
subjected to seismic loading, if the shear stresdyzed by gravity load only is greater thRpv, ,
shear reinforcement should be provideds the shear resistance from concrete (Eq. 2-3@)Runis
calculated using the following formula:

R = (%05)0-85 <1.0 (2-47)

where g, is the inter-story drift ratiog, < 0.02E.

When shear reinforcements are required, it is reduhat the following relation should be satisfied

\
V<R (2-48)

r

whereV is the concentric external shear foreg,is the factored shear force resistarigeincludes
concrete resistancé, calculated using 0\ and the shear resistance by shear reinforcements.

The code also states that the shear reinforcersbatsextend a minimum odd beyond the face of

the column.
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2.6.3 ACI 318-05 Seismic Requirements for Slab-colu mn Structures

The American Concrete Institute Code, ACI 318-0&suhe gravity shear ratio VR in Clause 21.11.5
V,

uf

VR =
Wnc bO d

(2-51)

where

V,. is the nominal shear strength provided by the madstress unit)

\Y/

.+ the factored shear force due to gravity loaditly £ 1.2D + 1.0L + 0.25)
The maximum story drift ratio, DR, when there isgti@ar reinforcement, is

DR = 0.035- 005* VR (VR< 06)

DR =0.005 (VR= 0.6)
If DR can not be satisfied, the slab needs shear rearfent or larger thickness. Minimum shear
reinforcement should be
_Afy 35

Vs =5 c
b,s 12

(MPa) 2-%3)

2.6.4 FEMA 356 Requirements
FEMA 356 Prestandard and Commentary for the Sei&ahabilitation of Buildings (2000) requires

that the structure shall satisfy both global lewsid member level criteria according to the
performance level of the structure. There are thstrectural performance levels: Immediate
Occupancy (10), Life Safety (LS), and Collapse rgion (CP). Global level criteria for RC frames

are:

I0: allows 1% maximum interstoryftlri
LS: allows 2% maximum interstoryftdr
CP: allows 4% maximum interstoriftd
Member level criteria are based on plastic rotatifor each member. For slab-column connection,

limits on plastic rotation angles (radian) by penfance level are shown in Table 2.2
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Table 2.2 Limit on plastic rotation angles for sladdumn connection by performance level

Plastic Angle Component (member) Type and Plastic Anglg
V, IV, Continuity | Rotation Limit Rotation Limit (radian)
(Gravity Rebar (radian) for Primary Secondary
shear “Immediate Life Collapse Life Collapse
ratio) Occupancy Safety | Prevention| Safety | Prevention
(10)” (LS) (CP) (LS) (CP)
0.2 YES 0.01 0.015 0.02 0.03 0.05
0.4 YES 0.0 0.0 0.0 0.03 0.04
0.2 NO 0.01 0.015 0.02 0.015 0.02
0.4 NO 0.0 0.0 0.0 0.0 0.0

2.7 Previous Research Work on Punching Shear at Wat  erloo

The presented current research is a continuatioineofvork done at the University of Waterloo since
1996. Therefore the review of this work is provideste. Since 1997, several tests have been done
related to punching shear of reinforced concreab-sblumn connections. These involved edge and
interior slab column connections, with or withouyteaings near columns, with or without shear
reinforcements such as shear studs or shear Bbkspreviously tested specimens were subjected to
vertical and lateral static loads.

El-Salakawy, Polak, and Soliman (1998) tested stdbmn connections subjected to high moments.
It was found that the shear stress around the golmereased due to higher moment-to-shear ratio
(Table 2.3). In 1999, El-Salakawy, Polak and Sofinpublished the test results on reinforced
concrete slab-column edge connections with openffigble 2.3). Research was also carried out on
the effect of shear studs on the reinforced coacstb-column edge connections. El-Salakawy,
Polak, and Soliman (2000) found that shear studs inarease stiffness of slab-column edge
connections with an opening and also increasehbarsstrength and ductility of the specimens. Once

the opening in the slab is as big as the columredaion, the influence of shear studs was very small

Shear studs are the type of reinforcement thatmiseelded into the reinforced concrete specimens
before casting. Alternatively, shear bolts can rsallled after drilling holes on existing previgusl
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built slab-column connections. In 2003, El-Salakawhal. published the results of tests on foureedg
slab-column specimens strengthened by shear I§blible 2.4) The conclusion was that shear bolts,
as a new type of retrofitting method, can increthee capacity and ductility of slab-column edge

connections, and can change the failure mode fronthing shear mode to a favourable flexural
mode.

Adetifa and Polak (2005) tested six interior slatfumn connections strengthened by shear bolts
subjected to vertical loading only. (Table 2.5) Séespecimens were all 1800x1800x120mm

reinforced concrete slabs with short column stélisthe slabs were simply supported on four sides
(1500x1500mm) on the bottom. In their test resudtsmpared with the control specimen without

shear bolts, the slab-column connection strengthevith four rows of shear bolts had increased

ultimate punching shear load by 42.3% and displacgrductility by 229%. They observed that the

shear bolts can prevent propagation of shear éraskengthened slabs and improve the performance
of the slabs with openings (Figure 2.24 and Tati. 2

SEz SE4

Load w= Internal LYOT

g o o2 oHo# & &
S o & a4 8 4o o

Applied Load (kN)

50 |

I:I T T T T T T
u] 10 20 20 40 an &0 70

Deflection {mm)

Figure 2.24 Load versus center deflection meadoyedternal LVDT of the testing frame. (Adetifa
and Polak, 2005)
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Table 2.3 Edge slab-column connections with or euittshear studs (El-Salakaway and Polak et98i8,11999, 2000, 2003)

Flexural Capacity Failure Column
Slab size(mm) | Shear (Yield Line) Failure | Moment | Opening | Failure dimension/
Specimen | (120 thickness)| Bolts/ Ve M o Load M, (kN Size Mechanis | Position
Shear Studg (kN) KN*m (kN) *m) (mm) m (mm)
XXX 1020x1540 N/A 174.66 52.40 125 37.5 N/A Punchin| 250x250 Edge
SFO 1020x1540 N/A 152.65 45.79 110 33.0 150x198unching 250x250 Edge
SEO 1020x1540 N/A 159.54 47.86 120 360 150x33Runching | 250x250 Edge
SF1 1020x1540 N/A 174.66 52.40 115 34.5 150x198unching 250x250 Edge
SF2 1020x1540 N/A 174.66 52.4 114 34.2 150x19@unching 250x250 Edge
CFO 1020x1540 N/A 143.27 43.0 87 26.1 250x25Bunching | 250x250 Edge
XXX-R 1020x1540 6 row studs 174 52 154 46.2 N/A Flexural 250x250 Edge
SFO-R 1020x1540 6 row stuqsl53 46 146 43.8 150x150 Flexural 250x250 Edge
SEO-R 1020x1540 6 row stuqs160 48 150 45.0 150x150 Flexural 250x250 Edge
CFO-R 1020x1540 6 row studs143 43 105 31.5 250x250 Punching | 250x250 Edge
HXXXR 1020x1540 6 row studs 94.63 62.46 84.6 55.8 N/A Punching-250x250 Edge
Flexural
HSFO 1020x1540 6 row studs82.68 54.57 58.0 38.25 150x150Punching- | 250x250 Edge
Flexural
HSEO 1020x1540 N/A 86.40 57.02 64.6 42.64 N/A Pingch | 250x250 Edge
HXXX 1020x1540 N/A 94.63 62.46 69.4 45.79 N/A Puimch | 250x250 Edge
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Table 2.4 Four edge slab-column specimens strengtheith shear bolts (El-Salakaway and Polak.ef@D3)

Flexural Capacity

Slab size(mm) Shear Bolts/ | (Yield Line) Failure Failure Opening | Failure Column
Specimen | (120 thickness) | Shear Studs Ve M o Load Moment | Size Mechanism dimension/
(kN) KN*m (kN) M, (mm) Position
(kN*m) (mm)
SX-1SR 1020x1540 1 row bolts 174.0 52.2 151 45.3 A N/ | Punching 250x250 Edge
flexural

SX-2SR 1020x1540 3 row bolts 174 52.2 155 46.5 N/A | Flexural 250x250 Edge
SX-2SB 1020x1540 3 row bolts 174 52.2 162 48.6 N/A | Flexural 250x250 Edge
SH-2SR 1020x1540 3 row bolts 153 45.9 141 42.3 150x| Flexural 250x250 Edgd
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Flexural Capacity

Applied

é Size Shear (Yield Line) Failure Ductility | Opening | Failure Column Size
EJ_ (mm) Bolts/ Load mm/mm | Size Mechanism | And Position
@ Studs Viiex M fe (kN) (mm) (mm)
(kN) (KN*m)
SB1 1800x1800( N/A 358 N/A 253 1.04 N/A Punching 150x150 centere
SB2 1800x1800| 2 row bolts 358 N/A 364 2.15 N/A Punching/ | 150x150 centered
Flexure
SB3 1800x1800| 3 row bolts 358 N/A 372 2.13 N/A Flexure 150x150tezed
SB4 1800x1800| 4 row bolts 358 N/A 360 3.43 N/A Flexure 150x150tezed
SB5 1800x1800| 4 row bolts 358 N/A 353 5.0 150x150 Flexure 150x150 centered
opening
4
SB6 1800x1800| 4 row bolts 358 N/A 336 4.08 150x15p Flexure 150x150 centered
opening
2

Table 2.5 Six interior slab-column specimens stitemged with/without shear bolts (adapted from Adedind Polak, 2005)
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Chapter 3

Experiment Program

3.1 Specimens Design

A total of nine full scale specimens were testedese specimens can be regarded as part of a
prototype structure of which the flat concrete dphns 3.75m between columns. The slab thickness
is 120 mm. Figure 3.1 and Figure 3.2 show the pi@w and elevation view of one prototype
structure, which is a three-storey flat slab colubuilding. The specimens represent interior slab-
column connections which are isolated specimenk wditnensions corresponding to the lines of

contraflexure under gravity loads.
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Figure 3.1 Plan view of the prototype structure
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Figure 3.2 Elevation view of the prototype struetur

The nine specimens, SW1~SW9, were subjected toti@aleconstant load and cyclic reversal lateral
displacements. The specimens are divided into temes Series | (SW1~SW5) and Series I
(SW6~SW9). Series | consists of two groups: GroysW1, SW2, and SW3) and Group 2 (SW4
and SW5). Figure 3.3 shows the five specimens deSé; Figure 3.4 shows the four specimens in
Series Il, including the slab names, vertical loadsolumns, and the layouts of shear bolts.

SW1 V=110kN SW2 V=110kN SW3 V=110kN

(a)
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Figure 3.3 The five specimens (SW1~SW5) of Sergasd shear bolt layout

(a) Group 1 (SW1, SW2, SW3); (b) Group 2 (SW4, SW5)

SW6 V=160kN

@l

SW7 V=160kN

. e
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.
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Figure 3.4 The four specimens (SW6~SW9) of Setiaad shear bolt layout.

The specimens SW1~SW9 have slab dimensions of 1800y 1800mm with top and bottom
column stubs (200x200mm) extending out 700mm fréw tenter of the slab (Figure 3.5). In
construction practice, the slabs sometimes mayineaqypenings near columns. To investigate the
seismic behaviour of this type of slab-column canioas, three specimens (SW6, SW7, and SW8)
are designed to have two 150x150mm openings neacatlumn in the lateral load direction (Figure
3.4 and Figure 3.5). All the specimens are supdooh the 1500x1500mm perimeter on the bottom
of the slab, with two sides also supported fromtteto resist cyclic moments. The “top” of thelsla

in this project is the slab compression surfacesundrtical load (Figure 3.5). This is oppositdhe

situation in a real slab-column system where cosgioa is on the bottom.
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The dimensions of the slabs were chosen to représetocations of contraflexure lines for the case
of gravity loads. In case of gravity plus horizdrtgcling loads (as in the case of the presentsid)te
the locations of contraflexure lines normal to hontal loading direction change depending on the
direction of the horizontal loading. Therefore,cgirin the setup the location of supports remain the
same (in-between the actual locations of the lioeEsontraflexure), thick neoprene pads were
provided on top and bottom of the slab to allovations. The neoprene pads were about 25mm thick

and 50mm wide installed along the supporting lia&shown in Figure 3.5(c) and Figure 3.38.

Center line of simple supports
on bottom surface (supports
on top surface see (b)

A/ B

Center line of simple supports
on top surface (supports on
bottom surface see (a)

je— ©

A/ B F
— |/

N _ Neoprene <—>» /—Column_'_ }
, supports Slab 93
Column Openings x / e B =
i / 4 AD s = Lig
S 3 o S g o Ao o = =5
@ B 8—4_ [l g 9 covT T 4 )
e L L n O
_—I L_ 200 150 [—> Ny
200 | ¢ — 1
- c - c I 1500 |
D] 1500 | D] 1500 | | 1800 |
1800 1800 (All dimensions in 'mm’)
(a) (b) (c)

Figure 3.5 Dimensions of the specimens SW1~SW3al{alensions in ‘mm’)

(a) Plan view of SW1~SW5 and SW9; (b) Plan vievedi6, SW7 and SW8; (c) Elevation view

3.1.1 Flexural Reinforcement

In the tension surface of the concrete slab, #wufial reinforcement ratio of is 1.3% in the direct

of lower bars and 1.1% in the direction of uppersbdhe reinforcing ratio on the compression
surface of the slab is half of the tension reindonent. The reinforcement is designed following the
results of calculation of Adetifa (2003) assumingetored vertical distributed load of 18.5kPahte t
prototype structures. The specimens’ flexural micément was identical to previous tests in order t
allow direct comparisons of results.
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The bottom and the top reinforcements are two-waysmrhe reinforcement was designed to have
the same moment capacities in the two orthogomattions. The reinforcing ratio of the columns is
high and closed ties are used in order to makeahenn strong enough to transfer shear force and
cyclic moments to the slab. Figure 3.6 and Figurg show the reinforcement of the specimens
without or with openings, respectively. The bottomat, tension surface under vertical load, consists
of #10 M @100 in one direction at lower positiordafiOM@90 in the transverse direction at upper
position. Due to this layout, the moment capaciiiethe two directions are the same. The top mat
consists of #10M@200 in two directions. For speciswith openings, the reinforcement in direction
1 (along the lateral force application) is inteteg by the opening. There was no space in thetsla
place additional bars along the sides of the ogenkiowever, for direction 2 (normal to lateral dei
the same number of rebars that were cut by theingemre placed beside the opening edges (Fig.
3.7). Figure 3.8 (a) shows the column rebar detkilgure 3.8 (b) shows the positive lateral drifts
applied on the top and bottom columns of the spexsn“AD” and “BC” sides of the slab in Figure
3.8(b) can be found in Figure 3.6 and Figure 3hesE aids in finding the position of the specimens
and the loading direction in the testing framelasas in Figure 3.33.

Rebar #5\ Location "d" Strain Gauge
=A B A B
s £
=] Lateral g
= drift S
EE direction £ &
Sg . &> 5© .
& NFL B2 a
s #2 S v
I+
=
o
—
\ *D C D C
#10M @ 90mm (upper) Rebar #4
1800mm #10M @ 200mm
(concrete cover of slab: 20mm) 1800mm
(a) (b)

Figure 3.6 Reinforcement detail and strain gaugepécimen SW1~SW5 and SW9

Bottom reinforcement mat; (b) Top reinforcement mat
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Figure 3.7 Reinforcement detail and strain gagepiecimen SW6, SW7 and SW8

(a) Bottom reinforcement mat; (b) Top reinforcement mat
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Figure 3.8 Reinforcement detail of column and kltérad directions

(a) Column section; (b) Positive lateral drift ditien

3.1.2 Estimation of the Capacities of the Specimens before Testing
The specimens’ design was carried out based omasksmaterial parameters values. This was done
before testing in order to decide on the ultimataghing loads and ultimate slab-column connection

moment capacity for each specimen. These estimatets and moments were used to select the
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capacity of the load cells and actuators, to design experimental setup, and to determine test
procedures such as loading rate, constant vettedl etc. The testing procedures are presented in
Section 3.5.

3.1.2.1 Ultimate Punching Loads in Flexural Failure ~ and in Punching Shear Failure

The design of the specimens was done based onahad@n concrete code CSA A23.3-94. To
ensure successful testing, the specimens werengektg fail in punching shear if no moment and no
shear reinforcement were present. Flexural capa€itile specimen had to be larger than punching
capacity to ensure such a failure. The equatioh) (@hapter 2) of full yielding at flexural failure
(Rankin and Long, 1987) was used to calculate ttimate flexural punching load capacity (upper
bound) of the slab-column specimen without sheiafareement and unbalanced moment,

I:)flex = kyll\/I b (3-1)
where k, = 8(i -0172 =97 , s=1800 mm (slab dimension)c =200 mm (column
a-c
dimension), a =1500 mm (support distance), anifl, = 39kNm, M, is the nominal flexural
moment capacity calculated by CSA A23.4-94 (tensenforcement only). Thereforg;, = 378.3
KN.

The ultimate punching shear capacRy for specimens without shear reinforcement and rmbme

was calculated using Rankin and Long’s equation{1:98

R, =1.66/f, C+d ) (LOg §*° (3-2)

where fc' is the concrete compressive strengthis the length of the column sidd, is the effective

slab thicknessp s the reinforcement ratio. For specimens withqeérongs and shear reinforcement,

¢ =200 mm, d =90 mm, assumingf, = 40MPa, therP,, = 290.6 kN.

Using CSA A23.4-94, (the specimens were designeidrédeCSA A23.4-04 is enforced), the

estimated nominal punching shear capacity Fjs = 262N (for f =40 MPa). Specimens

Cc
SW1~SW3 were tested under the vertical load of N1@pecimens SW4 ~ SW9 had a vertical load
of 160 kN.
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3.1.2.2 Ultimate Moment Capacities of the Specimens

During testing, lateral displacements were appt®dhe column stubs. The value of the applied
moment dependeds on the displacement and theestffiof the slab-column connections. The
displacements increase the cracking, which resultse decrease of the stiffness of the connection.
At the same time the punching shear capacity a¢swedse due to extensive cracking. In order to
estimate the behaviour of the slabs, moment capgadif the connections were calculated using yield
line analysis and CSA A23.4-94 Provisions.

1) CSA A23.4-94 Provisions

The punching shear formulas of CSA A23.3-94 (withowaterial reduction factors and using
unfactored loads) are as follows:

Vn vane
v + ]
Thrd, T, Y
n
v =v +y =— ) Ai”d L +03f, <O8\/7 (3-4)
V, SV (3-5)

whereV, is the given vertical load\  is the unbalanced moment capacity of the connechipris
the perimeter length of the critical sectiah,is the effective thickness of the slabis the bolt
spacing in radial directiomis the number of bolts in each periphery rofy,, is the section area of

each bolt. Solving equations (3-1, 3-2, 3-3) resultthe value of moment capacil , .

NAy,q |
M, :i &4-\% Ve (3-6)
yve S(CZ +dv) bOdv
orM, = Iy [vmax L } (3-7)
y.e byd,

wherev, , = O.&/fi , for slabs with shear reinforcement, = 0.3\/{' :
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2) Yield Line Theory to Estimate the M oment Capacity of the Specimens

Using yield line theory, Cao (1993) obtained therfola (3-8) of unbalanced moment capacity of the
slab-column connection under vertical load and lammed moment.

M = 2(L+ m)(1+ k)mec - 05¢V, (3-8)

whereKk is the ratio of positive to negative moment flexwapacity per unit widthmis the negative

moment per unit width (assuming, =m, ). cis the column dimensiorY/, is the shear force applied

to the slab-column connection.

The results of the calculations for the unbalamoedhent capacities are listed in Table 3.1. Thershea
bolt spacing was assumed to be 70mm and the dinsof bolts was 50mm far away from the column
faces. The maximum calculated moment was 100 kNishaorresponds to lateral loads of 80 kN
applied to the specimens. This is less than thaaiypof available lateral actuators. Thereforesdis
decided to used two 50 kip (222kN) load cells toe two horizontal lateral actuators, and 150 kip
(667kN) load cell for the vertical actuators.

3.1.2.3. Capacity of Concrete Column

The capacity of the column was examined using treetation formula of axial load and moment
acting on the column and the material strengtht®ftolumn. Top column was subject to both axial

compression and moment. Bottom column was subjechdment only. The theoretical maximum
capacity point of the column i, M) = (497.6 kN, 93.4 kNm). At the applied axial camgsion

of 110 kN the moment capacity is 81 kNm, and atdpplied axial compression of 160 kN the
moment capacity is 85 kNm. On the bottom colummgesithere is no axial load, the moment capacity

is aboutM, =75kNm. These moment capacities were adequate foreiimg. The columns were

designed using 10M diameter stirrups at spacird6fmm to ensure adequate shear capacity.

3.2 Properties of Materials used for Specimens

The following subsections address their testechgthe In addition, the strength and elongation of
steel shear bolts are also shown. Table 3.2 ankk Bab® display detailed information of specimens in
Series | and Series I, including slab designatidhsir group number, concrete and rebar batch
numbering, bolt rows, dimensions, and vertical load
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Table 3.1 Initial design of moment capacity of ttiee slab-column connections before testing

Moment capacity at critical section d/2

Assumed material strength (CSA code) from the columnM Moment| Moment
e tornal (kN*m) capacity| capacity
Name | Concrete vertical | ROW No No With at d/2 baseq " Column Opening
Shear| Rebar of | bolts, | bolts with | outof [ Cao's : ;
of compr. | o iold load | roqr : ' bolts, shear | yield line| Size size
specimen wou | 7 el v, =v. 2 v =v Sy, | Do SO o] ) | o)
f f, f (kN) minvy,| max@yy y = Vi 7 M, M,
w y ¢ -
-1 0.8/f * *
wbay | P2) | (Pa) VeerVes) | VeenVes) | o 57 a/f, | tavm) | avem)
SW1 40 381 400 110 N/A 36.7 68.6 N/A 86.5 200x200 -
SW2 40 381 400 110 4 88.5 100.5 93. 86. 20020 -
SW3 40 381 400 110 6 88.5 100.1 182|0 86. 002 -
SW4 40 381 400 160 6 76.2 88.2 1505 81l.p 20020 -
SW5 40 381 400 160 N/A 24.4 56.3 N/A 81.5 200x200 -
SW6 40 381 | 400 10| NA 87 23.0 N/A N/A | 200x204 2150X1.50
openings
SW7 40 381 400 160 6 36.0 37.4 160}7 N/A ZOOXZ(}&SOXI.SO
openings
50x150
SWS8 40 381 400 160 6 36.0 37.4 209|5 N/A 200X2% bpenings
SW9 40 381 400 160 6 76.2 88.2 19410 81.b 200%20
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Table 3.2 Details of Specimens of Series |

) ) ) ) Vertical | Concrete Rebar
Series |Group| Slab | Slab dimension| Column size| Bolt
constant | batch | batch
# # | name (mm) (mm) rows
load (KN)| number| number
SW1 | 1800x1800x12Q 200x200x700 O 110
Grou
1 SW2 | 1800x1800x120 200x200x700 4 110 1
Series | SW3 | 1800x1800x120Q 200x200x700 6 110 1
Group SW4 | 1800x1800x120 200x200x700 6 160
2
2 SW5 | 1800x1800x12Q 200x200x700 O 160
Table 3.3 Details of Specimens of Series |l
Vertical
) Slab Column | Number ) Concrete| Rebar
Series| Slab | _ _ Size of | Bolt | constant
dimension| size of ) batch batch
# name ) opening| rows load
(mm) (mm) | opening number | number
(kN)
1800x180 | 200x200 6
SW7 2 150x150 160 2 1
0x120 X700 (orth.)
1800x180 | 200x200
. SW6 2 150x150 O 160
Series 0x120 X700
I 1800x180 | 200x200 6
Sw8 2 150x150 160 3 2
0x120 X700 (rad.)
1800x180 | 200x200 6
SW9 0 N/A 160
0x120 X700 (rad.)

3.2.1 Concrete Compression and Tension Strength

The nine reinforced concrete specimens were casg ugsady mixed concrete in three batches.

Concrete was provided by Hogg Fuel and Supply I@htario. The first batch of concrete was for
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specimens SW1, SW2 and SW3; the second batch ofatenwent for SW4, SW5, and SW7; SW6,

SW8 and SW9 were cast using the third batch of mdecAll the specimens were cured in normal

interior temperature (abo@2°C). Concrete cylinders (4"diameter x 8’length andliéineter x 12
length”) were prepared with each casting batch. &ofmthe 4"diameter x 8”length cylinders were
placed in the standard humid room and were testethe 28 day for compression strength; the
others were placed with the slab-column connectiom®rmal interior temperature, and were tested
for compression and tension strength at the samedf the slab-column connections testing.

Figure 3.9 Compression test of the concrete cytifdix8”)

Table 3.4 shows the average compression strengtlaaarage tension strength of each slab-column
connection specimen at the testing time; it alsowshthe 28-day compression strength (cured in
humid room) of the cylinders for each batch of gete Specimen SW1, SW2, and SW3, cast from
the first batch of concrete, had the average stdnd&-day compression strength 34.5 MPa and
average compression strength from 33.7 to 37.0 &tRhe time of slab testing. In the second cast
batch, specimens SW4, SW5, and SW7 had standadd\28trength of 37MPa and 45.0 to 46.5 MPa
compression strength at slab testing. The thirtilzateh of specimens SW6, SW8, and SW9 reached
52MPa in 28-day standard strength and 51.9 MPammpcession strength at slab testing. Figure 3.9
shows the crushing of a cylinder (4"x8") which wasred in a standard humid room for 28 days.

Figure 3.10 shows the splitting (tension) test 'of84 concrete cylinders cured in the normal room

environment. It can be seen that the color in theked surface is lighter than the colour of thedth
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batch concrete. This may be because the third lwaicbrete cylinders were tested at a younger age

and more plastisizer was added to the concretectease the concrete slump.

Table 3.4 Concrete strength of each specimen (4&ybBiiders)

Average
Age of Average , Average
) f. ) standard
slab (from | compressive tensile Concrete
Test Slab ) (MPa) (28-day )
_ castingto | strength at strength at|  batch )
series #| name . _ (used in . compression
testing, slab testing slab testingl number . "
i stren
days) (MPa) calculations) (MPa) g
(MPa)
SW1 770 37.0 35 2.86
SW2 808 34.6 35 2.86 1 34.5
Series || SW3 738 33.7 35 2.86
SW4 789 46.5 46 3.10
SW5 755 45.0 46 3.10 2 37
SW7 794 46.5 46 3.10
_ SW6 62 51.9 52 3.40
Series I
SW8 72 51.9 52 3.40 3 52
SW9 94 51.9 52 3.40

Figure 3.10 Concrete cylinder tension test

65



To obtain the compression stress versus strairesun¥ each batch of concrete, cylinders (6'x12")
were tested in the MTS frame (Figure 3.11). The®néaces of all cylinders were ground to smooth;
diameter and length of each cylinder were meastimee: times in different locations. The load, and
external and internal LVDT displacements were réedrthroughout the whole testing process. The
tests were done by strain control. Table 3.5 shinscompression strength and strain at peak points
of each curve. Figure 3.12 shows crushing pattémhe concrete cylinder #6 (6"x12") of the first
batch of concrete. Also, Figure 3.13(a), (b) andsfmw three compression stress versus strain €urve
for the three batches of concrete, respectively.

Figure 3.11 Concrete cylinder (6"x12") compressiest
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Figure 3.12 Crushing of the concrete cylindef@t&12") of the first batch concrete
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Figure 3.13 Compression strength versus straiylofders of the concrete

(a) cylinder #6 of the®ibatch, (b) cylinder #4 of thd®batch, (c) cylinder #2 of the 3rd batch
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Table 3.5 Compression strength of concrete cylm@@&ix12") for the three batches

First batch of concrete fof Second batch of concrete foy Third batch of concrete for
slabs SW1, SW2, and SW3 slabs SW4, SW5, and SW7] slabs SW6, SW8, and SW9
Cylinder Peak Peak
Strain at peak | Strain at peak Peak Strain at peak _
# | compressior] _ _ _ | compression
compression compression | compression| compression
strength strength
stress stress strength (MPa stress
(MPa) (MPa)
1 0.00391 40.6 0.00394 41.9 0.00471 57.6
2 0.00381 40.7 0.00393 42.0 0.00498 57.2
3 0.00406 41.4 0.00388 40.5 0.00499 58.9
4 0.00380 38.2 0.00381 41.0
5 0.00399 39.6 0.00389 42.8
6 0.00354 38.7
Average| 0.00385 39.9 0.00389 41.6 0.00489 57.9

3.2.2 Properties of Steel Reinforcing Bars

The reinforcing bars (M #10 rebar, nominal diamédtei3mm) of the slabs came from two batches.
The first batch of steel rebars was used in speti8\W1, SW2, SW3, SW4, SW5 and SW7. The
second batch was used in specimens SW6, SW8, a®d SW

For each batch of steel bars, two types of stestisgens were used to test their strength. One type
was the standard round coupons machined from Mréfifrs. The coupons were 1/4” in the center
segment and 3/8" at the two anchor ends. A 2" stiain gauge was used to measure the strain.
Figure 3.14 shows the dimensions and picture ofthipons. Figure 3.15 shows the testing of a rebar

coupon. The second type of steel specimen wasnatigebar as rolled. The total length of each
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original rebar specimen was 14” long, including diuge length centered and two inches anchor
length at each end.

Figure 3.16 shows the original rebar testing amdiioken position. It is found that in the original
rebar (as rolled) test, the broken locations wdlrelang the roots of ribs of the rebar. Thus the
minimum diameters of the rebar were measured farahtension strength calculation for the rebar.

In addition, according to ASTM and CSA code, thbarestrengths were also calculated using

nominal section area (10a1°).

—1 3/8" [—
|
|
|
|

R=3/16 I'Gage Iength=2"—]

(a)

|

(b)

Figure 3.14 Standard coupon machined from M #b@mréa) Dimensions, (b) Picture
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Figure 3.16 Testing of original rebar

Table 3.6 gives all the original testing data o ttebars. Table 3.7 shows the average values

calculated from Table 3.6. Figure 3.17 shows thesite stress versus strain in the original rebar
71



(rebar-2) of the 3 batch steel. Figure 3.18 shows the tension siessus strain in the coupon
(Coupon-1) of the %1 batch steel. It was decided that, for future dakians and comparisons with
code formulas, the yield strength of rebar shod@ddiken as 470 MPa, ultimate strength 650 MPa at

20% elongation.

Table 3.6 Testing results of the steel shear lapltsthe two batches steel rebar

Rebar Original Nominal | Nominal Elong 2" Strain Gauge
batch |rebar orrebg vyield tensile -ation and the broken
number | coupon strength F, | strengttF, of 8 Ien.gth position
(coupon: of
(MPa) (MPa) 2")
Rebar-1 470 663 12.70% | Broken outside 2]
Rebar-2 469 661 15.60% Inside 2"
Rebar-3 461 655 14.42% Inside 2"

1 Coupon-1 527 755 20.87% Inside 2"
Coupon-2 517 745 16.92% Inside 2"
Coupon-3 521 755 24.50% Inside 2"
Coupon-4 517 751 20.96% Inside 2"

Rebar-4 479 608 15.65% | Broken outside 2]
Rebar-5 488 613 15.16% Outside 2"
Rebar-6 486 610 14.67% Outside 2"
Rebar-7 458 575 15.75% Inside 2"

) Rebar-8 466 576 14.42% Inside 2"
Coupon-5 452 623 26.77% Inside 2"
Coupon-6 444 616 24.51% Inside 2"
Coupon-7 453 617 30.12% Inside 2"
Coupon-8 448 614 28.49% Inside 2"
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Table 3.7 Properties of steel reinforcing bars

Rebar coupon

Original rebar

Average Average .
Average | Average . ; Average nominal
Rebar yield tensile Average | nominal nominal yield strength used
batch strength | strength elong- yield tensile in calculation
number 9 g ation (%) | strength strength
(MPa) (MPa) (MPa) (MPa) (MPa)
1 521 751 20.8 (ggZ) (2(7)3) 470
2 449 617 27.5 (Q‘ZE) (ggg) 470

Note: Nominal strengths were calculated using maimiebar section ared@0mm?); numbers in

parenthesis are the strength calculated using geemat broken area of rebar sectid3fim?)
neglecting the ribs.
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Figure 3.17 Tension stress versus strain in Relffirs? batch rebar)
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Figure 3.18 Tension stress versus strain in Coudp(inst batch rebar)

3.2.3 Properties of Steel Shear Bolts

The shear bolts were also tested using two typespe€imens. One type was the standard round
coupon machined from shear bolts, shown in Figut®.3The second type consisted of the original
shear bolts stems.

~—3/4"—~] ’7 2-1/4" 4‘ — 3/4"—
!

R=3/16 LGage Iength=2"—]

@

(b)

— 3/8" |—
I
—1/4

Figure 3.19 Standard coupon machined from 3/8'1 stezar bolt (a) Dimensions, (b) Picture
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Figure 3.20 Testing of the original bolt

Figure 3.20 shows one original shear bolt stem tWitiken section in the hydraulic grip system. The
testing data of original shear bolts and coupomsssapwn in Table 3.8. The average yield strength,
tensile strength, and elongation are in Table Bd&in, the nominal strengths from original bolte ar
smaller than those of coupons. The average nomiela strength from original bolts was 369 MPa,;
nominal tensile strength was 494 MPa. From the cougests, the average yield strength was
378MPa; tensile strength was 510MPa, and elongatas111.5%. Figure 3.21 and Figure 3.22 show
the tension stress versus strain curves of origihabr bolt and coupon. For calculations, the yield
strength will be taken as 370 MPa, ultimate terstilength 500 MPa at 11% elongation.
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Table 3.8 Testing data of original shear bolts @mghons

original rebar orf Nominal | Nominal|Elongatior 2" Strain Gauge| Yield strain
rebar coupon yield tensile | of 2" |and broken positig
strength | strength| length
F, (MPa) F,
(MPa)
coupon-bolt-1 376 520 11.07% | Broken inside 2" 0.0022
coupon-bolt-2 374 500 12.40% | Broken inside 2"| 0.00252
coupon-bolt-3 384 510 10.88% | Broken inside 2" 0.0027
bolt-org-1 359 478 20.87% | Broken inside 2" 0.0028
bolt-org-2 378 509 11.02% | Broken inside 2"| 0.00216
bolt-org-3 496 Broken inside 2"

Table 3.9 Properties of steel shear bolts

Original shear bolf

Shear bolt coupon

Average

strength
(MPa)

yield

Average
tensile
strength
(MPa)

Average

strength

yield

(MPa)

Average
tensile
strength
(MPa)

Average
elong-
ation
(%)

369

494

378

510 115
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Figure 3.21 Tension stress versus strain of origihe@ar bolts (bolt-org-2)
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Figure 3.22 Tension stress versus strain of cogpaupon-bolt-1) shear bolts
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3.2.4 Fabrication of the Reinforced Concrete Specim  ens

The reinforcement cages of each specimen inclygentt, bottom mat, and column rebar cages. All
the #10M rebars for the slabs had hooks designéteatebar ends. Figure 3.23 shows the top and
bottom rebar mats. Figure 3.24 shows the straigemattached onto the rebars. Cages and formwork
before casting are show in Figure 3.25 Figure 3i##vs three specimens just after casting. A picture
of specimens stored in the laboratory is showriguie 3.27.

Figure 3.24 Strain gauges attached on rebars
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Figure 3.25 Rebar cages and formworks before apsfithe specimens

Figure 3.26 Specimens just after casting
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Figure 3.27 Specimens stored in the laboratory

3.2.5 Shear Reinforcement

Steel shear bolts are installed after drilling Bdlethe concrete slab of the specimens. The bodts
tightened against the slab by a standard wrenaltdoque which causes about 10~15% of yield strain
of the bolts.

In series |, four peripheral rows of shear boltgemastalled in specimen SW2; six rows of bolts in
specimens SW3, SW4. There were no bolts instatlegp@écimens SW1, SW5. Each peripheral row of
bolts around the column includes eight bolts (Fégdu28). Bolt spacing and numbering of bolts with
strain gauges in specimen SW2, SW3 and SW4 arershmoiiigure 3.28.

In Series Il, six peripheral rows of shear boltgevimstalled in specimen SW7, SW8 and SW9. The
shear bolt layout was orthogonal in SW7 and radi&W8 and SW9 (Figure 3.29). Each peripheral
row of bolts around the column includes eight bdisecimen SW6 had no bolts.

In Figure 3.28 and Figure 3.29, the numbered sbelts had strain gauges attached to the center of
the bolt stem, along the stem axis. The leadstfalig wires) were connected to the strain gauges
and were sent through a small holes drilled inkbks cap as shown in Figure 3.30. Isolating resin
was applied to the strain gauges and the surrognatiea on the bolts stem, and black electricity

isolating tape was used to wrap the strain gaygegure 3.30)
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The spacing between the peripheral rows of shelés la@s not constant, due to interference from
flexural bars (Figure 3.28 and 3.29). Radial pattesf shear bolt layout were initially planned for

specimen SW8 and SW9. After drilling, the bolttpats were not perfectly radial. This was also due
to the interference of the flexural reinforcing ©aafhe drilling for shear bolts requires that rextral

bars are cut.
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Figure 3.28 Shear bolt spacing in specimen SW2, SSM34 and numbering of strain gauges on bolts

(a) Specimen SW2 (4-row bolts); (b) Specimen SWB4%6-row bolts)
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Figure 3.29 Shear bolt spacing in specimen SW7,,SSM#& and numbering of strain gauges on bolts

(a) Specimen SW7( 6-row bolts); (b) Specimen SW8(6 bolts); (c) Specimen SW9(6-row bolts)
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Figure 3.30 Shear bolts with strain gauges

3.2.6 Installation of Shear Bolts

A total of 300 holes of 1/2"diameter were drilldardugh the concrete slabs using Target drilling
machine and core drill bits with diamond tips. Teheras a water hose connected to the core bit to
supply water while drilling. During the drilling pcess, if it was found that the drill bit hit axieal
reinforcing bar in the slab, the drill machine wasved to a different position. The “non-successful
holes” were patched using Sikadur 30 plus pool garf). Figure 3.31 shows the operation of the
drilling machine, which was held tight to the casterslab using a steel angle attached to the nachin
bottom.

82



Figure 3.31 Drilling holes in the slab

3.3 Experimental Setup

This section includes three subsections. Firsention 3.3.1, the main components (elements)eof th
setup are introduced. Second, section 3.3.2 intexla special steel frame designed and used for
lifting and installation of the concrete slab-colurspecimens. Third, in section 3.3.3, the strength

and stiffness of all the members are discussed.

3.3.1 Components of the Experiment Setup

A picture of the experimental setup is shown inuFég3.32. The names and the numbering of all
members of the setup are shown in Figure 3.33 éilmv A) and Figure 3.34 (Elevation B). The steel

setup for the testing includes two main parts:nitan frame and the supporting frame.
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The main frame consists of four vertical steel pois (@: W310x86), the crosshead (two deep
channels®, MC460x86), and stiffeners for the crosshead. &imgdraulic actuators are installed on
the main frame to apply load to the concrete skdbron specimen: two of them are horizontal to
apply cyclic lateral drifts ®: 50 kips); the third is a vertical actuatd® ( 150 kips) to apply the

vertical constant load to the column of the speaime

The ground anchor bolt pattern in the laboratorysh®wn in Figure 3.35. A short bean@
W310x107, with end plates) connected the two coki@®) at the bottom with four ground anchor

bolts holding it in positions.

Figure 3.36 shows the top plan view of the crosdtudahe main frame. The 150-kip vertical actuator
(®) was installed in the middle of the crossheadughoa steel plate attached to the bottom of the
two deep channels. In order to install the horiabattuators on each side of the frame, (Figurg)3.3
a short beam@: W250x73) with end plates was inserted and bdietsveen the two columns at the

level of the actuator. The height difference betwtee two horizontal hydraulic actuators was 1250

mm.

The second part of the experimental setup, theimpecsupporting frame, is shown in Figure 3.34
and 3.35, and includes a square ring be@h four supporting columnsi), two bottom reaction
beams @), two top reaction beam£)), eight vertical reaction rod€Y), and a base steel pan&)
stiffened by paralleled channel®} underneath. This frame was designed to suppooharete slab-
column specimen. The concrete slab was supportéts diottom from four sides by the square ring
beam. The plane view of the square ring beam ignshio Figure 3.37. To restrain overturning of the

specimen due to cyclic lateral loading, two topctieen beams ®) were installed in the direction

parallel to@ and@ axes. On each end of this beam, two vertical stads @), attached to the

bottom bean®, were used to hold the top reaction be&)) ( as shown in Figure 3.32, Figure 3.34,
and Figure 3.35.
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Figure 3.32 Picture of experimental setup
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Figure 3.33 Elevation A of the testing setup
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Neoprene pads of 25mm thickness were inserted battie concrete slab and the support beams and
also between the slab and the top restrain beang alh@ support lines. Figure 3.38 shows the detalil.
The reason for using neoprene pads: is to simtiateslab rotation at the contraflexure line of the
continuous prototype building due to cyclic momeansfer. The 25 mm thick neoprene flat bars was
glued to 25mm thick steel flat bars of the sameedisions with the neoprene. This provided
sufficient space for rotation between the concstdd and the support ring beam or the top reaction

beam.
As shown in Figure 3.35, there were no ground anblodts directly underneath the eight vertical

reaction rods @). Therefore, two base reaction beari®) (were designed parallel @axis (in

Figure 3.34 and 3.35). In the middle of each base) four ground anchor bolts held the stiffened
bottom flange of the beam. All the ground anchdtsbeere of 1” diameter and Grade 8. At each end
of the base beam, two vertical reaction rods wastefied as shown in Figure 3.34. Therefore, the

base reaction beam acted as a beam cantileveitsdvad ends.

The four support columng{ in Figure 3.34 and 3.35) were installed on togheftwo base reaction

beams ©). These columns transferred compression loadetb#éise beams.

Although the strength and the stiffness of the base beams were designed high enough to sustain
the loading during in the experiments, a steel pdde, 2734x2745x25mm) stiffened by steel
channels was also provided underneath. This stiffgranel was fastened by all ground anchor bolts
that it covered as shown in Figure 3.35. The twaelraaction beams were installed on top of the base
panel. There were two purposes of using the basel.f&irst, the bottom flange of each base reaction
beam was fastened to the base panel by twelvei@uaibolts; this made the base beam act together
with the base panel to transfer load to more gramahor bolts. Also, the steel panel provided & bas
to attach instruments. Some string pots were athth the steel panel by magnet pieces. The steel
racks for displacement transducers for slab botturiace were also installed on the panel by
magnets.

To restrain the lateral sway of the supporting fafour horizontal bracing beam® ( W150x22)
installed between the square ring beam and thecidumns of the main frame. Figure 3.37 gives the
plane view of bracing beam layout and Figure 3.18%ides the elevation view.
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In order to restrain any possible excessive hot@daonovement of the concrete slab due to horizontal
lateral force difference, four adjustable stoppeese installed horizontally on the four main frame

columns, at the concrete slab level. Figure 3.3BFigure 3.37 show the elevation and plan view of
these stoppers in the experiment setup. One irick tleoprene pads were glued to the stoppers to

face the concrete slab edges. Figure 3.39 giveddtadls of a stopper.

W150x22 1" bolt — PL 100x100x25

[ e

25| 280 25

152
100

I— 100x100x25
s[ Neoprene
2525
1

Figure 3.39 Adjustable stopper

The vertical load was first applied by the vertitgidraulic actuator ®) which would keep the
constant load on top of the upper concrete coluimnshown in Figure 3.33 and Figure 3.34, the
cylinder (®) of the vertical actuator was connected a 150dap cell (®) and a threaded stud with a
pin hole. Through a round steel pin (diameter 49parflat square steel plate was connected to the
actuator. The upper and lower concrete columns akseconnected to horizontal actuators through
steel collars ®@ in Figure 3.33, detailed in Figure 3.41) to apipdyizontal cyclic loading. In order to
reduce the friction between the top concrete colamd the steel plate, steel rollers were used. A
steel pan ®) with five steel rollers, shown in Figure 3.40 wiaserted between the plate and top

surface of the concrete column.

The collar system as shown in Figure 3.41 was aifination from a previous collar system (El-
Salakawy, 1998). The previous one was used to apphyotonic horizontal load (the loading was in
one direction only). The modified collar system Wbapply reversed loading. Four threaded rods
(3/4"diameter) and five thick steel plates wereeltb clamp the concrete column.
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Figure 3.41 Steel collar system connected to hot@dydraulic actuators

3.3.2 Steel Lifting Frame for Installation of Concr  ete Slab-Column Specimens

The weight of each reinforced concrete slab-columais about 1000 kg. Four steel coupling nuts
were embedded in the four corners of each slatsdtwere used for four eye bolts for lifting thebsla
Due to limitations for space in height and horizbrdirection, a special steel lifting frame was

fabricated using large steel angles and W-shapes.dFawings of the lifting frame are shown in
Figure 3.42.
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Figure 3.43 Lifting of the concrete specimen

3.3.3 Member Strength and Stiffness of the Steel Ex  perimental Setup

The experimental setup must have enough strengtistifiness to sustain the experimental loading.
The main frame was an existing frame used by pusviesearchers (El-Salakawy ,1998 and Adetifa,
2005). Thus the strength and stiffness of the nfi@me were assumed sufficient. Similarly, the
stiffened base panel was also used by Adetifa (20U% work on the main frame was to adjust the

height of the crosshead and to drill holes in calarto bolt the new bracing beams and the stoppers.
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The support frame was a new design, which inclutiedsquare ring beam, four support columns,
two base reaction beams and two top reaction begigit, vertical reaction rods, four bracing beams,
and four stoppers. Before design of all these mesnltee maximum loads were estimated based on
the calculation in section 3.1.2 and Table 3.1 thedprevious tests results. The vertical load vegs k
constant ¥ =160kN ); the maximum horizontal loa on top and bottom column were assumed
to be 150kN. Figure 3.44 shows the loads on thereta slab-column specimehn=1.5m . The

height H between the horizontal actuators was assumed 1b&fone design (during installation, H
was adjusted to 1.25m). It was assumed that theretnslab would tilt up on three edges on the

bottom surface; only one concrete slab edge (onrighd hand side in Figure 3.44) transferred the

compression load to the side of the square ringnbekhus the reaction forc®, is equal to
(V+F*H/L,+G), whereG is the self weight of the concrete specimen ardstieel reaction
beams on the slab; the reaction fofeis equal to(F * H/ L) . ForceR, was applied on one side

of the square ring beank, was transferred to the support columRswas used for design of the

vertical rods strength and design all the reactieams. The bracing beams and the stoppers were
designed by assuming lateral load F=150kN was egplvhen one horizontal actuator might
accidentally stop working.

\%
F —_—
R1

A :
= — 1 T

?

R2

< F —_—

| Ln !

V=160kN F=150kN

Figure 3.44 Estimated maximum load on the speciiméssting

In addition, each of the three hydraulic actuatees connected to a load cell, connectors, a collar
system through threaded studs. These studs, weokedh for their tension and compression strength.
For the modified collar system, the tension foréehe threaded rods and the shear force of the

clamping plates were checked.
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3.4 Instrumentation

The data acquisition system includes the followiagthree load cells connected to the vertical and
the two horizontal hydraulic actuators; b) disptaeat transducers; c) strain gauges in shear bolts
and flexural reinforcements in the concrete slabe Hata acquisition system included two data
acquisition modules for all the strains, displacets@nd load cells.

3.4.1 Displacements

The three actuators have their own internal LVDd setcord the cylinder displacements. In addition,
external displacement transducers were used. mingle the deformation effect of the testing frame,
all external displacement transducers were fastasrd a rigid steel rack that was installed
independently on the ground. Figure 3.45 showsetbeation including the transducer rack. Figure

3.46 gives the plan view.

On the top and the bottom concrete column endagsbiots (S1 and S2 in Figure 3.45) were attached
horizontally to measure the column lateral driffm the bottom column ends of the specimen, a
string pot (S5) was installed in vertical directiwnrecord the displacement, which is the resultdint
vertical and horizontal displacements of that caluend. On each side of the concrete slab,
perpendicular to the loading direction, a horizbsteng pot (S3 or S4) was attached to the cewiter
the slab edge to test the slab movement in thedwdl loading direction.

3.4.2 Crack width

Displacement transducers including LVDTS and DCBEse installed on both top and bottom slab
surfaces in aligned vertical pairs (Figure 3.4lhe displacement difference between these paies g
an estimation of the crack vertical widths inside slab.

3.4.3 Strains

Strain gauges (5mm-length) were attached at latatia”, “b”, “c”, and “d” of rebar #1 ~ Rebar #5

in two directions as shown in Figure 3.6 and Fidliie

Shear bolts, at typical locations, had also attddtein gauges in the middle of their bolt stems i
longitudinal direction. In specimen SW7, strain gesiwere placed on shear bolts in orthogonal lines;
in specimens SW8 and SW9, shear bolts in both gathal diagonal directions had attached strain
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gauges. Layouts and numbering of shear bolts wittinsgauges in SW7, SW8 and SW9 are shown
in Figure 3.28 and Figure 3.29.

3.4.4 Load Control
The controllers for the vertical 150 kip (667.2 khbtuator were MTS 442; two 50 kip (222.4 kN)

horizontal actuators were controlled by two MTS 4@@itrollers. The two MTS 406 controllers for
the horizontal actuators were connected to a veltagmp, which could generate voltages
corresponding to the designed load path (lateift).dFhe two horizontal actuators were controlled

by switching the ramp manually.
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3.5 Testing Procedure

Each specimen was subjected to gravity load fraertalp vertical actuator, using load control mode,
at a loading rate of about 20 kN / minute until tesired load level was attained. The vertical load
was then kept constant throughout the test. SpecBi&l, SW2, and SW3 were subjected to 110kN
vertical load while SW4~SW9 to 160 kN.

After application of the vertical load, the two lmantal actuators were activated to apply horizbnta
loading. During this process, the two actuatorseneantrolled in displacement mode. They pushed
and pulled the specimen columns simultaneouseaisame rate according to a pre-planned cyclic
loading path as shown in Figure 3.48. The horiddotding rate was about 0.6 volt / minute (4.6

mm / minute) before 3% drift ratio and 1.45 vathihute (11.1 mm / minute) for larger drifts.

The lateral loading cycles were applied from loweehigher drift levels by controlling the horizohta
actuators’ displacement. At each level, the sanife dricle was repeated three times. After 0.75%
drift level, one 0.5% drift cycle was inserted beén three-repeated-cycle groups. This small cyicle o
lower drift is used to evaluate the connection b&ha after larger seismic loading.

The reason for applying three repetitions of eagblec was to show the connection stiffness
degradation at each drift level. After 3.0% lataddft, long and deep cracks formed in the concrete
slabs and the intermediate 0.5% drift cycles shomeethuch change in the behaviour as compared to
previous small cycles; therefore the small cyclesenstopped after 3.0% drift. The increasing &ter
drift cycles were then applied without repetitidaseduce testing time.

The intermediate small drift cycles (0.5%) wereleggpto show the deformation behaviour, stiffness,
and strength of the specimen after higher lateifisdlt also provides information for possiblepadr
of the structure after large lateral drifts.

Due to unexpected slab movements, and small defanmaf the frame during testing, the drifts
recorded by external string pots were slightlyeatiéint from the drifts recorded by internal LVDTs of
the actuators. The displacements and drifts regpantehis thesis are based on the readings from the
external string pots which recorded real displaggroéthe specimen.

The design of the horizontal loading path followlked main idea of the ACI publication: “Acceptance

Criteria for Moment Frames Based on Structural ifgsfACI T1.1-01) and Commentary (T1.1 R-

01).” (2001) Although slow, pseudo-dynamic cyclmadling is not fully equivalent to dynamic

loading and the loading path cannot represent gaalte loading completely, the result are
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representative for the behaviour of slabs in seistohes. Many similar cyclic testing procedures
have been widely used by other researchers and tdsting results have been incorporated into

structural codes.
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Chapter 4

Experimental Results and Discussion

4.1 Introduction

This chapter gives the experimental results foreSdrand Series Il tests. For each series, |alesdl
versus drift ratio, moment versus lateral drifticatbackbone curves of horizontal load versus
horizontal drift ratio at top column end, peak-&ag stiffness versus drift ratio, stiffness of dmal

cycles, strains in reinforcements, and crack wadtthpresented.

4.2 Results of Series |

This section introduces the test results of Sdriehich includes specimens SW1 ~ SW5. Among
them, specimens SW1, SW2, and SW3 form Group Ispleeimens SW4 and SW5 form Group |l.

4.2.1 Lateral Load versus Drift Ratio

For clarity of explanations, it is necessary tociyethe positive and negative force directionsthuf
two horizontal hydraulic actuators. It is assuntet tvhen actuators in Figure 3.33 push the concrete
column of the specimen the forces are negativesratise, the forces are positive. The two horizontal

actuators were installed in the experiment setughasvn in Figure 3.33. In the test, side “BC” was

on side of@ axis, and side “AD” was on side @ axis. The horizontal load direction is

perpendicular to sides BC and AD. When the topZooiial actuator pushes the top concrete column
end from BC side to the AD side, the horizontaldl@nd the drift on the top concrete column are
negative. At the same time, for the bottom concoelemn, bottom horizontal actuator pushes the
bottom concrete column from side AD to the side Bt@, horizontal load and the drift on the bottom
concrete column are also negative. The sides of”“*Abd “BC” of the concrete slab column
connections are also specified in Figure 3.6 ~fei@u8, Figure 4.13, and Figure 4.40.

Horizontal lateral load on top column end versashitrizontal lateral drift ratio for specimens SW1,

SW2 and SW3 (Group 1) are shown in Figure, 4dd for SW4, SW5 (Group 2) in Figure 4.2.

Specimens SW1, SW2 and SW3 (concrete strength: 3pMere subjected to vertical load of 110kN

on the top column end; SW4 and SW5 (concrete dined@MPa) to vertical load of 160kN. As
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shown in Table 4.1, it is observed that in Grouphg, peak lateral negative load for SW1 (without
shear bolts) was 51.8kN at 2.6% drift ratio, wts/2 (with 4-row bolts) reached 60.4kN at 5.7%
drift and SW3 (6-row bolts) reached 61.57kN at 4@d# ratio. Comparing with SW1, peak load of
specimen SW2 increased 17%, and corresponding rdtifd increased 117%; SW3 showed an
increase of 19% in peak load and 61% increasenregponding drift. For positive peak load, SW2
and SW3 showed 27% and 30% increase, respectivdbo, drift ratio of SW2 and SW3

corresponding to positive peak load increased 1888066%, respectively

In Group 2, specimen SW5 (without bolts) had itakpeegative lateral load of 52.0kN at 2.7% drift
ratio, while SW4 (6-row bolts) reached negativeerat peak load of 74.9kN at 4.5% drift ratio.
Specimen SW4 showed 43.9% increase in lateral pea#t capacity and 64.2% increase in

corresponding lateral drift compared to specimerbSW

Figure 4.3 shows the five backbone curves of hgstercurves of lateral load versus lateral drift.

These backbone curves were formed by connectinks paiats at the first cycle of each same-drift-

cycles group. These curves clearly show initiatddrpunching load failure for SW1 and SW5 (no

bolts), the post peak ductility of specimens SW&33and SW4 (with bolts), and the increase of peak
load capacity and the maximum drift ratio of thecdmens strengthened with shear bolts.

Specimens SW1 and SW5 without bolts failed abruaftgr attaining the peak loads. There was a
sudden peripheral crack formed in SW1 and SW5 wmimedy. Conversely, specimens with bolts

(SM2, SM3, and SM4) continued to deform at almasistant lateral load. No sudden peripheral
cracks formed and all the cracks were in radiadaion. The maximum lateral drift attained by these
specimens was 8%. Further testing had to be tetedn&ecause the top rollers could not

accommodate it.
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Table 4.1 Peak load and drift ductility (definedRgn and Moehle, 1989) of specimen SW1~SW5

Drift
Drift Drift ductility
i ri
\Y Horizontal - ductility at | at 80%
— | Peak lateral load drift ratio at | Yield drift |ductility at
Vo 95% post| post
Slab name (kN) peak lateral| ratio (%) |Peak laters
peak lateral lateral
load (% load Y
( ) peak load Hoos load
Hogo
- + - + - + - + - + -+

SW1]0.55 -51.79 |55.56-2.65| 2.81 |-1.55| 1.58 |-1.711.78| 2.24| 1.81 [2.591.99
SW2]0.55 -60.44 | 70.39-5.74| 5.87 |-2.24| 2.49|-2.56 2.36| 3.05| 3.04
SW310.55 -61.57 | 72.39-4.27| -4.67|-1.54| 2.08 |-2.77/2.25(4.13| 3.24

Grouf

Grouff SW4|0.6§ -74.89 | 78.90-4.50| 5.81 |-2.09| 2.52(-2.15 2.31| 3.03| 2.72
2 |SW5|0.64 -52.04 |59.86-2.74| 2.61 |-1.41| 1.44(-1.941.81|2.33| 2.2 |2.5[2.51

Note: Nominal punching shear capacity of conchfe= 033,/ f_b,d (ACI 318-05, in metric units)

Table 4.2 Drift ductility (using tested first yietrift ratio) of specimen SW1~SW5

Tested | - . .| Drift ductility | Drift ductility
Drift ductility
first yield at 95% post | at 80% post
atpeak laterg
Slab name | drift ratio peak lateral | peak lateral
load 4
(%) load g5 load g
- + - + - +

SW1 | +1.33 | 1.99] 211 | 261 | 215 | 3.02 | 2.36

Group 1| SW2 | -0.91 | 6.30| 6.46 | 7.51 | 8.32

SW3 -0.68 6.27| 6.88 | 9.35 | 9.91

SW4 | -096 | 4.68| 6.06 | 6.60 | 7.14
Group 2

SW5 | +1.04 | 2.63| 251 | 3.16 | 3.05| 3.39 | 3.48
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Figure 4.1 Horizontal load versus horizontal didio at top column end

(a) Specimen SW1, (b) Specimen SW2, (c) Specimefl SW
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Figure 4.2 Horizontal load versus horizontal didtio at top column end

(a) Specimen SW4, (b) Specimen SW5
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Figure 4.3 Backbone curves of horizontal load v@fsarizontal drift ratio at top column end.

4.2.2 Moment versus Lateral Drift Ratio

Moment versus drift ratio curves are equivalerfitgures 4.1-4.3. The lever arm for the lateral ésrc
was 1.25m. For completeness, they are presented Mement versus lateral drift ratio of specimen
SW1-SW3 are shown in Figure 4.4, and for specinf@vs and SW5 are shown in Figure 4.5.
Backbone curves of moment versus lateral driftoraie shown in Figure 4.6. All observations
regarding the behaviour are equivalent to comnfeaits section 4.2.1.
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Figure 4.4 Moment versus lateral drift ratio at tgpumn end

(a) Specimen SW1, (b) Specimen SW2, (c) Specimef SW
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Figure 4.5 Moment versus horizontal drift ratidagi column end

(a) Specimen SW4, (b) Specimen SW5
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Figure 4.6 Backbone curves of moment versus latkifalratio at top column end
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4.2.3 Connection Stiffness

Based on the curves of unbalanced moment versfigatio, peak-to-peak stiffness of each cycle is
calculated (Figure 4.7 and Figure 4.8). Stiffndstha small drift cycles (in between larger driftsie

showed in Figure 4.9.

The connection stiffness decreased rapidly (to @a-®riginal stiffness) during the repeated cycles
up to 0.75% drift ratio. It should also be notedttthe stiffness decreased after each repeatee, aycl
every three successive same drift cycles. Thenetff decreased more in the second cycle than it did
in the third one. Among each group of three sanotesythe stiffness decrease between the first and
second cycles was more than twice the decreasebetiie second and third cycles. Low drift cycles

also showed stiffness degradation.

140 : : : : : : :
| | | | | | |
1 1 1 1 1 1 1
120HE - - - - [ - - — — — = R - - — — — = T - - — — — — = o __ 4
| | | | | | |
@ | | —%— SW1:V=110kN,no bolts | |
Q ook R | __| = SW2:v=110kN,4-rowbolts | L]
g 1 ‘ ‘ —a— SW3:V=110kN, 6-row bolts | ‘
ﬁ | | T T T | |
E_ 1 1 1 1 1 1 1
25 8oy - R TR SR I R T
o E | | | | | | |
E £ 1 1 1 1 1 1 1
$5 PRy - SRRRE IR AR I AR T
aE 1 1 1 1 1 1 1
oz ! I I I I I I
%< 40 T IR SRR IR A IR,
) | | | | |
o | | | | | |
ol L ETe— — L S
| | | | ‘ ‘
1 1 1 1 1 1 ‘
0 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

Lateral drift ratio (%)

Figure 4.7 Peak-to-peak moment stiffness vs. daifo of SW1, SW2 and SW3 (Group |)

Shear bolts had some effect in increasing the aiimmestiffness, but this effect was not signifitan
as shown in Figure 4.7 and Figure 4.8. Shear Ibaltsan effect on the specimen’s stiffness at large
lateral deformations. Specimen SW1 and SWS5, wittshdar bolts, both showed rapid stiffness
decrease at the drift ratio of about 3.0%. At tHigft ratio, the specimens failed by punching.
However, specimens SW2, SW3, SW4, strengthened shitkar bolts, could undergo far more
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deformation without abruptly losing stiffness. Shealts had little or no effect on stiffness of the

deteriorated connections at small deformationsu€ig.9).

160kN,6-row bolts
160kN,no bolts
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100} &
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Lateral drift ratio (%)

Figure 4.8Peak-to-peak moment stiffness vs. drift ratio ofsawid SW5 (Group I1)
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Figure 4.9 Stiffness degradation at small cycletheffive specimens SW1~SW5
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4.2.4 Drift Ductility

%

Ductility is defined by a ratio ofs, = Whered_y is the displacement corresponding to flexural

Y
yielding of the slab and,, is the displacement corresponding to a certaid (@& of the maximum
load in the post-peak region). Two methods are urseHis thesis to calculate drift ductility of the

reinforced concrete slab-column specimens. Theerdiffce between the two methods is in the
definition of the yield drift ratio.

(1) Method | (Pan and M oehle, 1989)

The method proposed by Pan and Moehle (1989) wasted to define the drift ductility. It defines

max max

points corresponding te:)zg-P and P__ in the backbone curve as shown in Figure 4.10inA |

between the origin, the point %Pm and crossing the horizontal line correspondingPig,

defines the assumed vyield drift ra@ (or yield displacement). Then ductility at poaftpeak load

and point corresponding to 80% of peak load atedeing side are calculated g, = Pk

yield

andy, ; = =22 . Similarly, ductility at point corresponding to%@5of peak load at decreasing side is
yield

50.95

5‘eld .

y

also calculated g3, =

In Series | of this test program, due to maximuspldicement of the roller system, only SW1 and
SW5 reached, ;. The peak lateral load and ductility at peak loadpositive and negative sides of

loading cycles were calculated and are shown id€Tald. The slabs strengthened with shear bolts

reached higher ductility at peak loads. For spenimeGroup 1, the ductility at positive peak lodd o
specimen SW1 (without shear bolts)cfb'§eak =1.78, while SW2 (4-row bolts) reached 6§eak of

2.36 (increase of 33%), and SW3 (6-row bolts) reddls 5;eak of 2.25 (increase of 26%). Similarly,

for specimens in Group 2, the ductility at positpaak load of specimen SW5 (without shear bolts) is
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Oy =1.81, while SW4 (6-row bolts) reached @, of 2.31 (increased 27.6%). Drift ductility at
peak negative load also showed similar results.

For post peak load ductilitys,, comparing to specimen SW1, specimen SW2 and ShMéned

increase of 36.2% and 84.4% respectively in negatirift direction. In Group Il, specimen SW4

obtained 30% increase compared with specimen SW5.
(2) Method I

In this method, the yield drift ratid,;,, is taken from experimental observations as thi difio

when the flexural rebar first reach yielding. Taldl gives the tested first yield drift ratios of
specimens SW1~SW5 and the ductilities defined bythik II. It is found that concrete slabs
strengthened with shear bolts attained first flakwebar yielding earlier than those without shear
bolts. The drift ductilities of the specimens wibblts are much larger than those of specimens

without bolts. In Group |, specimen SW2 and SW3iadd 217% and 215% increase /i),
respectively comparing with SW1; in Group Il, speen SW4 obtained 78% increase/i, and
141% increase im;eak comparing with SW5. As for increase in post peak ductility, specimen
SW2 and SW3 achieved 188% and 258% increasg i3, respectively comparing with SW1,

specimen SW4 obtained 109% increasgujjy; comparing with SW5. From the trend of backbone

curves in Figure 4.3, it can be inferred that iaseein/,, would be even larger if it could be

reached in the tests.

# _ T peak
ak
Prax pememmmpm o e (S
| | y
!
SR | 7
iF’max F——- / i i i 5
3 ;o ] 1 _ Yos
A i { i Hog = S
i | 1 [ v
A | 1 1
f 1 1 1
i 1 1 1
4 ! 1 1
(4 ! 1 1
i | 1 1
! | 1 :
i i | S (Driftor Disp)
53} 5[‘2‘1% 50.8

Figure 4.10 Definition of ductility
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4.2.5 Strains in Shear Bolts

Strain data were measured for shear bolts, in taifiral loading direction (direction 1) and in
transverse direction (direction 2). Shear boltdwgitrain gauges were numbered as shown in Figure
3.28. An example of the lateral drift ratio versiin in Bolt #1 of SW2 is shown in Figure 4.11.

The backbone (envelope) curves of lateral drifore¢rsus bolt strains are shown in Figure 4.12.

Generally, in direction 1, the first two bolts (b&l and bolt #2) close to the column experienced
significant strains. The third one (bolt #3) hadafinstrain and the fourth bolt (bolts #4) remained
non-active throughout the whole loading historyltBd and Bolt #2 were activated apparently only
after the drift reached at least 1%. This driftresponds to lateral load of 35~40 kN, which is
50~55% of the maximum lateral load attained bygpecimen. In direction 1, only bolt #1 in SW3

yielded.

Bolts in direction 2 experienced larger strainsthat same drift ratios, than their counterparts in
direction 1. Strains in bolt # 1a of SW3 and SWached2.44x 10°and1.95x 10° respectively,
exceeding bolt yield straing(, =1.9x 10®). Strain in bolt # 1a of SW2 reach&d72x 10° which is

close to yield strain.

8 T T T T T
6 4
g4 '
g 2 ]
o
£0
©
© .2 Sw2 .
% 4 row bolts
S 4l \V=110kN 1
-6+ i
_8 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Strain in bolt #1 X 10-3

Figure 4.11 Lateral drift ratio versus strain idttl for specimen SW2
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Figure 4.12 Lateral drift ratio versus strain icle#®olt of the three specimens SW2, SW3, and SW4

(@) Specimen SW2; (b) Specimen SW3; (c) Specinvgd S
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4.2.6 Flexural Reinforcement Strains

A total of 16 strain gages were attached to regifgr bars and embedded in the concrete slab. The
layout of strain gauges in the reinforcements @ashin Figure 4.13.

Figure 4.14 ~ Figure 4.18 shows lateral drift ratErsus strains at location “d” in rebar #1 in
specimen SW1 to SW5, respectively. Rebar #1 pabsedgh the column in specimens SW1 to SWa3.
Location “d” was 21 mm away from the column edgeFigure 4.14 to Figure 4.18, the curves on the
left side are the lateral drift ratio versus striroughout the wholes testing process. The graphs

the right side provide extracted response befoserebar yielding. The yield strains were deteedin

using the yield strength of the rebar and the ielasbdulus of steel barE, = 200GPa). The yield

strain of the first batch of rebars (in SW1-SW5J 8W7) was2.335x 10°; the vyield strain of the
second batch of rebar (in SW6, SW8, and SW9) :&85x 10°. Figure 4.19(a), (bshow the

backbones curves together for the five specimen$-8MW5 (Series 1).
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(Lateral drift direction of top column)
(b)
Figure 4.13 Stain gauge positions on the reinfoegg@rof specimens SW1 ~ SW5 and SW9

(a) Strain gauge locations on bottom reinforcennasit (in test); (b) Strain gauge locations on bottom
reinforcement mat (in test)
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Figure 4.14 Lateral drift ratio versus strain atdtion “d” of Rebar #1 in specimen SW1

(a) Response during full testing sequence; (b) &espuntil first yielding
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Figure 4.15 Lateral drift ratio versus strain atdtion “d” of Rebar #1 in specimen SW2

(a) Response during full testing sequence; (b) &espuntil first yielding
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Figure 4.16 Lateral drift ratio versus strain atdtion “d” of Rebar #1 in specimen SW3
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(a) Response during full testing sequence; (b) &espuntil first yielding
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Figure 4.17 Lateral drift ratio versus strain atdtion “d” of Rebar #1 in specimen SW4
(a) Response during full testing sequence; (b) &espuntil first yielding
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Figure 4.18 Lateral drift ratio versus steel statitocation “d” of Rebar #1 in each specimen of SW

(a) Response during full testing sequence; (b) &espuntil first yielding
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Figure 4.19 Backbone curves of lateral drift ragosus steel strain at location “d” of Rebar #1

(a) Group 1: SW1, SW2, and SW3; (b) Group 2: SW4 andbSW
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An example of strain variations along the flexustdel bars is shown in Figure 4.20, which shows
strains at different locations of different barsdaift ratio -1.2% for all five specimens. The bar
numbers are shown in Figure 4.13. The drift ratiod locations at first yielding in the numbered
steel bars, for all five specimens, are summarizéelthble 4.3 (the positive and negative sign réder
the direction of loading). In the five specimens BV8WS5, the bottom bar (#1) and the top bar (#3)
going through the column in direction 1, yieldedstfi In specimen SW1 (without bolts), bar #1
yielded at approximately drift ratio +1.33%, and B8 yielded at approximately drift ratio -1.54%.
However, bar #3 in specimen SW2 (with 4-row balesjched first yielding at -0.97% drift ratio; bar
#1 in SW3 (with 6-row bolts) reached first yield-8t7% drift ratio. This suggests that the flexural

rebar in concrete slabs with bolts will sustain enlmads and deform more than those in slabs without
bolts.
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Figure 4.20 Strains in different locations of eacimbered rebar in specimen SW1~SW5 at -1.2%
lateral drift ratio

(a) Location “a”, “b”, “c” and “d” of rebar #1; (bl.ocation “a”, “b”, “c” and “d” of rebar #2;
(c) Location “a”, “b”, “c” and “d” of rebar #3; (dLocation “a” and “b” of rebar #4; (e)
Location “a” and “b” of rebar #5
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Table 4.3 Drift ratios at first yielding of reinfting bars in the five specimens SW1~SW5

Drift ratio at first yielding
Slab Name

Bar #1 Bar #2 Bar #3 Bar #4 Bar #5
SW1 +1.33% at “d”| +1.84% at “d”| -1.54% at “d” | (No yielding) | -3.6% at“b”
SW2 -1.11% at “c” | +1.59% at “d" | -0.91% at “d” | +4.56% at “a”| (No yielding)
SW3 -0.68% at “c”| -1.4% at“c” | +1.73% at“b"| +3.77% at “b" | +4.47% at “a”
SwW4 +1.18% at “d”| +1.52% at “d”| -0.96% at “d” | +5.52% at “b” | -6.62% at “b”
SW5 +1.19% at “d"| +1.46% at “d” | +1.04% at “c” | (No yielding) | +3.7% at “b”

Notes: Positive and negative signs correspondatdithg directions

Locations of strain gauges are showrigire 4.13

Based on the presented results, it is visible llefdre punching failure of slabs without bolts, athe
bolts do not influence the strains in flexural feneements. This is consistent with the resultatesl

to connection stiffness, which also did not depemdhe presence of shear reinforcing elements.

4.2.7 Vertical Crack Width

As shown in Figure 3.47, in locations “L1", “L2"L3", and “L4", the displacement transducers
(LVDTs) were set on both top and bottom surfacdse tisplacement difference was used as an
estimation of opening width (vertical) of inclinedack through slab thickness. Figures 4.21 through
Figure 4.25 show all the crack widths in positidrl,’ L2, L3, L4” of each slab under cyclic
horizontal loading. It can be observed that forcgpen SW1 and SW5 (no bolts), there was an abrupt
crack width increase at lateral drift +3.0%. The specimens had reached their peak load just before
The specimens SW2, SW3 and SW4, strengthened hétdr Holts, lasted many more cycles without
sudden crack expansion. The crack width in locatiofi’ at 1.5%, 2.0%, and 3.0% drifts are

summarized in Table 4.4.
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Table 4.4 Crack width at 1.5%, 2.0% and 3.0% daitiio for specimen SW1~SW5

Crack width (mm)
Slab name
at +1.5% drift ratio| at +2.0% drift ratio at +3.0% drift ratio
Sl 0.18 0.32 0.70
(at —1.5% drift ratio)| (at —2.0% drift ratio) | (at —3.0% drift ratio)
SW2 0.21 0.33 0.74
SW3 0. 26 0. 44 0.71
SW4 0.11 0. 26 0. 58
SW5 0.13 0. 29 1.26
8 8
6 1 6
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Figure 4.21 Crack width at locations “L1", “L2", 3, and “L4” in the slab of SW1
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Figure 4.22 Crack width at locations “L1", “L2", 3, and “L4" in the slab of SW2
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Figure 4.23 Crack width at locations “L1", “L2", 3, and “L4" in the slab of SW3
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Figure 4.24 Crack width at locations “L1", “L2", 3, and “L4” in the slab of SW4

Lateral drift ratio (%)

Lateral drift ratio (%)

0 2 4 6 8 10
Slab crack width at location "L1" (mm)

i/ﬁ |
4 S

-2

0 2 4 6 8 10
Slab crack width at location "L4" (mm)

8
6
S
o
§ 2 an /
% 0 v‘ 1 L
o
5 2 A Q
o)
T 4
|
-6
-8

-2 0 2 4 6 8 10
Slab crack width at location "L3" (mm)

[sws]

Lateral drift ratio (%)

-2 0 2 4 6 8 10
Slab crack width at location "L2" (mm)

Figure 4.25 Crack width at locations “L1", “L2", 3, and “L4” in the slab of SW5
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Crack measurements show that, before punchinglak experienced similar initial cracks (Table
4.4). The cracks increased rapidly after punchihthe specimens without bolts. The largest cracks

were experienced at location “L1".

4.2.8 Cracking and Failure Modes of the Specimens

Cracks on slab surfaces started from corners otdhemn on the tension side, first on the bottom
slab surface (which was subjected to tension froawity load) and then on top surface. First crack
on top of the slab was usually observed at abdt0075% drift ratio. On bottom surfaces, cracks
first propagated toward the four slab edges andessr while on slab top surface, initial cracks
developed from column corner to the direction pedieular to the lateral loading direction. The fina
crack patterns of top and bottom slab surfacesafofive specimens are shown in Figure 4.26.
Column inclined crack were first observed at ab&0t4.5% drift ratios for slabs with shear bolts.
For the specimens SW1 and SW5 (without bolts),ethvegre no inclined crack observed in column
(the slabs failed at small drifts). From the craelttern and the hysteresis curves, it can be foesid
SW1 and SW5 failed by punching shear mode; therdtiree slabs (SW2, SW3 and SW4) were
subjected to flexural failure mode. The three skbgined the peak lateral load during testingctvhi
decreased only slightly (by 10%) in the post pesifaviour.

SW1 top surface SW1 bottom surface

(a)
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SW2 top surface SW2 bottom surface

(b)

SWa3 top surface SWa3 bottom surface

(c)



SW4 top surface SW4 bottom surface

(d)

SW5 top surface SW5 bottom surface
(e)

Figure 4.26 Final crack pattern on top and bottanfase of each specimen

(a) SW1, (b) SW2, (c) SW3, (d) SW4, and (¢) SW5

4.3 Results of Series Il

This section introduces the test results of Sétiedich includes specimens SW6 ~ SW9. Specimens
SW6, SW7, and SW8 had openings next to the col@pacimen SW6 had no shear reinforcements.
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Specimen SW7 had an orthogonal pattern of six perg rows of bolts. Specimens SW8 and SW9
had a radial layout of steel shear bolts (6-rowheWever appropriate, comparisons are made with
specimens from Series I. In Series |, three spaténhad orthogonal pattern of shear bolts: specimen
SW?2 had 4-row shear bolts; specimen SW3 and SW4#Had shear bolts.

4.3.1 Connection Moment versus Lateral Drift Ratio

Connection moment is calculated from the momenthetop and bottom lateral forces multiplied by
the distance between them. The distance betweetwthborizontal hydraulic actuators was 1.25m.
The lateral drift ratio was calculated from thestal displacement measured by the external stiang p
divided by the distance between slab-column cesmerthe string pot. Since top and bottom lateral
drift ratios are slightly different, the averagéftdmatio is used herein. Figures 4.27 (a) to (s the
curves of moment versus lateral drift ratio forgpen SW6 to SW9 respectively.

In each curve, the peak points were marked anedirly a dashed line (backbone curve). The four
backbone curves are plotted together in Figure, 4r@é which it is observed that, among the three
specimens with the same openings, SW6 (no boltste minimum moment capacity, 52.28 kNm,
at negative peak point, while SW7 (orthogonal lpalttern) reached 56.59 kNm (8.2% increase) and
SWS8 (radial bolt pattern) reached 63.58 kNm (21i6étease). Corresponding drifts at the negative
peak points are: -1.31% (SW6), -2.88% (SW7, 1208tei@se) and -2.77% (SW8, 111.5% increase)

Table 4.5 shows the moments at negative and pesiteak points, the yield drift ratio, and drift
ductility at peak points and 80% of peak momenpast peak region. As expected, the specimen
SW9, without openings but strengthened with ragatern of shear bolts, showed highest moment
capacity and ductility. Compared with specimen SWigh two openings and also strengthened with
radial pattern of shear bolts), SW9's moment cdpacas 76-80% larger; its lateral drift ratio abge
moment was 145-2119% larger; drift ductility at 8p#ak load (post peak) increased by 44-55%.



Table 4.5 Peak moment and drift ductility (defirgdPan and Moehle, 1989) of specimen

SW6~SW9
) Drift Drift
Drift N -
Peak later . ductility at | ductility at
ductility at
V| Peak momen}drift ratio at| Yield drift peak 95% post | 80% post
Slab nam¢ Vo (kN*m) peak | ratio (%) peak moment peak
moment
moment (% p Mogs  |Mmoment sy,
peak
- + - + - + - + - + - +

SW6 0.74]-52.28| 54.38|-1.31(1.71|-0.82| 0.80| 1.60| 2.16| 2.04| 2.39| 2.56 | 3.0

SW7 0.79|-56.59| 58.52| -2.88|2.90|-1.05| 1.14| 2.75| 2.56| 3.05| 3.17| 4.0 [4.03
SW8 0.74(-63.58| 64.45|-2.77| 2.74|-1.15| 1.17| 2.40| 2.35| 2.59| 2.54 | 3.15 |3.21

SW9 0.66|-92.23| 97.70| -4.08( 4.19|-1.71| 1.68| 2.38| 2.50( 2.98| 3.30| 3.98 | 4.31

Note: Nominal punching shear capacity of conchéfe= 033,/ f_b,d (ACI 318-05, in metric units);

the perimeter length, of critical section of each specimen (SW6, SWH &wW8) with openings

excluded the opening effected length

Table 4.6 Drift ductility (using tested first yietdbar strain) of specimen SW6~SW9

Tested | Drift ductility at| Drift ductility at | Drift ductility at
first yield peak moment| 95% post peak| 80% post peak
Slab name

drift ratio Hpeak moment [ g5 moment 4/,

(%) - + - + - +
SW6 +1.07 | 1.23| 1.61 1.56 1.79 1.96 2.24
SW7 +2.24 [ 1.29| 1.30 1.43 1.61 1.88 2.05
SwW8 +2.85 | 0.97 | 0.96 1.05 1.04 1.27 1.32
SW9 1.01 4.03| 4.16 5.05 5.49 6.74 7.17
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Figure 4.27 Moment versus lateral drift ratio ofsjpmen SW6~SW09.

(a) Specimen SW6; (b) Specimen SW7; (c) SpecimeB; 3@y Specimen SW9
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Figure 4.28 Backbone curves of moment versus ladeifaratio for SW6~SW9.

4.3.2 Drift Ductility

Drift ductility is defined in section 4.2.4, by Meid | (Pan and Moehle, 1989) and Method Il (using
tested first yield rebar strain). For Series |k theak lateral moment and ductility (Method 1) ealp
points on positive and negative sides of loadinglesy are calculated and shown in Tables 4.5.
Ductilities defined by Method Il are shown in Talllés. For the three slabs with openings, SW6,
SW7, and SW8 in Table 4.5, it is observed thatthbs strengthened with steel bolts (SW7 and SW8)
show higher ductility defined by Method | than spgen SW6 (no bolts). However, if the ductility is
defined by Method I, given in Table 4.6, the sg#w®ned slabs (SW7 and SW8) show even lower
ductility than SW®6; this is because the rebar stracorded for SW6 is not very reasonable as shown
in Figure 4.41. From Figure 4.28, it can be eaddiermined that specimens SW7 and SW8 obtained
apparent higher drift ductilities than specimens6S\W the following sections, ductilities are also

compared between slabs with and without openint)) wi without bolts, and with orthogonal bolt
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layout or radial bolt layout. Generally, slab sggrened with shear bolts had higher ductility atkpe
loads and at failure.

4.3.3 Effect of Openings on Connection Moment Capac ity and Ductility

To find the effect of openings on connection moneapacity and ductility, several comparisons are
made as presented in this section. It should kednthat for specimens with openings, the

reinforcement in direction 1 (along the lateralcrapplication) was interrupted by the opening.

There was no space in the slab to place additisera along the sides of the opening. However, for
direction 2 (normal to lateral loads) the same neindd rebars that were cut by the openings weree

placed beside the opening edges (Fig. 3.7):
(1) Specimen SW5 (no bolts, no openings) and SWg&0lts, two openings)

Their moment and drifts are shown in Figure 4.28 @able 4.71t is found that the two openings in
SWE6 result in peak moment decrease of 28% (-) &6 §8) and lateral drift ratio at peak point
decrease of 52% (-) or 37% (+). From Table 4.7 dingtility of SW5 and SW6, defined by method |
(Pan and Moehle, 1989), showed no much differertmvever, the ductility of specimen SW5
defined using tested first yield strain in rebarmuch larger than ductility of SW6 (Table 4.8)r Fo

example,,uo_g+ is 3.48 for SW5 (no opening), and 2.24 for SWalfwivo openings).
(2) Specimen SW4 (6-row orthogonal bolts, no opgsirand SW7 (6-row orthogonal bolts, two
openings)

As shown in Figure 4.30 and Table 4.%imilar to case (1), the two openings lead to @abse of
40% (-) or 37% (+) in peak moment, a decrease 66 8§ or 49% (+) in lateral drift at peak. The
drift ductility of SW4 and SW?7 is close if they adefined by Method | (Pan and Moehle, 1989).
However, in Table 4.12, their ductilities (definading tested first yield drift ratio) are diffeten

Specimen SW4 (no opening, 6-row orthogonal bolbtpioed (/;,,=7.14, and SW7 (two openings,
orthogonal bolts) obtainegl;,:=1.61 only.

(3) Specimen SW8 (6-row radial bolts, two openirayg) SW9 (6-row radial bolts, no openings)

As shown in Figure 4.31 and Table 4.9, compareth BMV9, the peak moment of SW8 decreased
31% and 34%; lateral drift ratio at peak momentrelesed 32% and 35%; drift ratio at yield
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decreased 30% and 33%. Ductility (defined by methat 0.8 Peak load decreased 21% and 26%,
but from Table 4.10, the ductility (method 1) o\S reached 7.17 atz;,, while SW8 only reached

1.32 atylyg.

Table 4.7 Comparison of peak moment and drift ditychetween SW5 and SW6

Drift Drift Drift
v pea | ek lateral ductility at| ductility at | ductility at
V_o oment drift ratio at | Yield drift peak 95% peak| 80% peak
Slab name (KNm) peak moment ratio (%) moment | moment | moment
0
(A)) Iupeak Iu0.95 /'1080
- + - + - + - + - + - +
SW5 0.68(-73.28/77.95 -2.75 | 2.70 | -1.41| 1.44 | 1.96| 1.87(2.38| 2.41|2.58 | 2.51
SW6 0.74(-52.2854.39 -1.31| 1.71 | -0.82| 0.80 | 1.60| 2.16(2.04| 2.39|2.56 | 3.0

Table 4.8 Comparison of drift ductility (using tedtfirst yield drift ratio) between SW5 and SW6

Tested | Drift ductility at| Drift ductility at | Drift ductility at
first yield peak moment| 95% post peak| 80% post peak
Slab name ) )
drift ratio Hpeak moment L/ s moment /g,
0
(%) - + - + - +
SW5 +1.04 | 2.63 2.51 3.16 | 3.05 3.39 3.48
SW6 +1.07 | 1.23| 1.61 1.56 1.79 1.96 2.24
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Table 4.9 Comparison of peak moment and drift ditycbetween SW7 and SW8 (effect of openings
and shear bolts layout patterns)

Drift
vV Peak lateral Drift  |Drift ductility| ductility at
vV, drift ratio at ductility at| at 95% pos{ 80% post
Peak moment Yield drift
Slab peak peak |peak moment peak
(KN*m) ratio (%)
(%) Il‘[peak /'10.8
- + - + - + - + - + - +
SW9| 0.66 | -92.23 97.70(-4.08| 4.19(-1.71| 1.68| 2.38| 2.50| 2.98| 3.30 |3.98 |4.31
SW8| 0.74 | -63.58 64.45(-2.77| 2.74|-1.15| 1.17| 2.40| 2.35| 2.59| 2.54 |3.15|3.21

Table 4.10 Comparison of drift ductility (usingted drift ratio) between SW8 and SW9

Tested | Drift ductility at| Drift ductility at | Drift ductility at
first yield peak moment| 95% post peak| 80% post peak
Slab name _ _
drift ratio Hpeak moment £/ ,qc moment /g,
0
(%) - + - + - +
SW9 1.01 | 4.03| 4.16 5.05 | 5.49 6.74 7.17
Sw8 +2.85 | 0.97 | 0.96 1.05 1.04 1.27 1.32
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Figure 4.30 Backbone curves of moment versusdbtlift ratio between specimen SW4 and SW7



100

Moment (KN*m/drift)
o

o)
o
T

9876543 2-
Lateral drift ratio (%)
(©)

Figure 4.31 Comparison of backbone curves of mowenrsius lateral drift ratio between specimen

SW8 and SW9

100 T T T T T T T T

Moment (KN*m/drift)
o

~ F
[ee ) 3
(o]

98-76-5-4-3-2-1012345€6
Lateral drift ratio (%

~

Figure 4.32 Backbone curves of moment versus ladeifaratio for SW4 and SW9
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Table 4.11 Comparison of peak moment and driftititychetween SW4 and SW7, SW4 and SW9
(effect of openings and shear bolts layout patjerns

Drift Drift Drift
V| peak | ekl quciity at| ductility at | ductlity at
V, | moment drift ratio at | Yield drift peak | 95% peak| 80% peak
Slab name peak moment ratio (%)
(kN*m) moment | moment | moment
(%)
'upeak Hogs Hosgo
- + - + - + - + - + - +

Sw4 0.68-93.68/93.15| -4.52 | 5.72 | -1.95| 2.14 | 2.32| 2.68| 3.26| 3.18

SW7 0.79-56.5958.52 -2.88| 2.90 | -1.05| 1.14 | 2.75| 2.56(3.05| 3.17| 4.0 | 4.03

SW9 0.66-92.2397.7Q0 -4.08| 4.19 | -1.71| 1.68 | 2.38| 2.50(2.98| 3.30| 3.98 | 4. 31

Table 4.12 Comparison of drift ductility (usingteds first yield drift ratio) in SW4, SW7, and SW9

Tested | Drift ductility at| Drift ductility at | Drift ductility at
first yield peak moment| 95% post peak| 80% post peak
Slab name ) )
drift ratio Hpeak moment L/ 45 moment /g,
0
(%) - + - + - +
Sw4 -0.96 | 4.68 6.06 6.60 7.14
SW7 +2.24 | 1.29| 1.30 1.43 1.61 1.88 2.05
SW9 1.01 | 4.03| 4.16 5.05 | 5.49 6.74 7.17




4.3.4 Effect of Shear Bolt layout Pattern on Connec  tion Moment Capacity and Ductility

Shear bolts were installed orthogonally in SW7 &Wwi4 and in radial pattern in SW8 and SW9.
They are compared as follows:

(1) Specimen SW4 (6-row orthogonal bolts, no opgsiimnd SW9 (6-row radial bolts, no openings)

From Figure 4.32 and Table 4.11, it is found tlcatmpared with SW4, specimen SW9 had a 2%
decrease in negative peak moment and 5% increagesitive peak point, a decrease of 10% and
27% in lateral drifts at peak points, a 3% incremsductility (Pan and Moehle, 1989) at negative
peak moment and a 6.7% ductility (method |) de@edpositive peak points. The overall behaviour
of both specimens was almost identical. Howevemparing ductilities defined by method Il (using

tested first yield rebar strain), specimen SW4h@gbnal bolt pattern) has better ductile behaviour
than specimen SW9 (radial bolt pattern). For examftbm Table 4.124 . is 7.14 for SW4 and
5.49 for SW9.

(2) Specimen SW7 (6-row orthogonal bolts, two opgs) and SW8 (6-row radial bolts, two
openings). From Figure 4.28 and Table 4.13, ibseoved that SW8 had an increase of 10% and 12%
in peak moments but 4% and 6% decrease in lateiftd dt peak points, 8% and 13% ductility
(Method I, Pan and Moehle, 1989) decrease at peadtspand 20% and 21% ductility (Method )
decrease at 0.8 peak load (post peak). Comparisductilities defined using Method 1l shows also

specimen SW7 has better ductile behaviour. For pl@nin Table 4.144,, is 2.05 for SW7 but
only 1.32 for SW8 (36% less).

4.3.5 Connection Stiffness

Based on curves of moment versus drift ratio, gegkeak stiffness of each cycle was calculated for
every specimen. Figure 4.33 shows the peak-peffikests versus lateral drift ratio of SW6, SW7 and
SW8. Figure 4.34 shows the peak-peak stiffnespefimen SW5 and SW9. Stiffness at small drift
cycles (0.5% drift) are displayed in Figure 4.3bgkneral, the connection stiffness decreased Iguick
during the repeated cycles until 0.75% drift rafibe stiffness decreased after each repeated moment
cycle; in every three successive same drift cydhes stiffness dropped about 1.5 times more in the
second cycle than it did in the third one. Smatlley also showed a decreasing trend in stiffness.
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Table 4.13 Comparison of peak moment and driftititychetween SW7 and SW8 (effect of

openings and shear bolts layout patterns)

) Drift Drift
Drift - -
\V/ Peak later . ductility at | ductility at
— ductility at
Vo | Peak momentdrift ratio at| Yield drift peak 95% post | 80% post
Slab namé¢ (kN*m) peak | ratio (%) peak moment peak
moment
moment (% p Mogs  |Mmoment sy,
peak
- + - + - + - + - + - +
SW7 0.79|-56.59| 58.52| -2.88| 2.90(-1.05| 1.14| 2.75| 2.56| 3.05| 3.17| 4.0 |4.03
SW8 0.74]1-63.58| 64.45|-2.77| 2.74|-1.15| 1.17| 2.40| 2.35| 2.59| 2.54| 3.15 | 3.21

Table 4.14 Comparison of drift ductility (usingtees drift ratio) in SW7 and SW8

Tested | Drift ductility at| Drift ductility at | Drift ductility at
first yield peak moment| 95% post peak| 80% post peak
Slab name ) )
drift ratio Hpeak moment L/ s moment 4/ g,
0
(%) - + - + - +
SW7 +2.24 | 1.29| 1.30 1.43 1.61 1.88 2.05
swsa +2.85 | 0.97| 0.96 1.05 1.04 1.27 1.32

Comparing stiffness of the three specimens withnoms, SW6, SW7 and SW8, we can find that
specimen SW6 (without shear bolts) had stiffnesy gemilar to SW7 and SW8 but showed more
rapid stiffness decrease after 1.2% drift ratio.d®ynparison between SW5 and SW9, it is found the
stiffness of SW5 (without shear bolts) decreaseldyiafter drift ratio 2.5% when it failed in

punching. Generally, shear bolts had little infloeenon the stiffness of the connections before

punching failures occurred in specimens withougshelts.
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Figure 4.33 Moment peak-to-peak stiffness versifsrdtio of specimen SW6, SW7, SW8
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Figure 4.34 Moment peak-to-peak stiffness versiisrdtio of specimen SW5 and SW9
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Figure 4.35 Peak-to-peak stiffness of small dsiftles of SW5 ~ SW9

4.3.6 Strains in Shear Bolts

For slab SW7, a total of twelve strain data wereasneed on six bolts along and transverse to the
loading direction. For slab SW8 strengthened witlovg radial bolts, strains were measured on bolts:
six in lateral loading direction, six in directigrerpendicular to lateral load, and six in diagonal
direction. Bolts with strains gages are numbereih ddgure 3.29. Strains in Bolts #1a of slab SW7
versus lateral drift direction are shownRigure 4.36. Figure 4.37 to Figure 4.39 show thekbane
curves of lateral drift ratio versus strain on bdtir specimen SW7, SW8, and SW9. These figures
demonstrate that shear bolts in the transversetidineshow higher tension strains than those in the
lateral loading direction. In the lateral loadinigedtion, the & and %' row shear bolts, far from the
column face, had very small tension strains. Olnéy £ row shear bolts in the direction transverse to

the lateral loading direction yielded at very lady#t ratios.
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Figure 4.36 Figure 15-Horizontal load versus stiainolt #1a of SW7.
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Figure 4.37 Backbone curves of lateral drift ragosus strain in each bolt of specimens SW7
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Figure 4.38 Backbone curves of lateral drift ragosus strain in each bolt of specimens SW8
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Figure 4.39 Backbone curves of lateral drift ratosus strain in each bolt of specimens SW9

4.3.7 Strains in Flexural Reinforcements

A number of strain gages were attached to flexuatahr and embedded in concrete in each slab. The
numbering and locations of them are shown in Figud®. For each specimen, strains are shown in
Figure 4.41 to Figure 4.44 for specified locationsrebars close to the column. Strain gauge reading
at different locations in each rebar are drawnigufe 4.45 for drift ratio of 1.15%. It can be sdbat

only rebar in SW5, going through the column in thieection of lateral loading, has yielded at drift
ratio of -1.15%.
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Figure 4.41 Lateral drift ratio versus strain atdtion “d” of Rebar #1 in specimen SW6

(a) Response during the full testing sequenceR@sponse until yielding
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Figure 4.42 Lateral drift ratio versus strain atdtion “c” of Rebar #1 in specimen SW7

(a) Response during the full testing sequenceR@sponse until yielding
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Figure 4.44 Lateral drift ratio versus strain atdtion “c” of Rebar #1 in specimen SW9

(a) Response during the full testing sequernmdrkésponse until yielding
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(a) Strain in location “b”, “c” and “d” of rebar #{b) Strain in location “a”, “b” on rebar #5; (c)

Strain in location “b”, “c”, and “d” on rebar #3() Strain in location “a” and “b” on rebar #4

4.3.8 Estimation of Vertical Crack Width

As shown in Figure 3.47, in location L1, L2, L3,dab4, displacement transducers were placed on
both top and bottom surfaces of the slabs. Thdatisment differences are used as estimates of slab
opening width through slab thickness. Figure 4.48gure 4.49 show all the crack widths in position
“L1", “L2", “L3", and “L4" of each slab under cycti horizontal loading. If the crack width is
negative in the figures, it is either due to errorsesting or rupture of concrete slab undernéath
transducers. Table 4.15 shows crack width of spewi8\W6, SW7, SW8, and SW9 at lateral drift of
1.5%, 2.0%, and 3.0%. From the crack figures, fit flva found that crack width in the slab is wider in
L1 (close to column side) and L3 (close to the ooiucorners) than those in L2 and L4. For slabs
with openings, the crack widths at 3% drift areggéabecause they all reached peak load before 3%
drift ratio. The specimens without bolts (SW6) haider crack width than those strengthened with
shear bolts (SW7, SW8) after 2% drift. Specimen SWithout openings) had smaller crack width at
3% drift than SW6~SW8 because it had not reaclsaokeiak load yet.
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Table 4.15 Crack width at 1.5%, 2.0% and 3.0% daifio for specimen SW6~SW9

Crack width (mm)

Slab name
at +1.5% drift ratio| at +2.0% drift ratio at +3.0% drift ratio
SWe 0.52 1.61 4.76
SW7 0. 65 1.01 2.00
SW8 -0. 09 0.09 1.01
SW9 0.11 0.16 0. 46

SW6 SW6
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Figure 4.46 Crack width at locations “L1", “L2", 3, and “L4” in the slab of SW6
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Figure 4.49 Crack width at locations “L1", “L2", 3, and “L4” in the slab of SW9

4.3.9 Cracking and Failure Mode of the Specimens

Cracks on slabs started from the corners of coluomshe tension side, first at the bottom slab
surface and then on top surface. First crack usuwalk observed at about 0.6~0.75% drift ratio. On
bottom surface, cracks first propagated towardstab edge and corners, while on slab top surface,
initial cracks developed from column corner to thieection perpendicular to the lateral loading

direction. The final crack patterns of top and bwitslab surfaces for all specimens are shown in
Figure 4.50. From the crack pattern and the hysierourves, it can be found that SW5 and SW6

failed by punching shear mode; the other two, SW W8 were subjected to flexural failure mode.
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Figure 4.50 Crack pattern (final) of top and botteumfaces of specimen SW6~SW9

4.4 Comparison of Testing Results with the Building Codes of ACI318-05, CSA
A23.3-04 and Eurocode 2 (2004)

The nominal moment capacity for each specimen wzukated using the applied gravity load and
the material strengths. The design formulae ofdingl codes, ACI318-05, CSA A23.3-04, and
Eurocode 2(2004) were used. The calculated nomioahent and the peak moment measured in the

test for each specimen are compared in Table 4.16.
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As introduced in Section 2.5, the American code 3B05 provides formulae for punching shear
design of two-way slab under gravity load and uabedd connection moment. The shear stress on
the critical section due to external moment andicedrload can be calculated by equation (2-34). In
this research, the moment was applied in one die¢along x direction) only, thus equation (2-34)

can be written into following equation (4-1). Thestn shear strengW¥) is calculated by equation

(4-2).

Y% M
v, =t B8 (4-1)
bd J,
-9
vV, = (V. +V 4-2
r bod (Vs c) ( )
v, <V,

(4-3)
whereV, is the factored vertical load,, , V, are nominal resistance forces from concrete agdrsh
reinforcement respectivelyM ; is the factored unbalanced moment of the connectigris the
perimeter length of the critical sectiod, is the effective thickness of the slgh,=0.4, J, is the
analogy of polar moment of inertia about the momaxis. ¢ is the strength reduction factor
(@¢=0.75 for shear). Solving equations (4-1), (4-2), (4&3ults in the value of a factored moment
M;:

M =

P, +v) - (4-4)
bod b,d
For comparison with the test, resistance fagtois taken as unity, and, is replaced by the vertical

constant load/ in the experiment®/ =110kN ,or 16N ’, then the nominal unbalanced moment

M can be computed as in equation (4-5), which cacobgpared with the experimental results.

= {bod(v V)——} (4-5)

ACI318-05 has no special provisions for headed rssies or shear bolts. It provides provisions for

shear reinforcements of in the form of stirrupsrésiand bars) and shear head (steel shapes). For a

157



slab with stirrups (wires and bars), the nominaéashresistance forc¥, from concrete is

. f,d
V., =0.1M,d/ f. (metric), and shear resistande from the shear reinforcements\!§:A’5—W,
S

where Ais the section area of all shear reinforcementsiratcmne peripherial sectiorf,),V is the

yield strength of the shear reinforcement (takenMfa), s is the radial spacing of shear

reinforcements. The sum of shear force from boticete and shear reinforcemefs+V,) must

be no more tha|®.5bod\/ft'. Since there are openings in SW6, SW7 and SW&edbtonal area of

critical section is reduced due to the openings.

Canadian code CSA A23.3-04 adopts similar equattonthose of ACI318-5 for punching shear

design. It has equivalent provisions for slabs wgiifrups: nominal shear ford& from concrete is

. f.d
V, =0.1%,d,/ f, and nominal shear resistari¢e from the stirrups 8/, = As ; the total of
S

these two nominal forces must be no more t@dy,d+/ f. . The difference in the factors in ACI

and CSA codes comes from the difference in theysédetors in the two codes.
CSA A23.3-04 provides particular clauses for desifilheaded shear studs, in which the nominal

shear force/, from concrete 8/, =0.28,d4/ f,

c !

and the sum of the nominal shear forces from

concrete and shear reinforcements shall be no thare0.7%,d,/ f, . These values are larger than
those for stirrups.

Moreover, according to Clause 21.12.3 in CSA AZB3for slabs with headed shear reinforcements

under seismic loading, the factored gravity sheassv, shall satisfy the following formula (4-6).

Vf ! ¢SAIS fyv _
v, @s R{O.S(O.Z&gac\/ft y?} (4-6)

f
For this researchfb\’s—yv is given for each specimen. Setting the mateeadlcing factorsp, @ to
S

unity, the nominal allowed maximum gravity lo&g can be calculated as
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V, < R{ . ASLW}bOd (@7)

where R; is defined in equation (2-47)\.is the area of shear reinforcemenf§, is the yield

strength of the shear reinforcemestijs the radial spacindy, is the critical section lengthd is the

effective slab thickness.

Clause 21.12.3 of CSA A23.3-04 also specifies tlosvable maximum gravity load for seismic slabs

without shear reinforcements.
Vv, = od SRV, (4-8)

whereV_is defined in equations in (2-30). From equati8), the allowable maximum gravity load

for a seismic slab without shear reinforcement is

= (b,d)R.(0.38, ) (4-9)

According to Eurocode2 (2004), Clause 6.4.3 (3) &#ddb (1), design momed ; can be calculated
by equating the shear resistanceof equation (2-43) and the shear stréss equation (2-42) due

to external load/; and unbalanced momeM .

v
M, =[0.75/C + 1.5(3 Pou F e (l% )sim—ﬁ}w—f (4-10)
1 1
—%(HJ 2005(100f PP, )? (4-11)
e =250+ 0.28 < f (4-12)

whered is the effective depth of slals, is the radial spacing of shear reinforcemerg, is the

cross section area of shear reinforcements of pagphery row,u, is the length of the basic control
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section, )= 0.6 for square column)\, :Ioul|e|dl , € is the distance ofll to the moment axisy is
the angle between the reinforcement and the skatepy, =1.5 for persistent concretef, is the
characteristic cylinder compressive strength (2B-da,, o, are the flexural reinforcing ratios of the

slab in two orthogonal directionsf,ywd is the design yield strength of the shear reinfeeat.

To obtain the nominal momem#l from equation (4-10) ~ (4-12), let the partialttador concrete be

Y. =1.0; use the following relation betweef}' and f, proposed by Reineck (1999) (Gardner,

2005); and replac¥, by vertical constant load applied in the tests.

f,=f -1.60 (MPa) (4-13)

Thus, there is following equation (4-14) for thermipal moment, in which all parameters are
specified as for equation (4-10).

1 . vV |Wd
M=|0.75/,.+1.5 f sim— | 4-14
|: c g AN ywdef (lﬁ ) Uld:| % ( )

1

_%(1 F% [100¢, - 1.6)/p,p, ] (4-15)

All the calculated and measured moments for theismns were shown in Table 4.9. The maximum
allowable gravity loads are also presented fomsieislabs with or without shear reinforcements. For
slabs strengthened with shear bolts, ACI318-05ipians give smaller nominal values than the CSA
A23.3-04, since ACI318-05 provisions used aboveewrainly for stirrups and wires. The Eurocode
2(2004) gives too large nominal results, even latigan the measured peak moments, which is not
reasonable. CSA A23.3-04 is the best to predictnibrainal moment capacity, but for slabs with

openings or with shear reinforcements, the prediesdues are smaller than the tested peak moments.
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Table 4.16 Measured peak moments and the predictméhal moments using codes of ACI318-05,
Eurocode 2(2004) and CSA A23.3-04

] ] Nominal |[Nominal Max
':%nl;'gﬁlt ﬁ}%ﬂgﬁl Nominal | Gravity| Grayity|Max. alloweq  allowed
Measure redicted oredicted moment [loadV | |oad | 9ravity load| gravity load
Specimen peak P by P by predicted| applied| ratio | Vi by CSA| V,, by CSA
name | momentl \~ 210 [Eurocodes PY.CSA | inthe | v | for seismic| for seismic
* B _ . .
(kN*m) |55 (2004) |A23:3-04) tests | slabs with | slabs without
(kN'm) | (kN*m) (kN*m) | (kN) o | shear bolts| shear bolts
(KN) (kN)
SW1 68.7 22.2 31.7 29.6 114 0.56 N/A 70.9
SW2 88.9 47.5 112.3 82.6 11( 0.55 110.6 70.9
SW3 89.3 47.5 108.2 79.4 114 0.55 107 70.9
SwW4 93.2 45.2 99.5 74.6 16( 0.68 112.8 80.4
SW5 77.9 16.4 21.8 24.9 160 0.68 N/A 80.4
SW6 52.3 7.0 -4.0 11.1 160 0.74 N/A 76.4
SW7 56. 6 18.0 54.4 35.1 160 0.79 109.4 71.1
SW8 63.6 20.9 56.5 37.2 160 0.74 112.6 76.4
SW9 92.2 515 98.3 75.3 160 0.66 111.6 86.4

. .V . - , .
Note: 1. Gravity load ratlosv— were calculated usiny, :O.33)0d\/1TC (ACI 318-05, in Metric

0

units). 2. Nominal Maximum allowed gravity loaf, andV,, were calculated assuming allowed
lateral drift ratiod = 2%in CSA A23.3-04 Clause 21.12.3.

This variation among different codes in calculat@hnominal moment is mainly caused by the
following reasons:

(1) The material strength reduction factors inetiéht codes are different; in each code, theserfact
are calibrated with their corresponding load fast@nd load combination factors. In Table 4.16, the
nominal moment capacities are calculated neglettiagnaterial and strength reduction factors only.
(2) The code predictions, for slabs without shealtsb cover a wide range of slab thicknesses.
However, test results vary with specimen thicknéssording to Bazant and Cao (1987) and Choi et

al. (2007), punching shear strength decreasesahstlsicknesses increase. Therefore, the predicted
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nominal moments using codes, for the specimens SMI5, and SW6 (without shear bolts), are

much lower than maximum moments measured.
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Chapter 5

Design of Steel Shear Bolts and Concrete Slab with Shear Bolts

This chapter consists of three parts. First, irtiBed.1, the design of steel shear bolts is intoed,
which includes the determination of bolt head thiess, head area and bolt stem diameter. Second,
section 5.2 gives suggestions on how to desigofietf flat concrete slabs using shear bolts. This
section analyzes slab shear resistance and progiddance regarding the layout of the shear bolts.
Third, suggestions are given for construction mashaduring retrofit using shear bolts.

5.1 Design of Steel Shear Bolts

A steel shear bolt consists of a bolt stem, a l&awhe end, and a washer and nut at the other end.
The washer and the head must be designed for adafpickness and area. The work involves design
of the head thickness, the head area, and thatiaelto the bolt stem strength. The size of thengs
determined based on slab strength consideratidresg&neral procedure to determine the shear bolts
for concrete retrofitting is: (1) to determine teear bolts layout and bolt head area accordirigeto
slab thickness, concrete strength, and steel strasfghe bolts; (2) to determine bolt stem diamete
and heat thickness.

5.1.1 Thickness of the Bolt Head

The bolt head thickness was analyzed using théetas plate theory and the finite element method
It can be determined using bolt stem diameter &edhble diameter. These are explained in two

following subsections.

5.1.1.1 Determination of Bolt Head Thickness using Elastic Thin Plate Theory

The bolt head and the bolt stem can be consideresh axisymmetric elastic body. The bolt head is

assumed to be a circular thin plate. The round stepties an evenly distributed circular load at the

center of the head. The head diamete2Ry. The diameter of the bolt stem 2, and the drilled

hole in the concrete slab for the bolts has a dierm# 2R. The load from the bolts stem ¢s which

is equal to the yield stress. The head is assumbd simply supported on the concrete slab surface.
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The bolt and bolt head are shown in Figure 5.1e ifiternal force conventions for an axisymmetric
slice element are shown in Figure 5.2.

. ;“’.,_ Bolt Cap

n s g_ . n-d T : ‘,_'__-\‘
sy S

@ . Bolt Stem

]3_:1|:|]F /_

Concrete slab plan view

CI 3 A :

Ty m Z. : “/— C‘;Dnl_l_:rete Slab ln RERD |~

b v ' A T_T'

S b I T t

20 N L e [ - - |:t
:—d | I ———Y TrYy |_':|

| 21y
Shear bolt and slab simplified rmodel of the head

Figure 5.1 Shear bolt and bolt head

Figure 5.2 Axisymmetric element and its internatés
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Using elastic thin plate theory, one can obtainitbernal force equations as following.

I\/Ir = (Mx)H:O

ow, ow

6X2 ayZ 6=0

9°w 10w 1 0%w.

AN et il
or? 'u(rar rzaez)]

= —D(

(5-1)
= —D[

’w 0w
> ,Uw)e:o

{ low, 1 az azw}

My=(M,)p0 = _D(

4+ + o —
(r or 2692) 'Uax2

2

M,y =M, =(M,,)s0 =-D(1- ,U)( y)

(5-2)

(3)

10°w 1ow
=D~ ) =)

rordg r?oé

Sincegis symmetric around@ axis, deformation plane of the circular plate lEaymmetric about

Z axis, W is only the function of , not &, therefore

Mre :Mer :(Mxy)ezo:O

(5-4)
_ _ 0 0
Qr _(Qx)ezo - (a U W)e 0 _Da 0w (5-5)
10
=(Qy)e=o = D(_D W)g-o = _D_ﬁm W (5-6)
2
Dzw—a—w }6w+ 1 0°w
o2 ror r2a6?
The stresses in the plate are
g, :12t':/|’ z (5-7)
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12M,

)=
rr9:79r=12¥|r9 =0
=% -
. 6Q6(—— 2)

1 z z
=-2 _—_21+_
g, 0|(2 t)( t)

The maximum stresses are

M

() =700,y =655
M
(90)ey =~(90) -y =67
TrH = rﬁr = o
3R
T =
( rz)z—O 2t
3Q,
T ==
( Hz)z—O 2t
(O-Z)Z:—lz = _q

At the bottom point of the plate, sineg, =0,7,, =

stresses. According to Von Mises Criterion, we have

Oy = \/af +0.-00, :\/ar2 +0.-00,
where g is the yield stress of the steel. Substitut(ng)zz%, (g,)

equation 5-19, we get

36M.2 36M,° 36V,M,
+ —_— sy

t* t* t?

By rearranging this equation, we obtain:

(5-8)

(5-9)
(5-10)

(5-11)

(5-12)

(5)13
(5-14)
(5-15)

(5-16)

(5-17)

(5-18)

0,0,=0, o, ando, become the principal

(5-19)

,-: (Equation 5-13, 5-14) into the

(5-20)



t:#?’—f(M%M:—Mng) (5-21)
Jys
The bolt head is connected to the bolt stem. Thezadnly stresses in the plate around the sterofare

interest. Based on the equations from W.D. Pilkéiamdbook (Page 1010), equations of the internal

forces of the circular plate under centered cincdistributed loadg are:

1 1 1-v
M, :1_6qR2(3+v)(l—az)—Rqu[(Bﬂl— 5 ’ Im} (5-22)

(1+3/+—ﬁ YA-a®)+ 4(+v B2 Ina

2(1-v)1- B ¥
P i
Q= 2%(0 o > aRa (5-24)

M :—qR2[3+v a+ 3/)a] gR? (5-23)
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where R is the radius of the circular head plate (radiuthe hole drilled in the concrete slab since
the head is assumed to be simply supported atdpe) &, is the radius of the loading area on the
head (circular bolt stem area attached to the heaal)zLR , B= %
Figure 5.3 shows bolt head thickness versus net blelarance and ratig / Rfor 3/8” (9.5mm)

diameter bolts which were used in this programuféids.4 shows bolt head thickness versus net hole

clearance and ratig,/ R for 1/2” (12.7mm) diameter bolts which were usedvipusly for edge

connection. Figure 5.5 gives the head thicknesiseabolt stem edge versus hole radius for three typ
of bolts: diameter 4.76mm, 6.35mm, 7.94mm boltguké 5.6 shows the combined graph of

normalized coordinates. The axis is the normalized by the distance from thi édge to the hole

edge:L and y axis is the ratio of head thickness over the b‘cémsdiameter:l . The

R1-8)’ o
relation curves are drawn for differeit values. Figure 5.6 can be used for steel sheardbsign.

The maximum thickness at the stem, for x = 0 shdald.9 tol.2r, for typical drilled holes. The

thickness can be reduced with the distance fronstdra.
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Figure 5.3 Bolt head thickness versus net holea@fez and ratidg,, / R for 3/8” diameter bolts
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Figure 5.4 Bolt head thickness versus net holaafez and ratido /R for 1/2” diameter bolts
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Figure 5.5 Head thickness at the bolt stem edgsugdrole radius
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Figure 5.6 Normalized bolt head thickness versumatized distance from bolt stem (for all stem

diameters)

5.1.1.2 Determination of Bolt Head Thickness using Finite Element Method

In order to check the results according to thickieltheory, eight-node isoparametric finite element
(Figure.5.7) was used to analyze the bolt headhirmolt of 3/8” diameter (2R=9.5mm). The hole

r
diameter @r,) is 6.75mm and&’:—é = 067. This element is based on the Mindlin thick plate

assumptions: 1) The plate deflection is small; Bg Tine perpendicular to the mid plane before

deformation remains straight but not necessary abtmthe mid plane after deformation; 3) The

stress perpendicular to the mid plane can be negléEigure.5.7). The displacements Hx,Hy are

expressed as
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W
(5-25)

DD =
1
|
+
8

hlid Plane

Real
[reform ation

Azzumed
[ eformation

Figure 5.7 Mid-thick plate section deformation

The shape functions of this type element are

Nd&n)=—%a—fxrﬂﬂa+f+ﬂ)
(5-26)

N(E) = - €9-1)
Ny(&) =5 @+ HU-)(-1+& =)

Nxfﬂ)=§a—nﬁa+f)
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Naam:§a+aa+mc¢+swn

N(E) = 0= E)(L+n)

N, (E7) = 5 (A= )L+ )(-1-¢ +1)

Ny(é) =3 0= )a-17")

To analyze one quarter of the steel bolt head (gwdstributed thickness), eight-node isoparametric
plate element (Figure 5.8) is used.

® ® L
® L
® ® L

Figure 5.8 Eight-node isoparametric plate element

The geometric coordinates are expressed as:

D} :iN[ﬂ (5-27)

The quadrant is discretized into eleven elementshasvn in Figure 5.9. ABE area represents a
guadrant of the bolt stem; BE is the edge of thi, lamd CF is corresponding to the edge of the
drilled hole in the concrete slab. CDGF area ispsuied by the concrete slab surface. In the FE
model, the vertical displacement on the hole edgefe restrained. The calculated four Gauss point

internal forces of elemerf®) and(@ are as follows.
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Figure 5.10 Gauss point numbering of element 24and

X- COORD. Y- COORD.

ELEMENT NO. =
2.6867
2. 2206
3.9661
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1.5679
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Figure 5.9 Finite element mesh for a quadrant

XY- MOMENT XZ- S. FORCE YZ- S. FORCE

X- MOVENT Y- MOVENT

. 27516E+04 . 29921E+04 -.42194E+02
. 28417E+04 . 29186E+04 -.11877E+03
. 20123E+04 . 25556E+04 -.87766E+02
. 21997E+04 . 23721E+04 -.27282E+03
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ELEMENT NO. = 4
1 4.9029 .8388 .11612E+04 .50288E+03 .10775E+03 -.80238E+03 -.13408E+03
2 4.0603 2.8688 .93977E+03 .72450E+03 .32949E+03 -.66202E+03 -.47296E+03
3 6. 1830 1.0579 .17840E+03 .27164E+03 -.16046E+02 -.63595E+03 -.10511E+03
4 5.1204 3.6178 .20885E+03 .24092E+03 -.46271E+02 -.52457E+03 -.37644E+03

The moments at stem edge BE are calculated assuhdhthe average of the two adjacent elements

represent the actual moments:

M, =(2012.3+ 1161.2)/2 1586.F6 nmim

M, =(2555.6+ 502.88)/2 1529.7M mim
Using Von Mises Criterion (Equation 5.19) and Egqurab-21, the required thickness is t = 5.03 mm.

This thickness corresponds well with the thickneslsulated using thin plate theory which is in this

case equal to 5.2mm (Figure 5.3).

5.1.2 Determination of Bolt Head Area

The CSA A23.3-04 requires that the head area ohéagled shear stud shall be at least ten times the
stud stem area. This is not suitable for the shelis. Since the headed studs are embedded in the
concrete slab, part of the force in the stud steay scome from bond between the stem and the

concrete. Also, there is no space (hole) betweanrete and the stem.

The main consideration for the bolt head area heck the bearing resistance of the concrete under
the bolt head. In the Canadian structural code 833.3-04, Clause 10.8.1 specifies that the factored
bearing resistance of the concrete can be takdh&isy fC'AL, and when the supporting surface is
wider than the loaded area, the resistance canuliglied by a magnifying factor of up to 2, where

@ is the material strength reducing factor for ceter fc' is the concrete compressive strength, and
A is the loaded area. Thus, maximum nominal conametistance ol.70f,A was used in this
calculation. Assuming the bolt stem yields at faland equating the yield lodg,, and the bearing

resistancel, the following equation can be obtained.

Foot = F

n

(5-28)

Foot = T 7y’ (5-29)

w
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F, =17¢f (RS -R*) = 17¢f m(R; -

re

. (5-30)
B

The bolt head ared, is 7R. and the stem section ardy is 7m,>. R, andr,are the radii of the

head and bolt stem section respectivdlyis the hole diameterfw is the yield strength of the bolts.

r 2
=-2 . From equations (5-28) ~ (5-30), the ratio@ (= R was derived.
R A 2
"

A
A

0

f 1
=—W,+—2 (5-31)
170¢, fC £
H 25 I
.“-5 o —— fy=3000Fa
o & —m— fyv=369Fa
D & 20
% - —&— =400 Fa
. X —#— fyv=4500Fa
[ 15
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Figure 5.11 Ratio of bolt head area over bolt stestion area versus concrete compressive strength

(a) % versusf, (f,, varies, = 075); (b) % versusf, (3 varies, f,, =370MPa)

In Equation 5-31, the ratio of the bolt head areer the bolt stem area is related to three paramete

the ratio (3) of bolt stem radius, over the radius of the hole, the yield strengtthefboltsfw, and

the concrete strengtlﬁc' . Figure 5.11a gives the ratio of bolt head aresr tolt stem section area for

a 3/8” (9.5mm) diameter bolt. The ratio varies wille concrete strength and the steel bolt yield
strength. For low strength concrete, the ratioighdr. Steel bolts with higher yield strength need
bigger head areas. The effect of bolt diametereiy ¥mall. For conservative design, the bolt head
area should be 16 times the bolt stem section farebolts of maximum 500 MPa yield strength.

Figure 5.11b shows the ratio of bolt head area bedlr stem section area for a 3/8” diameter bolt

17¢



with different ratio of 5. For the same shear bolt stem and concrete dtrewben S increase, the

bolt head area will decrease.

5.1.3 Stresses in a Concrete Slab Caused by a Shear  Bolt

Linear finite element analysis was carried outdalculation of the concrete stress distributionarnd
the shear bolts. It was done to determine the énfte of the confining stress from the head on

concrete underneath the head.

Assume the head and the washer of each shearrbapplying uniform pressure on top and bottom
surfaces of the concrete slab (Figure 5.12 a).réheltant of the pressure on concrete is assumed to

be equal to the yield force in the bolt stem. Rrmesg =19.7 MPa produced by yield force was used

herein (Figure 5.12 b). Since the bolt heads am@dlsrompared with the slab area, the stresses dause
by bolt heads were only affecting a small vicirnziyne. The stresses in the slab from the effect of
bolts are also symmetric about the slab mid-surféberefore, the stresses caused by each bolein th

concrete slab can be calculated using axisymmetiatysis.

Let the longitudinal axis of the bolt stem be tlesaf symmetry, and a vertical slab section ABGD i
isolated as show in Figure 5.13. Since the slaymsmetric in geometry and loading about the slab
mid plane, the length of ABCD is 240mm (which isasvthe slab thickness) and its height is 60 mm.
The bottom side AD is restrained in y directionyon(The displacement of the mid plane of the
concrete slab remains zero under equal pressureldoitom and top surface). The other boundaries

are free.

Bolt

[ 1

Conchjete slab

A— 120 —

L

(a) Bolt and slab



q=19.7MPa

—__ rg7mm —_ r

i

R=22mm

(b) Pressure on the slab by bolt head

Figure 5.12 Pressure on concrete slab surfaceslts/iead and washer

y
q=19.7MPa
N
N B C
o
©
\| A D
AN
r=7mm x
%
R=22mm
RO=247mm

Figure 5.13 Axisymmetric analysis of the concré#b siround the bolts hole

From the results, it is found that the locationgydmel r =150mm from the bolt hole center are

affected by very small stresses (close to zerogrdfbre it is assumed that the affected distance is

150mm (1.25h). Figure 5.14 shows stregso, ,0,,T,, distribution along top line BC of the section.

Figure 5.15 shows stress,,0,,0,,T,, distribution along bottom line AD of the section.
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(a) Streswo, , ( Sx) distribution along top line BC

(i)

(b) Stresso, (Sy) distribution along top line BC
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(c) Stresso, , (Sz) distribution along top line BC
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(d) Stressr, distribution along top line BC

Figure 5.14 Stress distribution along the top Bt
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(a) Stresso, , ( Sx ) distribution along bottom line AD

(b) Stressa, (Sy) distribution along bottom line AD
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(c) Stresso, , (Sz) distribution along bottom line AD
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(d) Stressr,, (Sxy) distribution along bottom line AD

Figure 5.15 Stress distribution along the top iz
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5.2 Design of Steel Shear Bolts for Concrete Flat S  lab Strengthening

This section describes the design of the flat caecislab strengthened with steel shear bolts,

including the strength of the concrete slab anduapf the shear bolts in the slab.

5.2.1 Strength of the Retrofitted Slab

The punching shear strength of the slab strengthesith shear bolts can be calculated using similar
equations and provisions of CSA A23.3-04 for heasteehr studs. However, the critical section area

is reduced due to drilled holes along the perimetehe critical section. Thus the effective cic

section perimeter length, is equal to b, —n*d,), wherebyis the critical section ¢ /2 from

column perimeter) lengtm is the number of holes drilled along critical $eatperimeter.d, is the

diameter of the drilled holes.

In design, the shear bolt tension capacity (aloolj stem) can be taken as the smaller of the
following three cases:

(1) The yielding force F,) of the bolt stem at the root of thread grooves,

Fo=f,* A (5-32)
where fW is the yield (tension) strength of the shear boXsis the section area of the bolt stem
excluding threads.

(2) The yield shear forceH, ) by threads on the bolt stem.

(3) The yield shear forceH,,) by threads on the nut.

Case (2) and case (3) can be considered togetbeording to Barrett's “Fastener Design Manual”

(1990), the pullout loadP of the bolt against the nut can be calculatedgutie following equation:

_ 7dyLT,
3

P

(5-33)
whered, is the pitch diameter of the threads,is the length of thread engagemefifjs the smaller

shear strength (stress) of the two materials obdieand nut.

Consequently, the punching shear strengtfstress) of the retrofitted slab is
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Vi =V, TV 5-34
r C S

whereV, is the factored shear resistance from conchetis, the factored shear resistance from shear
reinforcements.

v = @nk,

; 5-35
°  bys (5-35)

where @, = 085 is reduction factor of steel strength is the number of shear bolts in a periphery
row parallel to column perimeteF, is the smaller result of equation (5-32) and (»-33is the

radial spacing of the shear reinforcemebét.is the effective critical section perimeter lengihear

resistance from concrete in the shear reinforcedé =

v, = 0281/,

Maximum shear resistance of section with sheafogiament should satisfy the following equation:

V, oy < 07540 T,

Seismic requirements of the concrete slabs strength with shear bolts can follow CSA 23.3-04
(Clause 21.12.3), i.e. equation (2-47) and (2-81Chapter 2, but effective critical section andashe

strength of bolt threads are necessary to be used.

5.2.2 Shear Bolt Layout in the Flat Concrete Slab

Shear bolts layout requires determination of aalgofaittern or an orthogonal pattern in the concrete
slab. This section compares the two patterns ascusises the number of bolt rows and spacing

between the bolts in radial and tangential directiRadial direction is defined as away from the

column (S,,S, in Figure 5.16). Tangential direction is along therimeters of shear bolts and

parallel to the column sidesS{in Figure 5.16).

5.2.2.1 Comparison of Radial and Orthogonal Layout Patterns of Shear Bolts

As described in section 4.3.2, for slab withoutrapgs, the slab (SW9) strengthened with radialsbolt

layout pattern showed close capacity and ductititythat of the slab (SW4) with orthogonal bolt

pattern. For slab with openings, the slab (SW8hwidial bolts showed some moment capacity
184



increase, however, SW8 had higher concrete strgp@ifiPa) than SW7 (40MPa). Moreover, SW8
showed some decrease in ductility. Therefore,Herflat slab column structure, if the lateral loagi
direction is parallel to the two main orthogonaledtions, just as the case in the experiments, the
orthogonal bolt layout would be preferable. Howeverreal situations lateral load comes from an
arbitrary direction and possibly a more uniform tbdistribution around the column might be
preferable. For strengthening method, it is reconded here to combine the two patterns, i.e. the
orthogonal pattern plus an extra line of boltsddial direction in each quadrant. Due to interfeeen
from the flexural reinforcement in the concretebsline radial bolts may not form a straight line. A
simple rule can be followed that the shear bolttepa should be symmetric about the two main axes
of the column.

5.2.2.2 Bolt Spacing in Radial Direction
Let’s assume the shear bolts are orthogonallylledtas shown in Figure 5.16. To decide the bolts
spacingS, and S, the factor considered here is the punching streak inside the slab. According

to the observations, the angles of punching shesoks in the slab without shear reinforcements
range from 25~35 degree. Also, Regan (1974) poimtadthat “the critical shear cracks, at a
connection without shear reinforcement, extend fhmads at about d/4 to d/2 from the column faces,
to tails situated where the cracks intersect thin emsile steel at distances of 2d or more froe th

column” (Figure 5.17) The shear reinforcement sthdnd placed across the crack in the middle of the
slab. For specimens strengthened with shear libéisspacingS, need special considerations, which

are explained later in this section.

Figure 5.16 Spacing,, S, and S, of shear bolts

(S,, S - radial direction spacindgS, - tangential direction spacing )

18¢



0.25d Shear
0.5d reinforcement

Figure 5.17 Punching shear cracks in the conclabevéithout shear reinforcement

For slabs with shear reinforcements, the shearksrat the zone with shear reinforcement have

steeper inclined angled() than that of cracks in the non-shear reinforcedes @,). Dilger and
Ghali (1980) found that in the concrete slab wigadied shear studs, andglecan be about 40 — 50

degree, while anglé, is usually around 20— 30 degrees (Figure 5.18).

Figure 5.18 Shear rack angles in slab zones withitbout shear studs

The tests done in this research showed similarkcaagles to those mentioned above. The three
specimens without shear bolts, SW1, SW5, and SW&e wubjected to sudden punching shear
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failure. The distances between the column centeéittam crack tails were measured, which are shown
in Figure 5.19(a), (b) and (c). The heads of aBashcracks were assumed at the column faces.
Therefore, the crack angles can be estimated uk&nglab thickness and the distances of the crack
tails to the column faces. For example, for SWhiFé 5.19(a)), the tail distances to column faces
are 313mm, 310mm, 350mm, and 470mm. The slab tbgskis 120mm. Thus the corresponding

angles ar2l’, 21.7, 18.9, and14.3. The largest angle for SW5 (Figure 5.19(b)RE ; the
largest angle for SW6 i83.2. SW6 is the specimen with openings as shown inrgi$.19(c). In

reality, these angles are likely to be slightlygkrthan the above calculations suggest due tdirgpal
of the concrete cover which likely made the presgténgth measurements larger.

450

(a) SW1



375

435

(b) SW5

(c) SW6

Figure 5.19 Distance of punching shear crack ¢aihé column center
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The slabs with openings provide an opportunity leesve the crack angles on the opening edges.
The three slabs with openings were SW6 (withouastmlts), SW7 and SW8 (with shear bolts).
Figure 5.20 shows the cracks of SW6 at the opefainog parallel to the lateral load direction. It is
found the main cracks are at angles of about 3tedegvhich corresponds well with the angle
estimated from surface measurements. In Figure, Bh2lslab (SW8) was strengthened with shear
bolts around the openings and in the radial laydhe angles of the main inclined cracks are about
45 — 50 degree. In Figure 5.22, the slab (SW7@ngthened by shear bolts but in orthogonal pattern,

has crack angles smaller thds°. The reason can be the fact that the shear belts mot as close to

the openings as in SW8. It also shows that thekceagle in shear reinforced slabs varies from

20-50°, depending on the location of the bolts.

All these main shear cracks started from the colteees. Therefore, the distance between the first
shear bolts and the column fa®,, should cross the inclined crack. Therefore, agsyiolts cross

the crack in the middle:
For 8§ =40°, S, = 0.5*d/(tan40°) = 0.59 d.
For 8 =50°, S, = 0.5*d/(tan50") = 0.42d.

Considering the beneficial effect (confinement) tbé bolt head it can be recommended that
S, = 045d ~ 055d from the column face. This also covers the faat the drilling of the holes

requires certain distance from the column whicht ieast 45mm.

(@) (b)

Figure 5.20 Shear cracks in the opening edgdaseagiaib (SW6) without shear bolts
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(@) (b)

Figure 5.21 Shear cracks in the opening edgesdltb (SW8) with shear bolts of radial layout

Figure 5.22 Shear cracks in the opening edgesdltth (SW7) with shear bolts of orthogonal layout

Two approaches were used to theoretically deterthimspacingS, between shear bolt rows.

(1) Crack Angle Approach
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Figure 5.23 shows the section of the concrete stlmmgthened with shear bolts. The crack angle is

6,. The crack is assumed going across from the kg érom the bottom to the top flexural rebar on
the adjacent bolt outer edge. Based on observdtiengrack anglé), was assumed to be froA(°

to 50°. The relation is:
tang =d /x (5-36)

where d is the effective depth of the flexural feifoement, d = h-c-b. x is the spacing between the

two adjacent bolt outer stem edges, $=b,, b, is the diameter of the shear bolts.

Table 5.1 shows the ratio & /d for slabs of thickness from 120mm to 900mm ahdl@ crack
angles. It is founds,/d is between 1.08 and 1.17. Table 5.2 gives ttie cd S;/d for crack angle

50° for slabs of thickness from 120mm to 900mm. ltvghithe ratioS, /d is between 0.73 and 0.82.

Considering that steeper cracks are likely to farder heavy vertical loads, it is recommended that:

For normal loads\(; < 0.56A¢c\/E), S <10d;

For heavy loads ¢, > 056)I¢)C\/f7c'), S < 075

> 1
—r— |——|/ —
o) @) 9] -
_ f - =
O 1 O
—
bl
X
1

Figure 5.23 Crack anglé, in the slab strengthened with shear bolts
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Table 5.1 Spacing, when g, = 40° using crack angle method

Assume(q Assumed Assumed
Slab )
_ rebar |shear bolt Concrete| effective| Angle _ _
thickness . x/d= S =
diameter diameter| cover | depth ] S, /d
h 1/(tanf)) | x—-b,
b b, c(mm) | d(mm) | (degree)
(mm)
(mm) (mm) d=h-c-b
120.00 | 11.30 9.50 20.00 88.70 40 1.19 96.21| 1.08
150.00 | 11.30 9.50 20.00 118.70 40 1.19 131.96 1.11
200.00 | 16.00 9.50 20.00 164.00 40 1.19 185.95 1.13
250.00 | 16.00 12.50 20.00 214.00 40 1.19 242.54 1.13
300.00 | 19.50 12.50 20.00 260.50 40 1.19 297.95 1.14
350.00 | 19.50 | 12.50 20.00 310.50 40 1.19 357.54| 1.15
400.00 | 25.00 15.00 25.00 350.00 40 1.19 402.11 1.15
450.00 | 25.00 | 15.00 25.00 400.00 40 1.19 461.70, 1.15
500.00 | 25.00 | 15.00 25.00 450.00 40 1.19 521.29 1.16
900.00 | 25.00 20.00 25.00 850.00 40 1.19 992.99 1.17
Table 5.2 Spacing, when g, =50 using crack angle method
.Slab Bebar Shear bolt Concrete| Effective Angle % /d S = S
thickness| diameter diameter cover depth ) =1/(tand)| x- b,
h b b, (mm) c d (mm)
mm
mm) | (mm) (mm) | d=h-c-b | (d€9re€)
120.00 11.30 9.50 20.00 88.70 50 0.84 64.93 0.73
150.00 11.30 9.50 20.00 118.70 50 0.84 90.10 0.76
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200.00 16.00 9.50 20.00 164.00 50 0.84 128.11| 0.78
250.00 16.00 12.50 20.00 214.00 50 0.84 167.07| 0.78
300.00 19.50 12.50 20.00 260.50 50 0.84 206.09| 0.79
350.00 19.50 12.50 20.00 310.50 50 0.84 248.04| 0.80
400.00 25.00 15.00 25.00 350.00 50 0.84 278.68| 0.80
450.00 25.00 15.00 25.00 400.00 50 0.84 320.64| 0.80
500.00 25.00 15.00 25.00 450.00 50 0.84 362.59| 081
900.00 25.00 20.00 25.00 850.00 50 0.84 693.23| 0.82

(2) Comparison with Shear Studs Requirements

The Canadian concrete code CSA A23.3-04 includefydeprovisions for headed shear studs. In
Clause 13.3.8.6, it specifies the maximum bolt spacingS, to be 0.75d or 0.5d, depending on the

level of factored shear stregsat the critical section. I, <0.561¢,/f_ , maximum$S, can be

0.75d, otherwiseS, <0.5d. Figure 5.25 shows the concrete slab seutittnheaded shear studs. Note
the heads of the studs are at the level of therdigrural reinforcing bars. Alsd,is the head

thickness,h, is the net length of the bolt steR, is the radius of the shear stud he&] € R,).
Therefore the radial spacing (0.75d or 0.5d) for shear studs is known, which ba used to

determine the radial shear bolt spacfagin Figure 5.24.

Assuming that the compressive stresses under i foow 45° angle, for both stud and bolt, the

comparison can be made between the two types mdbreing elements. Bolts are longer than studs;
they cover whole thickness of the slab. Bolts atyenerally have larger diameter heads. In the
following derivations, the bolt and stud head disiens are assumed equal. This provides

conservative results.
Figure 5.24 shows the assumed compressive stresbualion in the slab concrete due to the shear
bolt heads. Note the bolt heads are on the sldacas: R, is the radius of the bolt head, h is the

concrete slab thicknes§, is the bolt spacing, andl is the overlap length, is the radius of the
shear bolt stem section.
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Assuming the angle of principal compressive sties$s degree, the following relation for overlap

length A in concrete slab with shear bolts can be develaggéFigure 5.24):
A=h-(§ -2R)) (5-37)
where his the slab thicknessS, is the radial bolt spacing to be determin&y,is the radius of the

=S
h

bolt head. Assumé&, = gh in calculation, wherer for slab with shear bolts.

For the shear studs case in concrete slab (Fig@fg,5he radial spacindS, is known as 0.75d or

0.5d, thus the overlap length in the concrete slab with shear studs is obtaased
When v, <0.561¢4/f, , S = 075d,

A=h, - (075d - 2R,) (B)3

When v, > 056A¢./f, , S = 05d,

A=h,-(05d -2R,)) 5-39)
whereh, =h-2c—-2t, his the slab thickness;is the concrete covet, is the shear stud head
thickness.

To obtain the radial spacing, of shear bolts in Figure 5.24, we can equal thleti$ides of Equation

5-37 and Equation 5-38 \( SO.SGJIqDC\/fT ), and equal Equation 5-37 and Equation 5-39
(v, > 0561/ f,).

S,

Using these equations, the ratio zpf:F (where S is the radial spacing shear bolts) can be

calculated for slabs of different thicknesses amlesponding rebar and bolt dimensions. Table 5.3

gives Coefficientsy :% for various slab (interior weather) thickness whens 0.56/1406\/?;,

Table 5.4 is similar to Table 5.3 but for slabsekterior weather. The minimum ratio ¢gf = — is

S,
d

0.84.
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Table 5.5 and Table 5.6 are for the case wheh 0.564(00\/E, in which the minimum ratio of
Y= % is 0.59.

Comparing the two methods above, it is reasonablsuggest that the maximum shear bolt radial

spacingS, be:

1). Forv, < 0.564(4\/E

0.75d for slab thickness above 200 mm and

1.0d for slab thickness of 200mm or less and

2). Forv, > 0.564(@\/7;

0.75d for slab thickness of 200mm or less and

0.60d for slab thickness above 200mm and

k

h

= - -

lal

2Rol, 8, —2Ry |, 2R
Q. C —

M

Figure 5.24 Assumed pressure in the slab concyetieebshear bolt heads
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S1=0.73d (or 0.5d)

.l:‘D

O
-

I

W

h=

T

Figure 5.25 Spacing, =0.75d (or 0.5d) for Headed shear studs by CSA 2Pa3.

Table 5.3 Coefficientg = % for various slab (interior weather) thicknessg,< 0.56/1(00\/{'
Assume( Bolt / Net stem
Slab Concrete Effective
thick rebar stud head length of
ICKNEeSs | f . depth
diametet “°V¢" " [thickness “P studs dh | hi/h | (h- S, S,
h b interior . d a=F YW= 4
(mm) weather (mm) | hs (mm) 0.75d)/h
(mm) (mm)
¢ (mm) d=h-c-b | h_=h-2¢-2f
120.00| 11.30 20.00 3.00 88.70 74.00 0.74 | 0.62 0.06 0.94 | 1.27
150.00| 11.30 20.00 3.00 118.70 | 104.00 | 0.79 | 0.69 0.10 0.90 | 1.14
200.00| 16.00 20.00 4.00 164.00 | 152.00 | 0.82 | 0.76 0.15 0.86 | 1.04
250.00( 16.00 20.00 4.00 214.00 | 202.00 | 0.86 | 0.81 0.17 0.83 | 0.97
300.00| 19.50 20.00 5.00 260.50 | 250.00 | 0.87 | 0.83 0.18 0.82 | 0.94
350.00| 19.50 20.00 5.00 310.50 | 300.00 | 0.89 | 0.86 0.19 0.81 | 0.91
400.00| 25.00 25.00 5.00 350.00 | 340.00 | 0.88 | 0.85 0.19 0.81 | 0.92
450.00| 25.00 25.00 6.00 400.00 | 388.00 | 0.89 | 0.86 0.20 0.80 | 0.91
500.00| 25.00 25.00 6.00 450.00 | 438.00 | 0.90 | 0.88 0.20 0.80 | 0.89
900.00| 25.00 25.00 13.00 | 850.00 | 824.00 | 0.94 | 0.92 0.21 0.79 | 0.84
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Table 5.4 Coefficientgy = % for various slab (exterior weather) thicknegs < 0.564 (pc\/fT

Siab Assume( Concrete |Bolt/ stuc Effecti Net stem
a ective
thick rebar | cover for| head denth length of (h
ickness e -
n diameter exterior | thickness d( P ) studs d/h | h/h s a:% W= %
mm
b weather t h, (mm) 0.75d)/h
(mm) d=h-c-b
(mm) | ¢ (mm) | (mm) h, =h-2¢-21
120.00| 11.30 30.00 3.00 78.70 54.00 | 0.66| 0.45| -0.04 | 1.04 1.59
150.00| 11.30 30.00 3.00 | 108.70( 84.00 | 0.72| 0.56 | 0.02 | 0.98 1.36
200.00| 16.00 30.00 4.00 | 154.00| 132.00 | 0.77| 0.66 | 0.08 | 0.92 1.19
250.00| 16.00 30.00 4.00 | 204.00| 182.00 |0.82| 0.73 | 0.12 | 0.88 1.08
300.00| 19.50 30.00 5.00 | 250.50| 230.00 | 0.84| 0.77 | 0.14 | 0.86 1.03
350.00| 19.50 30.00 5.00 | 300.50| 280.00 |0.86| 0.80 | 0.16 | 0.84 | 0.98
400.00| 25.00 37.50 5.00 | 337.50| 315.00 | 0.84| 0.79 | 0.15 | 0.85 1.00
450.00| 25.00 37.50 6.00 | 387.50| 363.00 |0.86| 0.81| 0.16 | 0.84 | 0.97
500.00| 25.00 37.50 6.00 | 437.50| 413.00 | 0.88| 0.83 | 0.17 | 0.83 0.95
900.00| 25.00 37.50 13.00 | 837.50| 799.00 | 0.93| 0.89 | 0.19 | 0.81 0.87
Table 5.5 Coefficientg = q for various slab (interior weather) thickness,>0.561¢ 4/ f.
Siab Assume({ Concrete|Bolt / studEffective| et Stem
a
) rebar | cover for| head depth length of
thickness o , dsh (h,- S S
diameter interior |thicknessy d studshy | g/h | h/h a=— |y =—
h 0.50d)/h h d
(mm) b weather t (mm) (mm)
mm
(mm) | ¢ (mm) | (mm) | d=h-c-b|h =h-2¢-2f
120.00| 11.30 20.00 3.00 88.70 74.00 | 0.74| 0.62 | 0.25 0.75 | 102
150.00| 11.30 20.00 3.00 | 118.70| 104.00 | 0.79| 0.69 | 0.30 0.70 | 0.89




200.00| 16.00 20.00 4.00 164.00| 152.00 | 0.82| 0.76 | 0.35 0.65 0.79
250.00| 16.00 20.00 4.00 214.00| 202.00 | 0.86| 0.81| 0.38 0.62 0.72
300.00| 19.50 20.00 5.00 260.50| 250.00 | 0.87| 0.83| 0.40 0.60 0.69
350.00| 19.50 20.00 5.00 310.50| 300.00 | 0.89| 0.86 | 0.41 0.59 0.66
400.00| 25.00 25.00 5.00 350.00| 340.00 | 0.88| 0.85| 0.41 0.59 0.67
450.00| 25.00 25.00 6.00 400.00| 388.00 | 0.89| 0.86 | 0.42 0.58 0.66
500.00| 25.00 25.00 6.00 450.00| 438.00 | 0.90| 0.88 | 0.43 0.57 0.64
900.00| 25.00 25.00 13.00 | 850.00| 824.00 [ 0.94| 0.92 | 0.44 0.56 0.59
Table 5.6 Coefficienty = % for various slab (exterior weather) thicknegs,> 0.56/1(pc\/f7c'
Assume Bolt Net stem
Slab rebay | CONCTetE Istud | Effective length of
thicknes "diameter €0V " .head depth studs | g | hyh (h- a S Y= 3
h , | exterior fthickness g h 0.50dyy h d
(mm) weather| t (mm)
(mm) (mm)
c (mm)| (MM) | d=h-c-b
h,=h-2c-21
120.00| 11.30 | 30.00 3.00 78.70 54.00 0.66 | 045 | 0.12 | 0.88 | 1.34
150.00| 11.30 | 30.00 3.00 108.70 84.00 0.72 | 056 | 0.20 | 0.80 | 111
200.00| 16.00 30.00 4.00 154.00 132.00 | 0.77 | 066 | 0.28 | 0.73 | 0.94
250.00| 16.00 | 30.00 4.00 204.00 182.00 | 0.82 | 0.73 | 0.32 | 0.68 | 0.83
300.00| 19.50 | 30.00 5.00 250.50 230.00 | 0.84 | 0.77 | 0.35 | 0.65| 0.78
350.00| 19.50 | 30.00 5.00 300.50 280.00 | 0.86 | 0.80 | 0.37 | 0.63 | 0.73
400.00| 25.00 | 37.50 5.00 337.50 315.00 | 0.84 | 0.79 | 0.37 | 0.63 | 0.75
450.00| 25.00 | 37.50 6.00 387.50 363.00 | 0.86 | 0.81 | 0.38 | 0.62 | 0.72
500.00| 25.00 37.50 6.00 437.50 413.00 | 0.88 | 0.83 | 0.39 | 0.61 | 0.70
900.00| 25.00 | 37.50 | 13.00 | 837.50 799.00 | 093 | 0.89 | 0.42 | 0.58 | 0.62
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5.2.2.3 Bolt Spacing in Tangential Direction

The bolt spacing in tangential direction must falithe rules:

(1) The bolt layout shall be symmetric about thg &xis of the slab column connection (Figure 5.26)
Since the existing rebar mats in the concrete statetimes do not permit the drilled holes be $yrict
symmetric (Figure 5.26 b), the bolts should beraged in concentric rows and be as close to X’ and y
axes as possible.

(2) Maximum spacing in tangential directi@) shall greater thaul but less thard (slab effective
thickness) for first row of bolts.

(3) The amount of shear bolts in each quadrantldhmithe same.

(4) The outmost row of shear bolts shall be plage@ distance not greater th@bd within the

perimeter at which no shear bolts are required.

y' y x. y' y X'
&’L
A -t~
se |0 - ~
&l X x\1%
Ve LR 4 N /e .
4 LK N\ / \
[LXXX) (XXX ) 2 \
k.\..... o..../.) X .\\ /’ X
N oo 7 \ s/
N : : i \e, o/
Ne o/ -~ -
\3xs ~~3--
Sz
(@) (b)

Figure 5.26 Symmetric layout of shear bolts

(a) Orthogonal bolt layout; (b) Radial bolt layout

5.3 Construction Requirements

The retrofit procedure should start with definirge tlocation of the holes to be drilled. To avoid
drilling through the slab flexural rebar, it is yeimportant to read the design drawings and
construction records of the concrete slabs. Thation of the rebar must be determined first. NDT
method can also be used to locate the rebars. tRieairilling locations must be marked.



If the drill bit hits the rebar, drilling should tstopped. The neighboring location should be used
instead. The unsuccessful holes should be patcked) Uhigh strength expoxy cement, such as

Sikadur 30 components.

Before drilling, it is important to check the cajtgoof the slabs with the holes. Two options are

possible for installation sequence:

Shore the flat slab on the bottom, remove the #ime removable gravity load on the floor. The
shoring has two advantages: prevent slab punchiegrsfailure and protect the bottom concrete

cover from ripping off by the drill bit. Drill alholes and install the shear bolts.

Drill one (or a few) hole at a time. Install theltsdbefore proceeding to drill another set of holdss
method ensures that drilling of the holes does exatessively weaken the slab. All live and
removable gravity loads should also be removed fttwgrslabs before retrofitting.

Fire and corrosion protection of bolts need furtibmestigation. However, some recommendations
can be offered. After installation of all sheartbpthe heads of the bolts shall be covered byretec
paste, to isolate the bolt from corrosion. Alteivelly, epoxy or paint can be applied on the shear

bolts and nuts before installation.
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Chapter 6

Conclusions and Recommendations

This chapter presents the conclusions from thearebelescribed in this thesis and recommendations
for further research. The conclusions based orexperimental results are presented first, followed
by the theoretical investigations on design of skafth shear bolts.

Based on the experimental research on the flatcglabnn connections strengthened with steel shear
bolts, it is concluded that steel shear bolts areféective method for retrofitting slabs in seismi
zones. Proper application of shear bolts to exjstainforced concrete slabs will result in a chaofye
the failure mode from brittle punching to ductilexural. Slabs strengthened with shear bolts showed
higher ductility, larger peak load at larger drétio, and the capability of undergoing more ladgié
cycles than slabs without such shear bolts.

Openings in the concrete slabs decrease the punshear capacity and ductility rapidly, especially
under lateral displacement loading. Shear boltseffiective in strengthening slabs with openings;

strengthened slabs experienced ductile failuresasard able to undergo large deformations.

Experimental results show that there is no sigaiftcdifference between the effectiveness of radial
and orthogonal layouts of shear bolts (with theesamount of shear bolts). The slabs behaved very
similarly regardless of the shear reinforcing layd®ut the slab strengthened with orthogonal bolt
pattern showed slightly higher ductility (defined Klethod II). In addition, from the practical point
of view retrofitting in radial pattern can be dffilt due to interference from flexural reinforcerhen

Design of shear bolts was done based on the eldtition and finite element analysis. Strength of
shear bolts retrofitted slabs was estimated usamgesequations as for other shear reinforcing
elements (CSA A23.3 -04). The analysis for spaoiintipe peripheral row of shear bolts indicates that
their spacing can be slightly increased as comptaréte spacing of shear studs.

6.1 Experimental Series |

Based on the results of the first series of expenis (specimens SW1 — SW5), the following detailed

conclusions are drawn:
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9.

Shear bolts are effective in increasing peak lateea capacity of slab-column connections. For

the tested specimens, for four rows of bolts ameimge of 17%~27% was observed, while for

specimens with six rows of shear bolts the peat inerease was 19~44%).

Drift ratio at peak load of the slab-column conimttcan be significantly increased by

installation of shear bolts. The increase of duftio at peak loads was raging from 66% up to

123%.

By using shear bolts, the drift ductility of thalsticolumn connection at peak load point and post

peak can be substantially increased ( 26% - 84%ease in ductility defined by Method 1, 78% -

258% increase in ductility defined by Method II).

The specimen with shear bolts can undergo morealatiift cycles at large deformation,

showing a significant increase in energy dissipatiapacity.

Larger ratio ofvl (vertical load over nominal punching shear capadiads to less energy
0

dissipation capability of the flat slab column ceation.

Shear bolts can change failure mode of the flab slalumn connections. Slabs properly

retrofitted with shear bolts will exhibit desirabflexural failure while slabs without shear bolts

can be subjected to abrupt punching shear failure.

Shear bolts are installed through the slab in tbgecvicinity of the column face. For bolts farther

away from the column, at a distance between the drad column face exceeding about four

times the slabs effective thickness, d, the eftédcshear bolts is small. This was shown in the

strain readings on the instrumented bolts.

Strains on the bolts normal to the applied latéigplacements were generally larger than the

strain in the direction of loading.

Strains on the bolts were small. Only few boltddgel at very large drifts.

10. Vertical crack width remained in the range of apprately 1 mm until the punching shear

failure.

6.2 Experimental Series I

Based on the results of second series of experifieenspecimens (SW6 — SW9), the following

detailed conclusions are obtained:

11. The two openings in the slab, next to the columa lacated along the direction of the applied

lateral displacement resulted in 30% decreaset@ndbload peak capacity and lateral drift ratio
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12.

13.

14.

15.

16.

17.

decrease of approximately 45% for the two slalibowit shear bolts (SW5 and SW6). It should
be noted however, that the openings, in this adidecut the flexural reinforcement placed along
the moment application at the location of the opgsi

Similarly, for slabs with same shear bolts (SW4,75\Whd SW8), the two openings in SW7 and
SWS8 resulted in a decrease of approximately 40%eimk moment, and 45% in lateral drift at
peak loads.

The radial pattern of bolts lead to 2-5% decreas@dak load and a corresponding 10-27%
decrease in lateral drift at peak loads, for spensnwithout openings (SW4 and SW9). These
differences in peak loads and drift between raala orthogonal patterns of bolts are very small
and warrant a conclusion that bolt pattern does infitence the response of the slab to
earthquake loads. Possible reason for the sligtriedse in loads and displacements is the fact
that in this test configuration, loads were appledctly along the column sides. Thus the
orthogonal layout of bolts would be a little moféeetive for this particular loading direction. In
real earthquake situation, the lateral loads whecpplied in an arbitrary direction with respect
to the column sides; the radial pattern could pravéact, to be slightly more effective then.

For slab with openings, radial pattern bolts leadr increase of 10 — 12% in peak moments but
4 — 6% decrease in lateral drifts at peak loads {SAWd SW8). Based on these results it is
concluded that the bolts layout also did not hawe significant influence on the behaviour of
slabs with openings.

The ductilities (defined by Method 1) for the spaeins with radial and orthogonal bolt layout
were very similar, for both: slabs with and withoaopenings. However, the specimen
strengthened with orthogonal bolt showed highetililyddefined by Method I1).

The strengthened slab-column connections with tpenings (SW7 and SW8) did not reach the
peak lateral load as high as that of the unstremgtth slab without openings (SW5). However,
shear bolts increased the drift ratios correspantiirpeak loads. The shear bolts also enables the
ductile post-peak behaviour of these two slabs wjfitbnings allowing large post peak drift ratios
without brittle failure.

Specimen with openings strengthened by radial lagtiut showed higher peak lateral load but
same drift ratio increase than specimen with ogensirengthened by orthogonal bolt layout.
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6.3 Shear Bolt Design and Analysis

The design of shear bolts included primarily deiaation of bolt head area and thickness, which are

related to the size of bolts stem and the slabfei@e strength. The following detailed conclusions

and recommendations are offered:

18.

19.

20.

21.

22.

Thickness of a shear bolt head is related to tlis btem cross sectional area, its yield strength,
and the size of the drilled holes. The larger tbarance between the bolt stem and the hole edge,
the thicker the head must be. Their relation igiin normalized curves for designing in Figure
5.6.

For practical reasons, clearance between the tewit and the slabs’ drilled hole shall not exceed
2mm (to reduce the bolt head thickness).

The ratio of the bolt head area to the stem seetiea is related to the slab concrete strength and
bolt steel yield strength. The larger the ratidboft yield strength to slab concrete compressive
strength, the higher the ratio of bolt head arear dolt stem area. For low concrete strength,

f_ =20MPa, the head diameter needs to be sixteen timesstmtt sectional area. Thus, it is

recommended that the head (or washer) area shifi w20 times the bolt stem sectional area.
The linear finite element analysis shows that,tfa specimens in this research, each bolt has
stress effect in the slab in a maximum range ddd.ffom the bolt center.

To determine the required amount of shear boltafooncrete slab, the code (CSA A23.3-04)
design equations for steel contribution from shedmforcements can be followed. The radial

spacing s of shear bolts can be specified as follows: (Faations see Chapter 5, section 5.2)

a). 1.0d for slab thickness of 200mm or less @nd< 056/1(pc\/fi

b). 0.75d for slab thickness above 200 mm ands< 056)I¢Jc\/f7c'

c). 0.75d for slab thickness of 200mm or less and> 056/1(0c\/f70'

d). 0.60d for slab thickness above 200mm and> 0.56/1(pc\/f7

23. Both layouts: orthogonal and radial are acceptalilee best option is to have shear bolt layout

symmetric with respect to two orthogonal x and gsax|f perfect symmetry is not possible (due
to problems with drilling holes not interfering witflexural reinforcements) then at least the
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requirement of same amount of shear reinforcinmetgs in each quadrant of the slab defined by
x-y axes should be maintained.

24. Before drilling holes in the concrete slab, it figpiortant to remove the live gravity load on the
floor. Installation of shear bolts can be done gedlg by drilling few holes only and installing
shear bolts in them before proceeding to drill mukes (and install bolts in them).

25. Protection of shear bolts from corrosion and fralso important. Polymeric resins or cement

grout can be used to fill the drilled holes. Typifiie@e protection for steel element should be used.

6.4 Recommendations for Future Research

In the presented test programs, the lateral loadiiregtion was kept constant; along the columnsside
In order to fully understand the influence of thear bolt layout on the behaviour of retrofittealbs,
the loading should be applied along both orthog@xals of the column, which would effectively
result in the lateral loading applied at arbitraliyection with respect to the axes defined by the

column sides.

More research could also be done on the effectspehings on the behaviour of slabs with shear
reinforcements. Openings located on different safete column and at a distance from the column

could be researched by testing appropriate spesimen

Work should also be done on the effect of sheaslmni corrosion of flexural steel and the method to
protect the reinforcements from corrosion. Polymesins should possibly be injected in the diille

holes for that purpose.

Experimental programs are expensive and time coimguand, therefore, can only provide limited
amount of data and information about various pataraeinfluencing slab behaviour. Therefore
future research should include nonlinear finiteneat modeling of the behaviour of these slabs.
Properly calibrated 3-dimensional finite elementalgsis can be a powerful tool in drawing
conclusions regarding slabs’ and reinforcementeabimur and can lead to the development of future
design code formulations. The presented experithgmagrams will be excellent sources for

calibrating such finite element formulations.
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Appendix A
Abbreviations and Notations

ACIl American Concrete Institute

ASCE American Society of Civil Engineers
CEB Comite Euro-international du Beton
CSA Canadian Standard Association

A Section area of the shear reinforcement

A; Section area of flexural reinforcements thatlase enough to the column to participate as a

shear strut

A, Area of asingle reinforcing bar
A,, Section area of shear reinforcements of eagphmry row

b Perimeter length of the critical section

b,  Width of the critical section side perpendisub the moment vector
b,  Width of the critical section side parallelth® moment vector
b,  Perimeter length of the critical sectiondat2 from the column face

b, Bottom edge length of the facet
b

top

Top edge length of the facet

C,,C, Column dimensions

d Effective thickness of a slab
D Dowel force in the reinforcement intersectiith the conical shear crack
DR Maximum story drift ratio

d' Cover of reinforcing mat measuring from cemtethe mat to the near slab surface
d, Diameter of the rebar

€ Distance from the centroid of the criticalts@t to the point where shear stress is calculated

f Uniaxial concrete strength

C
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f.  Concrete compressive strength

C

f, Characteristic cylinder compressive streng8iday), MPa

fy Yield strength of the reinforcement

f Design yield strength of the shear reinforceimen

ywd

fyv Strength of the shear reinforcement

Tensile strength of concrete

Slab thickness

Net length of the bolt stem

st Average effective length of the stud
J Analogous to polar moment of inertia of thear critical section around they centriodal
axes, respectively

k Correlation coefficient determined from expemt data

M, Factored unbalanced momentxyy direction, which is transferred by slab shear dexufal

stresses

M., Flexural capacity of the strip

n Number of shear studs

P Punching shear load on the connection (théeaplwad at the slab periphery or at the column)

P.x Maximum lateral load

R Radius of drilled hole in the concrete slabthe bolts

R, Shear bolt head radius
kR, Force component in the tangential directioreafiforcement cutting across the shear crack
Force in radial direction of the reinforcemeutting across the shear crack

Force of shear reinforcement (not includethia model)
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KRNI I

n

< < <

Tangential resultant of concrete compressiss at the bottom of the section
Radius of the bolt stem

Space between the column face and the filstrdw
Radial direction bolt spacing

Tangential direction spacing
Radial spacing of the shear reinforcement

Effective tributary width of reinforcing bar

Tension force in the flexural reinforcements

Tension force in each shear stud

Bolt / stud head thickness

Length of the basic control section
Concentric external shear force

Fictitious reference value of shear
Nominal shear capacity of slab in the abs@ficeoment transfer

Factored vertical shear force

Nominal punching shear strength (vertical img shear force of the column)
Vertical punching shear force at the calculatigidhate flexural capacity of the slab

Direct shear force at peak lateral load

Vssmie NOminal shear force resisted by the connectiagivaen by shear friction

V

r

Y/

uf

VR

Factored shear force resistance
Factored shear force due to gravity loading

Gravity shear ratio

Energy dissipated at the failure surface

Work done by the punching lod#
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X« Distance between column face and the bottotheofailure facet

y  Vertical height of the conical shell from tslab bottom surface

Q

Incline angle of the imaginary compressionarete conical shell, in Figure 2.12

a 4, 3, 2 for interior, edge, and corner colunespectively
B. Ratio of the long side over short side of¢bimn

Angle of the failure facet

6

6, Angle of shear cracks in the zone with shemforcement
6, Angle of cracks in the non-shear reinforcedezn

@ Reduction factor for concrete strenggh=0.65

@, Reduction factor of steel bap, = 085

¢  Shear strength reduction factor in ACI 318-05; 0.75

@  Friction angle of concrete

A¢ Slice angle of the rigid section,
o Normal stress on that plane
y.  Partial factor for concrete

y, Fraction of the moment transferred by shear

o,
M,  Ductility defined by a ratioys,, = 5/"

Y

Jy Displacement corresponding to flexural yietdof the slab and

o, Displacement corresponding to a certain I8a®f the maximum load in the post-peak region)

Shear stress on a concrete failure surface

<

\Y} Factored shear resistance

Vv, Factored shear stress
\Y} Factored shear resistance from concrete

V Factored shear resistance form shear reinfoenés
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vV, Nominal shear strength

Ve Nominal shear strength provided by the concrete

W Calculated from the maximum force gradientha reinforcement perpendicular to the radial
strip

p  Effective reinforcing ratio (tension reinfornent on the slab top) within the radial strip

P, P, Flexural reinforcing ratios of the slab in twdhwgonal directions
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