AN INVESTIGATION OF SEISMIC
RESPONSE OF CONNECTIONS IN
PRECAST CONCRETE DOUBLE-TEES

by
Hashem Shariatmadar

Department of Civil Engineering and Applied Mechanics
McGill University

Montreal, Canada

November 1992

A THESIS SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
AND RESEARCH IN PARTIAL FULFILMENT OF THE REQUIREMENTS
FOR THE DEGREE OF MASTER OF ENGINEERING

® Copyright 1992 by Hashem Shariatmadar



SEISMIC RESPONSE OF
CONNECTIONS IN DOUBLE-TEES




In the Name of Allah
The Beneficent, The Merciful



Abstract

An  avpern antal study of typical connections commonh used o precast
conciete buldipgs suc.ccted to reversed cyclic foads s presented, along with an

analytical stucy of . «» '~ ar behaviour of these specinmi ns subjected 1o monotonically

increasing load: <

Five 1 e “reon ospeamens were constructed and tested  unden
reversed  yoo T " termune then sewismie tesponses The speamens
represem a ¢ * connections between double-tee tanges o between
a double-tee < dlle Al load resisting element ina typical oot ol a precast

concrete structure,

The analytical study consisted of two parts: hinewr timite element analvsis of the
connection to determine the test specimen geometry and to detine its boundary
conditions, and non-linear finite clement analysis, using the NONTACS program, 1o
predict the complete responses ol the connections subjected to monotonically
increasing loads.

The expenimental results were compared with the predictions made using
theoretical calculations, the CPCL design method and non-hinear hinste: element
analysis.

[t 15 noted that the CPCT design method gives conservative predictions tor the
ultimate strength of the connection reintorced with a bent detormed bar anchor and
a 90° book, and the one with two detormed bars onented at 457 and hended stads,
both welded to a steel plawe. The predicted ultimate strength of the connection with
a bent deformed bar anchor wetded to o steel plate and one with twao stringht
detormed bar, onented at 907 and welded o an embedded steel angle, are dlose to
the expermental results. The ultimate stiength of the connection with the headed
studs welded to a steel plate predicted by CPCL method s overestimated Design
guidehines to ncrease the strength ot the connections and o nmprove the

displacement ductility are presented.



Sommaire

[auteur présente les résultats d’une élude expérumentale du comportement sous
charges cychques de connexions types utilisées avee les éléments prétabriqués de
batiments en béton armdé, ’étude s"accompagne de la modéhsation par ¢léments finis
de ces connextons sugettes & un chargement monotonique afin d’en estimer la
résistance oltime

Cing connexions diftérentes ont ¢té construites et mises a4 'essai sous charges
cychiques atin d’en simuler le comportement sous effets sismiques. Ces connexions
représentent une série de connexions horizontales entre les semelles de doubles Tés,
ou entre une semelle de double T¢ et un ¢élément de résistance latérale typique d’un

tort prétabrique.

Lamalyse numcénque par ¢iéments tinis compte deux volets: une analyse linéaire de
la connexion atm de détermmer la géométrie et les conditions frontieres des
prototypes & mettie a lessai, et une analyse non linéaire utilisant le logiciel
NONILACS, pour stmuler i réponse des connexions sous charges monotoniques

cromssantes jusqua la rupture.

Les iésultats expénimentaus sont comparés aux prédictions des modeles numériques
non linc¢aires, aun caleuls théoriques, et aux prédictions de la méthode du code de
Pinstitut Canadien du Béton Précontraint (CPCI).

L'¢ude mdique que la méthode de conception du CPCI sous-estime la résistance
ultume de ta connexion avee armature d’ancrage phcée avec crochet a 90° ainsi que
celle avee deun barres & 457 avee goujons, Pensemble ¢tant soudé a une plaque en
acier, Par contre, pour la connexion avee barre dancrage plice soudée a une plaque
enacier ¢t pour kconnesion avee deux barres droites orientées 4 90° 'une de l'autre
ctsouddes doune cormere en acier encastrée dans 'élément de béton prétabriqué, les
prédictions sont proches des tésultats d'essars, Dautre part, la méthode du CPCI
surestime o resistance de la connexion avec goujons soudés a une plaque en acier.

Des reconnmandations pour le dimensionnement sont ¢galement suggérées, visant a

aupmenter la idsistance ultime des connexions et 4 en améliorer la ductilité en
deplacement.
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Chapter 1

Introduction

1.1 Introduction

A large number of pretabricated structures have been built all over the world
during recent years. Large panel construction is used mainly for residential buildings.
while prefabricated structures made principally ol hnear elements are used for one
to three storey industrial buldimgs

The connections between precast members normally constitute the weakest
link 1 the stiucture: Thercetore the satistactory performance and economy ot precast
concrete structures depends to a great extent on the proper selection and design ot
the connections. “Test results on full scale stiuctures have shown that the connections
start yielding even when steel in the precast pancls 15 1 the elastic range. This 1s
because ihe strength of a connection s much less than that of the surrounding panel.
and this stiength can decrease w,* eyclic loading. The philosophy tor the design of
connections is:

-to renun elastic for small earthquakes

-t0 be able to undergo nelastic deformations without structural collapse.
Connections can be used to dissipate energy it they show stable elasto-plastic
behaviour.

Some ot the floor and root slabs in early projects consisted of double-tees,
smgle-tees, solid tat slabs, and many vaniations of these shapes. However, double
tees have proved to be the most economical tor spans of 9 to 21 m and have become
standardized tor industniad apphications. Figure 1.1 indicates the components ot a
smgle - storey precast concrete wall pancel industrial building. 1t s essential to ensure
adequite connection between the elements torming the root diaphragm (usually
double - tees with thin tlanges) and between these elements and the lateral load

resisting systems. During carthquakes, horizontal connections in the tloor system are




subjected to cyclic shear and direct loads. Figure 1.2 illustrates the detals ot a typical
connection between the double-tee elements. Due to lack of suthcient data on the
shear resistance of connections between pretabricated elements, the designers muahe
appropriate assumptions concerning the tatlure entena, which may lead to
uneconomical or unsafe designs. The design of these connections based solely on
their static strengths is thus inappropriate. Some recorded data P trom the response
of prefabricated structures subjected to carthquake show that the most common
failure mode occurs at the connection of the ool diaphragm with the boundary
elements, which consist of reinforcing bars embedded in the thin flange by pullout of
a bar from one of the flanges. This emphasizes the importance ot adequate cover
and embedment length for proper connection behaviour. Another common iuea ol
distress occurs at the connection of exterior precast panels (wall pancls)y to the
diaphragm system. The welded embedded anchors exhibit httle ductdity, and tilure
often occurs in a brittle manner by pull out or fracture of the weld between the
reinforcing bar and the steel plate.

There is considerable lack of experimental and analytical data on the
resistance of such connections subjected to shear and normal torces (monotonically
increasing or reversed cyclic loads). The objective of this rescarch program s to
study the scismic response oi typical connections representing the connection between
the double tee flanges in the diaphragm system as well as between double tee flange

and the lateral load resisting clements such as wall pancls.



Figure 1.1 Framing system for a single-storey precast concrete wall panel

industrial building
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Figure 1.2 Typical connections between double-iee elements



1.2 Summary of Previous Investigations

Previous studies on typical connections e precast cenciete stiuctares are

summarized m this section
1.2.1 Design Concept and Models

Analysis tor the design of connections requires analytical models, which should
be simple but should still reveal the essential teatures of behaviour, Truass, o stiut
and-tie models appear to be well suited and they have been developed for most
connections.  They are usetul because they allow a designer toadentity casity the
functions pertormed by cach clement of the connection and to obtain the
approximate magmtude of the forces.,

In 1978, Hawkins =¥ reviewed the seismie performance of precast concrete
buildings. He noted the followmg arcas necessary 1o be investigated: determime the
design torce levels; design ot elements; design ol connections, understind  the
contribution ot Hoor systems: and means of providing structural mtegnity

In 1981, Becker and Sheppard P classified the types of connections by dividing
the connection in precast conerete elements nto three groups as lollows:

i) Strong connection - Under the ultimate scismic load, the connection does not
exceed the elastic hmit.

i) Ductile connection - The connection 1s designed based on the foadimg beyond the
elastic range nto the inelastic range to absorb eneigy, to acheve ductihity or to fnmt
load transmission to other elements in the structural system.

in) Guided connection - It permiuts displacement under the lateral loads (carthguitke
or wind) and adapts to changes due to creep. shrinkage and temperature viniations,

In 1986 Stanton ct al. Il suggested that due to the lack of special sersmie
design criteria and details, one of the tollowing procedures may be used. (1) design
the structure to remain in the clastic range; (11) design the connection to be stionget
than the precast member; (1) design the structure so that the connections e

located outside of potential melastic zonces.




The models proposed tor typical horizontal connections are summarized in the
following:
Aswad 1°hused panels in combination as a horizontal joint which were modeled as an
clasto-plastic model. It seems that the clasto - plasto model without any strength or
stiftness degradation can be used to model this connection.
Neitle P modelled the behaviour of welded headed stud connections by combining
atnhmear load - detormation model with a stress - strain model tor concrete adopted
frlom the work of Karson and Jirsal™, Neille obtained very good agreement between
the caleulated behaviour of is analytical model and the measured cychie behaviour.
Shricken and Powell PFused a variety of load - displacement 1elationships tor the
connection elements usig a finite element approach. The shear fhiction element was
developed tor modelhng the dry connection to capture the pinched hysteresis loops,
stttness at the end of each cycle and the degradation ot stittness and strength with

an increasig number of load cycles.

1.2.2 Experimental Investigations

In this scction, a briet review of the cyche experimental investigation ot
response of some common connections between precast elements is presented. In
spite ot the concern and recognized need for information on the cyche loading
response ol precast connections, only a few tests have been conducted to study the
behaviour of these connections when subjected to reversed cvelic loads representing
design carthquake torces  Again, there s very little data on energy absorption and
ductility charactensties of connections commonly used in precast construction. For
conventence, connections are classitied mto two general categories according to the
matenal used: dry and wet connections. This report tocuses on the description of the

response of "dry” connections (using headed studs or embedded remtforcing bars).



Dry Connections

These connections utilize mechanical anchors such as welded headed studs and
embedded reinforcing bars welded to a plate to transmit the shear forces between the
precast elements such as double - tees and wall panels. The most common type of
dry shear connections are composed of embedded steel shapes anchored into the
precast members by studs or reinforcing bars. The connection is completed by
bolting or weiding a third element to the embedded steel shape. Figure 1.3 details
some of the most commonly used dry connections.

Shear force is transferred across the connection n a varicty of mechanisms.
Depending on the details of the connection, shear is transferred through bearing of
the steel shapes, shear of the connecting elements, shear of the welds or bolts, or
through the friction between bolted plates. Many tests have been conducted to
determine on the ultimate strength of dry connections under static or monotonic
increasing loading, iilowever only a few tests have been carried out under reversed
cyclic load.

The research on cyclic behaviour of different types of welded connections is
described briefly for: i) headed stud connections; ii) embedded reinforcing bar

connections

A

(2, A ol <FEEE?fS’T¥3=f:z:zq.
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Figure 13 Dry shear connectors®!




1.2.2.1 Connection with Headed Studs

A typical headed stud connection 1s presented in Figure 1.4 UL The strength
of the headed stud may be limited by cither concrete or stud tarfure. Spencer and
Nedle™ have conducted tests on the behaviour ot six welded headed stud
connections subjected to cychic loadmg.  Each connection angle was cast in a
2 ttx 4 tt x 8an concerete panel. Details of the test connections are shown in Figure
1.5 TFve of the test specimens were subjected to eyclic loading. Connection Al was
subjected to monotonically mereasing load until talure. Reversed cychic shear torces
were apphed to all other speaimens at distance ot 7/8 mch (22 mm) trom the tace ot
the connection angle m the longitudimal direction (see Figuie 15)  Load-detlection
curves for these connections are presented i Figure 16 "L Test results tor
connection Al extubited considerable ductifity under monotomeally increasimg load
(sce Figure Loay The vield stiength of the connection was gieater than the design
strength predicted by the equation i the PCL Design Handbook "L The test
results for Connections A subjected to reversed cychie loads iltustrates the change
the behaviowr of the speamen when subjected to monotonically increasing and
reversed cvehie ioading tor the same connection. The connection was loaded to yield
atter several nutial eveles i the clastic range, and then subjected to steadily
increasing detlections  The results show @ decrease in stitfness and strength waith
cycling. 'The fnluire of the connection was preceded by progressive crushing and
spalling of the conerete above and below the angle. They also observed progressive
tension crackig paraliel to, but several inches away trom the angle. Connections Al
and B Linded when a large block of concrete surrounding the studs broke away while
other connections tatled when one of the studs broke close to the weld. Spencer and
Nedle!™ concluded as tollows:

I The PCT procedures tor calculating the ultimate design strength of these
connections under statie loading give conservative results.

2. The stuength ot the connections in the tirst cveles of loading up to yield 1s
approumately the same as the strength under monotonically mereasing loads.

3 I the evelie loadmg s continued above the stability limit [see Figure 1.6(b) tor



definition], the strength of the connections decrease with an increasing number ot
cycles and the yield strength envelop extends to approach the stabulity limit.

4. The deflections reached before failure were from seven to twenty-four tumes the
theoretical elastic deflection corresponding to the designed ulumate strength.

5. These connections if properly designed and detailed, appear to be suitable for use

in earthquake-resistant buildings designed as box - type systems.

-—.' i
S
ot

e

Figure 1.4 Typical headed studs connection demonstrating two common stud

configurations and the ease with which minor imperfections and misalignments

may be accommodated!”!
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Figure 1.6 Load-deflection curves for the connections shown in Figure 1.501
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Figure 1.6 /Continued) Load-deflection curve for the connection in Figure 1.5!1%

1.2.2.2 Connection with Embedded Reinforcing Bar

An aliernate method for embedding steel scctions in precast members is to
replace the headed studs with welded reinforcing bars, as shown in Figure 1.7.
Deformed bar anchors are anchored in the concrete by bond. Although sufficient
secismic test data is not available, there are several advantages to this type of
connection. The first advantage is the large surface area available for welding the
reinforcing bars to the angle, which reduces the chance of brittle weld failure because
of lower weld stresses. The second advantage of this connection is the larger
devclopment length of the bars into the precast member. This allows for lower bond
stresses and reduces the chance of pullout and splitting failure of the connection.

In general, dry connections should be designed conservatively for earthquake
resistant construction.  Longer weld lengths, additional anchorage lengths for
reinforcing bars and lower allowable stresses are justified for earthquake loading

especially in the presence of forces normal to the shear connection.
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Figure 1.7 Connection with em™“edded reinforcing bar

A brief summary of the response of connections with anchored reinforcing bar
subjected to reversed cyclic loads follows:

Aswad ! conducted a series of low cyclic tests on connections using full scale
double tees and wall panel (21’ x 8 or 6.4 m x 2.4 m panels). Two types of
connections for double tee (2" or 50 mm flange thickness) and connections for
precast wall panels (6" or 150 mm thick) were tested. The experiment did not cover
a wide range of cyclic tests because the main objective was to hind out the falure
strengths of the connections and to measure the relative displacements between the
adjacent precast double tees. In a majority of cases, the specimens were subjected
to three cycles of reversed loadings betweer: =7, where P is a value smaller than
the ultimate strength and the connection was then brought to failure.  However, the
cyclic tests were not carried far enough to present the actual cyclic response of the
connections. Details of the connections and the respective load - displacement curves
are shown in Figure 1.8. Connections D-34, D-36 and D-40 present the tests on the
double tees (2" or 50 mm flange thickness), while P-9 presents the tests on the
precast wall (6" or 150 mm thick) connection. As can be scen from Figure 1.8, the
stiffness and strength did not deteriorate considerably since the reversed cyclic loads
remained essentially in the elastic range. The following conclusions were reported
by AswadlSl:

12




J. When forees applied to the plate were simple shear, tailure strengths were gieater
than the ones expected.

2. The embedded length of the reintorcing bars were sufticient to develop the
ultimate capacity.

3. A pull out force normal to a connection reduced its ultimate shear capacity.

Spencer ™ carried out some cyclic shear tests on connections with reintorcing
hars anchored mto typicalt 4'x 2'x 5.5" (1220 x 610 x 140 mm ) concrete panels. The
hysteresis response curves for the tests are presented in Figure 1.9, The following
dynamic charactenistics were observed by Spencer:

I. The stiength of the connection does not reduce during loading cycles in the elastic
range.

2. The nominal strength of the connections can be determined using the truss
analogy.

3. The stiength of the connection with the anchor bar running into the connection
at 45 degiees and at 90 degrees talls to about 50% and less than 509 ot thewr
nominal stiengths, respectively.

4. The connection with @ recess 1 the panel edge and straight embedded bars at 45
degrees appears to pertorm best under simulated earthquake loading.

5. Panel thickness and conciete stiength intluence the behaviour ot connection.

Other tests on six different types of connections with embedded bar in thin
panels were conducted by Kaliros!''l - All specimens were loaded mto the clastic
range and then the loadmg continued until the connection tailed.  The modes of
Latlure occurred either by bar tractute or by spalling ot the concrete. When bar
Lailure occurred, the related measured detlection was very small.  In the case of
spalhing talures, when the connections  started  cracking, the stitfness  gradually
decreased with ananereased number of cyeles into the melastic range and larger load-
deflection foops weie obseived. Connections with an angle and reversed angle
welded diectly to the remntoreing mesh did not respond well in comparison with the
other connections. The detals of connections and the load - detlection curves are

presented m Fugure 110, Kallros stated the tollowing conclusions:



1. Good quality control is necessary with the use of the reinforcing bar and the angle.
2. A thicker flange with a larger concrete cover thickness behaves better under eyclie
loading.

3. The connections should be designed for 50% of the expected monotonie capacity
of the connections.

4. The strength of connections does not seem to reduce in the elastic range.

5. Connections with 45 degree embedded bar appear to perform best under simulated

earthquake loading,

14



wx-11.9
SHEAR FORCE O] oA
7007 Aarps) T
1/2 y 2 {MONO)
'3’ 9 d
27 2x (5 .G o TEST (P
S S 2 (CyeLic
1 [} -
& 30° \rys?
R
: . . e 6 1
@)z . R BHxEx0'6
; - Ist & 4th Cycles e
p - Znd Cycle =  s=—m—-
_ 3rd Cycle —_—
; f)’f:’\
i{;lcl< REL. 01SP (INS.)
-0.04 0.04 0.06 0.08
D-34
(a) Shear force vs. relative slip for Specimen D-34
SHEAR
rrsr@. MAL17 2K
18 |
—= — 1:57@. KAX 15K
"~
M 12 | e
- -~
b 9 |
6 |-
: o .
% (Q 0" REL. SLIP (IXS.)
Ct ey e St A o .
N Flax 3/8" x 06" 0 J ! 1 -
0.25 0.5 0.75 1.00

(b) Shear force vs. relative slip for Specimen D-36
Figure 1.8  Details of connections and test results reported by Aswad 6]

15



SHEAR FORCE
{K1Ps} RAY 123K
e e

ju
8
—( ¢
0 N
X
i N4
L]
REL SLIP (INS.)
L i avean st SR
o0 006
D-40
(c) Shear force vs. relative slip for Specimen D-40
=
r_“ 1 4 sHeAR FORCE
A, {kIPs) MAXZS 2
24 4 -
..... O l3r Cycil
R —4 ““"'"‘CNI"{JAO. C)’Cl.l’
z 5°6 o-
0| e G i
. REL SLIP (INS.)
La"~3‘x§'40-6'J T R T
SECTION A4
P-9
(d) Shear force vs. relative slip for Specimen P-9
(connection previously loaded in shear to 15 kips)
. Figure 1.8 (Continued) Connection Details and test results reported by Aswad!%

16



‘Io.
ahd ] ,\/‘
a-

|

(a)

N)
HGrade 400
20M welgoabte,

rsdbar
(26 Grade 60)

40"

24

LOAQ IXIPS)
16

0o’) R PGSy

- 057 -0 @0 -0 30 -0 20 -

s i
i ‘ 1 s-JF" l
[}
[}
{

2°0°

/]

(b)

100

0 30 aQ I %
INSI

Figure 1.9 Behaviour of connections subjected to reversed cyclic loads as reported

by Spencer!®?

17



T @
: gzw.f
: E::
::bg:“. 0 )/ /
i —t . l
=g il
. L__ 1.5-':4
2'0°
(c)
T"
5 /\J v
s
S

76 Grace 60

JL rebar

o §
i

1
B

-1~ — A — Ly
ono 020 /3 0a 0 50

e

!

J

~

B1SPLALLHENT 1INS)

-mo -OE

(d)

Figure 1.9 (Continued) Behaviour of connections subjected to reversed cyclic

loads as reported by Spencer

{13]



[ £
: 5
1 .
26 Grsde 40 n

cedbar

4°0°

ANIZs

vy'ry. 0.0 0.80 1,00
D1 LACEIENT ( INS)

9.
(e) Rl
Ry
I 9l
o £}
o . =
=" :
AdE ;_-¢

n[_ i ~1.00 0.8 .6

,__-J

(f) R

Figure 1.9 (Continued) Behaviour of connections subjected to reversed cyclic
‘ loads as reported by Spencer!?

19



-
P
° .
M v Vn
)
' M § bar
» ‘ ! N e——
-1.00 -0n@0 ~0.60,0.4 0.0 0.60 0,80 1.00
g 0T FPLXTENT (YY)
° 2x2x1® L
b_— ]
v

(g)

~I|'
1* sptit DYpPeE
' K "
of wf |
'"h '.‘c
0"
'0 J rebar

—4- R 5 ot bt

0 tf /o220 /30 0 & Q S
B 1SPLAARENTY LINS!

(h)

Figure 1.9 (Continued) Behaviour of connections subjected to reversed cyclic loads

as reported by Spencer!!

20



(wws) jyveusesnidetq

o ’ ? :- ’”- 0~ M-
A, 4 4 1 i & A, A 1 1 1 1
J] Axg
+— 44 -
-
-

[

T 17 1 v

-
-
b
£ -
] -
H— %4 r
ady
eI ve cr 2 1e0
Uot132UU03 Jo 1631 224D

(wem) juemeanidsg

”" (1] [ ] 1 - 9 or- -
A A ' i ' i X i A 3. 1 A
LY ||4»|
i

=1 1 T Tt T T T T

PY g

01 9003 1 Veey
Uor133uU0Y JO 1833 I113K)

(X% Beey

(km} pwegy

{witm) usussovdeig

L] o ] H 3 | & o~ -

A L ek l”& 1 i A 1 i i 00t~
- Od-—
£ ————ee | ce-
- 0L
- 09~
L oo~
L oy~
oc-
[ e
- of-

[}

S 1

- o

oo

I L o

Lo

O ]

- OL

£, - OB

d — T o8
e ]

et 001 o oy
U0313auU0d JO 18371 Ii2L)
823263p gy 3% 1§ 1eqay

s g &0

.Ml /M/L. i

s (09

hr RIS

NN

os MN r& K
f—————— W= 2043

X
S —

(a%x) @veq

Figure 1.10 Cyclic test on thin pancl embedded bar connection

reported by Kallros!'*!

21



T Y

i \ SO0 om

A4
(ponunuo)) 01°1 andiygy

Load MM}

| {
3 T
200 sm L4 e
D 50 ma

at 45 degrees velded to ancle

Cyclic test of conneclion

Taet o 03 07 1988
T —r

S

\

Dispincament mm)

Lesd (NN}

Lasd {xN)

Cyche test of connection
Tesl §3 02 071388

-4

JRPRENS S VA5 SO WU VU 10001 TS UV TSP WD W S SULS SGUS SO VS SO B0 S|

-
14 i1}
Displacement (mm)

Cyclic test of conneclion
Test £9 a7 &7 1986

— RisdRl
ry !
’ |
| :
- 1
H
- Y

- .
LI ;
v Y —r T T T T R S )
-1e -1 -6 -2 2 . ie

Dizplasement (mm)



-
ﬁ el 25 mm
t\ JNN i

QY ; NEBRICTD .
AN, RN N \\\‘ RS \\\. ~~
N ‘QX;- ~\\?::\~\;;\\\\r ~\\.\\‘f\\>)b~ TR

t

1
—

630 mnm

1
|
1
i
i
l
4
l
|

s
AN

€
(penunuo)) 01°T ndig

Losd (xN)

‘4 ‘ 10 mm I L' '
200 ma j I
—

*

Rebar #2 at 45 degrees with small recess

Cyclic test of connection
Test #9 03 09 19868

Loaa (MN)

111

)

~
[~
1

J
~
o

L

1]
3
EU RS SR

Load (xN)

Displscomant (mm)

ss823828

20
10

-10
-20
-3
-40

Cychic test of connection
Test 7 1109 1948

j vl’\.'

7 [ead
- _ )
) ii\
1 '}ix
a4 /
- il

S QA5 VI TN Y Uy (I Sy W |
T‘S‘

'
-
[
o
\
-
'
»
"
-
S

Dlsplacement (mm)

Cyclic test of connection
Test n3 19 09 1908

?

Pyw
A SN

.r«l—ll],l_llll

T T T Y T T A T T T T
-10 -6 et 4 2 L[ 3 10 14

Displacement (mm)




¥

(panuyuo)) o1°y1 aInry

e

o~

———

1400 mm

—

] 29 ma
i

Locg {mi)

NKRY. O
600 mm
4 \\
eLLL X —a 25 mm
_‘: \( 50 mm L l
200 mm o
Q' —
30 75 mm

Rebar 12 at 45 degrees with a recess

1n a thicker slab

Cychic test of connection

Tesl 12 10091988

Pyw
. ry

852883888
1 l._{
j

20 -
L - [

-18 =

-30 =
-40 -
“30 -~
I -
- g -
[ —
-0 -

-1o0 T ™ T v T T T

Displscement (mm!}

Leaa (uN)

lasa (MN)

X

283

Cychic test of connection

Test 11 1709108
-
-
Pyw @'\
T ey {
: R
q i

—APyw
- ]
4 ]
s T T L T T h g v T L T T A
-4 -0 -6 -2 2 s 1
Displacement {mm}
Cychic test of connection
Test  J14 24 09 1948

] 3
- t

b 1)
- |
- i
4 |
« |
- +

1
H
- .
- !
— ]
- i
- 1
L] T T L T T T Y "

-4 -10 -8 -2 H < 1 1

Displacement {(mm)




AN
J

o
AR

-

4

;\,

~

7

L7,

!

3
R

%

3
i
|
!
|
|

TE

200 wa

N
50 am
L

50 mnm

Reversed angle welded to reinforcing mesh

Y4

Cyclic test of connection Cychic test of connect:on

Test  J16 23 091988 Test 10 17 09 1996

(panunuo)y) or'7 ndig

Load (MN)

100 100
0 W L T
© A 0 -~
70 - P 70 A [
[ ] ij ot JAL S,
%0 P b \ c»
[ 0 4
20 ; 30 4 ! H
20 g - 20 -
10 / E 10 -
[ 0
0 } : -0 4 /] —J
-20 o -20 -
-30 ~30 - //
-40 -40 - /
59 c» %0 o
-60 — -6a -
-70 Ca -70 Cs
20 -0
-9%0 -90 -
~100 T T T T -100 T Y T T
-2 2 10 14 -16 -4 0 4

Displacement (mm)

Displscoment (mm)




74
(panunua)) Q1’1 dundyy

Load (kM)

1400 mm “—“—1

o

N =

600 mm

Angle welded to reinforcing mesh

Cyclic test of connection

Test 29 1509 156

] '
-
- 2]
- mw
- 20
ﬁ',\ Cs
- it !
B ) -
- x
. 2
Al
- ) - :
0 o
- / ll -
a Ca
i
- \\{ <
-12 -4 -0 -8 -2 2 [ 10 is

Displacsment (mm)

6o0c38ELB38EE

mud\!

A
| —
b

50 mm
¥
S0 mm
Cyclic test of connection
Test #1324 09 1906

J , S

l ¢ i

! . .

1 i

T { i

4 ™ -1

4Ca ; i

B E

- {
L

- '

:Cl

-« C» \

-1 -‘xt ' -9 -4 [} 4 12 1 9

Displetemieat (mm)



1.3 Current Design Approach

1.3.1 Lateral Seismic Force

The National Building Code of Canada (N.B.C.C. 1990)'! specifies two
approaches tor the evaluation ot the design earthquake load on a building as follows:
(1) Quasi-static seismic analysis
(1) Dynamic analysis, using either average response spectra or step - by - step

calculation i the time domain of the response ot the structure subjected to a

patticular disturbance.
The quasi-static approach 1s usually quite satistactory using the quasi-static
seisne analysis. The equivalent elastic base shear, V, to determine the mmimum

fateral seismice toree, according to NBCC 1990, 1s given by:

V, = VSIFW (1-1)

where Vo= zone velocity ratio

'

S = Scismic response factor (see Figure 1.11)

Acceleration-related seismic zone tactor

\
i

7, = Veloaty-related seismie zone factor

Fundamental period ot vibration of the structure (in seconds)

i

O.IN for moment - resisting frames (N = number of storeys)

0.09h, VD, for other structutes (h, and D, are the height and length ot

il

the Fateral load resisting system. respectively)

!

= impotrtance tactor ot the structures.

= 1.5 tor post disaster buitding, 1.3 tor schools and 1.0 tor all other

buildings

I' = Foundation tactor (ranging from 1.0 for rock to 2.0 tor sott deep soil)
W = Dead load ot the structure plus 259 of the design snow load.

The mmmum lateral sewsmuc toree, V. tor which the structure has to be designed 1s:
= )
V =(V./R)U (1-2)
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where R = force modification factor that depends on the capability of the structure
to absorb energy during inelastic response (see Table 1.1).
U = 0.6 (calibration factor to adjust level of protection)

It must be mentioned that precast concrete buildings are not listed in Table 1.1, nor
does the CSA Standard A23.3-M84 (Code for the Design ot Corcerete Structures and
Buildings ") give specific seismic design guidance for precast construction.

In addition to the lateral seismic forces, a building must also be designed for
horizontal torsional moments. The largest design eccentricity, ¢, is given by:

e, = L.5¢ + 0.10D,

or
e, =0.5¢ - 0.10D,
where e = distance between the centre of mass and centre of rigidity

D, = plan dimension of the building in the direction of the computed

eccentricity.

B8
nN

™nN
-

Seismic response tactor, S
w
o

o
g
L

Period, T (sec)

Figure 1.11 Seismic response factor in the 1990
National Building Code of Canada
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Table 1.1 Force modification factors for reinforced concrete structures

designed and detailed according to CAN3-A23.3 (1]

Type of lateral load resisting system R
-Puctle moment-resisting space frame 4.0
-Ductile tlexural shear wall 3.5
-Moment-resisting space frame with nominal ductility 2.0
-Wall with nominal ductility 2.0
-Other lateral toree resisting systems 1.5

1.3.2 Connections

Honizontal loads from wind or earthquakes are usually transmitted to shear
walls o1 moment resisting trames through the root and tloors acting as horizontal
chaphragms. It s assumed that a diaphragm acts as a deep horizontal beam as
presented i Figure 112170 1t is analogous to plate girders or I-beams. The shear
witlls o1 trames are considered as suppoits of this analogous beam. Theretore the
support reactions are induced by the lateral torce resultant tfrom the earthquake
loading. "The tenston and compression chords torces are imduced in the diaphiagm
by assumung bending of the diaphragm in its own plane.  The precast concrete
double-tees which span parallel to the supporting walls or trames must be designed
to transter shear between the adjacent elements and also to the supporting elements.

Thus the design of & diaphragm s essentially a connection design problem.

1.3.2.1 Deformed Bar Anchor Connection

This seetion presents the data and methodology tor designing typical tlange
connections between double-tee flanges. Detormed bars are anchored in the
concrete by bond. The requuied embedded length can be caleulated m the same
tashion as the development length tor the normal reintoreig bars. The CPCI Metric
Design Manuall™ suggests the tollowing equations tor development length ot

detormed remtoreing bar anchors:



Max. Shear Lateral Load, W « wl! .
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Figure 1.12 Analogous beam design of diaphragm!!”)

For No. 35 reinforcing bars or smaller, in tension:
Iy = 0.019A,f/Vf;
which has to be greater than the minimum of 0.058 fd, or 300 mm
For No. 45 bars, Iy = 26£ V1,
and for No. 55 bars, Iy = 346K,
while compression development length is given by :
ly = 0.24d £V
where A = area of the reinforcing bar (mm?)
d, = diameter of bar (mm)

All modification factors currently in the code would apply.

(1-3)

(1-4)
(15)

(1-6)

The ACI Code 1| ACI committee 318, assumes that the basic development

length required to prevent splitting failures, 1, ., is a function of the cross-sectional
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arca of the bar, while the length required to prevent pullout, 1y, ,,, is a function of
the diameter of the bar. The equations to determine basic development length are
as follows:
For No. 35 bars and smaller:
lpsp = 0.02AfL/VE,  (mm, MPa) (1-7)
lap po = 0.375d,f VI (1-8)
The ACI code requires that the basic development length to prevent splitting failure
given by equation (1 - 7) be multiplied by a modification factor "k;" to account for
the clear cover thickness. Both development lengths to prevent splitting and pull-out
must be multiphed by tactor "k," to account for the parameters listed in Table 1.2.
Theretore, the development lengths to preveni sphitting and pull-out failures,
respectively, are the following:
lisp = kikalgy 5p (1-9)
oo = kol (1-10)

where  k, = 2.0 for ¢ < d,

d po db po

k, = 14 ford, < c < 2d,

k, = L0 for ¢ = 2d,

k, = 0.8 tor ¢, = 2.5d, in addition to the factors listed below
¢ = Clear cover thickness

¢, = Clear cover thickness to the edge

o
"~
|

= factors hsted in Table 1.2

Finally, the development length, 1, required by the ACI Code is the larger of the
two lengths calculated by equations (1-9) and (1-10) but must not be less than 300
mm.  Although the ACI Committee 408 has not explicitly recommended an
anchorage length (development length) under cyclic loading, it is likely that the
committee would adopt proposals such as those presented by the researchers at the
University of Texas at Austin and Cornell University!®), The results are summarized
as tollows:
1) For straight anchorages with a cover of at least 1.5 d,;
Iy = (1860 x d)/VE > 30d, (Imperial units) (1-11)
Iy = (154.5 x d))/VEL > 30 d,, (S. 1. units) (1-12)
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it) For hooked bar anchors:
Ly = (1800 x d )Vt (Impenal units) (-3
ha = (1495 X d)VE (S0 Lounats) (1-1h
All moditication factors currently in the code would apply - Tt must be meationed that
in this study the equations tor the evaluation of developments lengths for remtorcing

bar subjected to cyclic loading are used (LEquations [-12 and 1-14).

Table 1.2 Values of modification factor k, for development length!'"!

(a) Top reintorcement - hornizontal remntorcement {

-

with more than 300 mm ot tiesh concrete cast

below the reintorcement

(b) Lightweight aggregate concrete, 1.3
or. it t 15 specitied (LSSOVEAL,
(¢) Excess reintorcement (A, requued/A, provided)

The CPCI Metric Design Manual™ suggests that this connection should be
designed to 1esist only the shear torees. Since earthquake loading s induced mto the
diaphragm in any direction, the connections must be designed tor the most cntical
load combination. For convenience, the ATC (Apphed Technology Councibyl ™!
requires that 100% ot the forces tor one principal axis plus 30% ot the toree tor the
perpendicular axis be used tor design of these connections. In design and analysis
this combination 1s considered tor both principal duections and requies the
maximum component strength to be used.

The current method for design of connections utilizes the development fength
provisions as described above and analysis based on truss analogy model, s
presented by CPCI'"™ and PCIM' " Handbhook. A typical detail for double - 1ee

flange connections 1s presented m Figure 1.13.
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:h Steelangle

Edge of element

4 P o
C. C.
Plan Plan
SE—
L‘ 1
Seclion Section

Notes: (a) Unless ends of elements are prevented from translating sideways, this
connection cannot be used for earthquake connection as rotation will
occur under high loads

(b) Design of welds and weld details in accordance with CSA-W186/%
Figure 1.13 Typical flange weld plate details!'®!

In using the truss analogy, it is assumed that for a given shear force, the forces
resulting in the tension and compression legs of the anchorage reinforcing are equal
(see Figure 1.13). Therefore, the design shear force for the connection is determined
by nodal cquilibrium for the truss members as follows:

V. = 2T, Cos a = 2C, Cos a (1-15)
Therefore,

V. = 29 AL, Cos a (1-16)
In a typical connection, the angle a is equal to 45 degrees, consequently, for a typical

connection, the design factored shear is resistance given by:

V, = VIBA, (1-17)
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where ¢, = 0.85

A, = Area of the remtorcing bar cross section (mm’)

f, = Yield strength of the steel ban

In the case when force 1s apphed normal to the connection, the tactored
capacity of the connection 1s determined by:

V, = V2P AL, (1-18)

1.3.2.2 Connection with Welded Headed Studs

Welded headed studs are designed to transter shear, tenston ot a combimation
of the two tfrom one element to the adjacent one through the connection The
designs are based on either strength o the steel or ol the concrete, and both must
be checked to tind the cntical capacity of the jomt. Toas pretened o design the
embedded steel anchor to ensure that a tensile tnlure in the anchor governs "Fhe
current design and analysts method are summarized in the following sections o
design of connections with headed studs, wineh are previousty  welded 1o a0 steel
plate and embedded mn uncontined conerete. With contiming ot concrete, the cntieal
capacity mereases, as expected. The thickness ol the plates to which studs e

attached. should be at least 2/3 ot the diameter ot the studs!'',

1.3.2.2.1 Studs in tension
Studs depend on the head to engage a concrete arca that ciuses o cone-tvpe
pullout tailure.  The method mn the CPCL Metrie Design Manuad! ™ issames
shearing surtace and applies a unit shearing strength to that surtace arca (see Freure
1.14). The tactored tensile capacity of the concrete surtoundmg a headed stud.dor
tailure by a cone-type pullout, 1» given by:
P, = 03040 VI{A (1-19)
where ¢ = 0.6
A = Effective stress Area
A = tactor detined in Clause 11.2.3. of CAN3 - A233

The eftective stress area 15 the projected arca ot a 45 degree pyrannd from the
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bearing edge of the anchor (see Figure 1.15). In the case of a stud group, the area
of the heads of studs or the area involved in overlapping stress areas of studs must
not be included. Also it the thickness of concrete is not sufficient to develop the full
projection area, a reduction in the effective stress area must be considered.

Since the cone type pullout failure occurs in practice, a reduction factor equal
to 0.3 is included in the above formulas to account for the difference between the
assumed pyramidal and the conical failure surfaces. The effective stress area for a
smgle headed stud (Figure 1.15) 1s given by

A = (2, + 1.58d,?) - 2.5 d? (1-20)
where I, = embedded length of the stud
d, = stud anchor diameter
It a stud s located near a free edge of a member, a bursting type of failure can be

expeceted. In this respect the minimum cover (mm) from the anchor head to any free

cdge s given by:

>50mm (1-21)

where I, = ultimate tensile stress of the anchor

The mmimum concrete thickness for full development of a stud group is:
h,, = L. +b2  (see Figure 1.16) (1-22)
It the above criteria are not satistied, special procedures are necessary to include a
reduction tactor. Referring to Figure 1.17, the effective stress area (A) is given by:
A = h(2a +8I, +2b - 4h) - A, (1-23)

where Ay = total area of the anchor heads. Other symbols are shown in Figure 1.16.
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Figure 1.15 Effective stress arca for welded headed studs!™
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When the tensile strength of steel governs, the factored resistance of a

headed stud is given by:
Py = Agdd, (1-24)

where A, = area of stud anchor

¢, = 0.85

f, = ultimate tensile stress
A value of 400 MPa is recommended for the ultimate tensile strength of the headed
stud steel. As mentioned previously, to achieve ductile behaviour, the tactored
resistance of the connection derived based on steel strength, should not be fess than
the factored resistance of the connection, derived based on the pullout tadure of the

headed stud (concrete cone-type tailure).

1.3.2.2.2 Studs in shear

Studs are frequently subjected to shearing forces in precast element
connections. The concrete strength for studs not located near a free edge can be
calculated using either the lateral bearing of the stud or by the shear triction coneept.
The factored bearing resistance of a single headed stud subjected to shear can be
determined using the equation:

B, = L4pAf: (1-20)

where ¢, = 0.6 and A = projected bearing area of the stud (d x 1)
The factored shear resistance calculated using the shear friction principle for

studs which are welded to a plate is given by:

V, = dALu (1-27)
where ¢, = 0.85
A, = cross sectional area of the studs
f, = yield strength of the stud
= (.6A for the contact plane comcidental with the concrete surface

p = 0.8 for the contact plane a tull plate thickness below the concrete
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surface
The above value of V, must be smaller than the value the values calculated using
Equations 11.31and 11.32and provision of Section 11.7 of the CSA Standard A 23.3-
M84!'%l, When the shear load is in the direction of a free edge, the shear strength
of concrete becomes more critical. The factored shear resistance specified by the
CPCI " can be calculated using the equation:

V4 = 03044 VIA (1-28)
where A = effective stress area.
For the stud group in the connection, the effective stress area is equal to the area of
projected 45 degree plane from a line parallel to the free edge through the middle
of the contact surface and from the edge of the contact surface to the free edges (see

Figure 1.18).

Direction
of shear

Shear cone
o -
\ ‘r/ l Tension
y, N\ | p anchorage
,/ \\ N 7 to develop
/7 shear
r friction

Figure 1.18 Edge distance effect for welded headed studs!®
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13.2.2.3 Combined shear and tension
Most of the embedded steel devices in precast concrete connections are
normally subjected to a combination of shear and tensile torces. For design purposes
an interaction equation can be used. For concrete, this interaction cquation is:
1. P

V.
uy2 4 (Hy2 [-29
¢l[(Pc) +( Vc)] <1.0 (1-29)

where ¢, = 0.85
P, = factored tension loads
o = factored shear loads
P, = tensile strength of connection governed by concrete failure
V. = shear strength of connection governed by concrete tfailure

For steel, the interaction equation is:

1 Pus Vi 1-30)
¢2[(Ps) (Vs)] <1.0 (1-30)

where ¢, = 1.0

P, = tensile strength of connection governed by steel fatlure

V, = shear strength of connection governed by steel failure
It must be noted that in the current method for design ol connections between
double-tee flanges under lateral loading, design 1s based only on the shear acting on

the connection.

1.4 Objectives

The overall objectives of this research program are to study the behaviour of
typical connections between flanges of double-tees or between a double-tee flange
and the lateral load resisting element in a typical roof of a precast structure under

simulated seismic loading. The research program consists of the following:

1. Analysis of a part of a double-tee roof flange with three connections subjected to
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Jateral loads to develop the boundary conditions for the test specimen with one

conncection using the SAP90 Program.

2. Nonlinear analysis of the complete behaviour of the connections selected for the
experimental work along with the boundary conditions worked out in Objective 1
above, using the NONLACS (NONLinear Analysis of Concrete and Steel Structure)

Program.

3. Experimental study of the complete behaviour until failure of selected connections

subjected to reversed cyclic loads.

4. Comparison of the experimental response of the connection subjected to reversed
cychie loads with the analytical response of the same connections subjected to
monotonically  increasing  loads, and development of practice-oriented

recommendations for design of these connections.
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Chapter 2

Experimental Program

2.1 Introduction

Five typical types of connections between double tee tlanges commonly used
in the precast industry, were investigated in this rescearch program. The connection
details are shown in Figure 2.1; the connection detals were selected tor then
simplicity and ease of construction. A total of tive precast concrete connectiions m
concrete panels of a size 1300 mm x 800 mm, were constructed and tested n the

Janmeson Structures Laboratory at McGill Unuwersity.

The connections details are detined as tollows;

) Specimen S1: Connection with a bent deformed bar anchor welded to asteel plate

2) Specimen S2: Connection with a bent deformed bar anchor and a 90° hook

welded to steel plate

3) Specimen S3: Connection with straight detormed bar anchors, onented at 90

and welded to an embedded angle
4) Specimen S4: Connection with headed studs welded to a steel plate

5) Specimen S5: Connection with a detormed bar oriented at 45° and headed

studs both welded to an angle
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a) Connection Sl1 (b) Connection S2

(¢) Connection S3 (d) Conrection S4

(e) Connection S5

Figure 2.1 Detail. of connections investigated in this research program
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2.2 Design of Prototype Building

To understand the importance of connections between the tlanges ot double-
tee slabs and between the tlange and lateral Toad resisung elements and the Toads
transmitted by these connections the design of a single story precast structure with

a precast double-tee root and precast wall panels s reviewed i the tollowing

sections.

2.2.1 Single - Storey Precast Structure

Figure 2.2 shows the plan and elevation of a prototype sigle - storey precast
concrete structwe.  This example ot the prototype stiucture s selected trom the
CPCI Metric Besign Manual!™,

The precast buildmg shown in Figure 2.2 15 384 m by 48 mom plan and has
4.8 m clear height inside. The walls are composed of 400 mm deep double - tees and
the roof assemblage ot 600 mm deep double tees. The double tees are 2400 mm
wide with stems 1200 mm on centies. The Hanges of the tool tees are SO nmm thick,
while the wall tees are 100 mm thick.

The seismic design of the prototype structure was performed m the Nogth
South direction, and 1t was assumed that the bulding was focated m Montieal  The
dead and hve loads contorm to the 1990 National Building Code of Canada and e
Wall Panels:

Unit weight ot wall panel = 3.3 kN/m?

Height of wall panel = 6150 mm
North or South Wall:

Total length of one wall = 48.0 m

Weight above mid - height = (3.45)(48.0)(3 3) = 545 kN

Weight of complete wall = (6.15)(48.0)(33) = 971 kN
East and West Wall:

Total length ot onc wall = 38.4 m

Weight above mud - height = (3.45)(38.4)(3.3) = 436 kN

Weight ot the complete wall = (6.15)(38.4)(3.3) = 770 kN
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Figure 2.2 Details of single-storey precast wall panel building
Roof:

Weight of a roof panel (with water proofing membrane) = 2.8 kN/m?
Weight of roof = (48.0)(38.4)(2.8) = 5179 kN
Weight of building (roof + all walls) = 8675 kN
Snow Load:
25% of design snow load,S, is taken into consideration.
For the structure under consideration, the snow load was calculated

to be:
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S = 2.64 kN/m*
Total snow load = (0.25)(38.4)(48.0)(2.64)=1216 kN
Total lumped weights:
- Roof + N-S walls + Snow = 8926 kN
_ Roof + N-§ wall + E-W walls + Snow = 9933 kN

Specified lateral seismic force
The minimum lateral seismic force, acting at the top of the panels s given:
V=(vsIFW)U)/(R)
where the seismic factors are:
v = 0.1 for Montreal
T = 0.1 N, for one storey building N=1, therefore, T= 0.1
S =42 for T<0.25s
[=10
F =10
W = weight of the roof, N-S walls, and 25% of design snow load = 8926 kN
U= 0.6

R= force modification factor = 2.0

Therefore,

V=(0.1x42x10x 1.0x8926x 0.6) /(2.0) = 1125 kN

The design earthquake load, V, is applied to the roof diaphragm as indicated 1n
Section 1.3.1. To guard against accidental torsional etfects, a mimmum eceentrieity
equal to 10% of the lateral dimension must be assumed between the centrod of
resistance and the centre of mass as shown in Figure 2.3. Theretore, the design
forces on the roof diuphragm are:

Maximum shear force, V,,, assumed to act on each of the cast and west walls

atroof levelis : V, =06V = 06x 1125 = 675 kN

Average shear intensity , v, = 675/38.4 = 17.6 kN/m

Maximum bending moment, M, = (Vw L)/8 = (1125 x 48)/8 = 6750 kN.mn

Maximum chord forces, C, = T,, = M,/d = 6750/ 38.4 =176 kN
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Figure 2.3 Specified forces acting on roof and walls

Resistance analysis

Analysis of the structure is undertaken in two parts. The first part deals with
design and detailing of the roof diaphragm and its connections, while the second part
deals with the design of the wall panels. Because this thesis focuses on the behaviour
of conncction between the flanges of the double-tees which constitute the roof
diaphragm and between the flange and lateral load resisting elements, focus is placed
on the design of connections.

The diaphragm is required to resist the shear forces induced by the
earthquake load. The maximum factored shear intensity in double tee flanges

adjacent to the wall panel is :

v, = 15V, =15x17.6 = 39.6 kN/m
where the v, is shear force per unit length
The design shear strength of the concrete per unit length in the double tee flanges
along the web is:

v, = 02 ¢ VI d x 1000

= 0.2x 0.6 V35 x 50 x 1000 = 35.5 kN/m

which is less than the v, therefore the flanges need reinforcement, normally using
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welded wire fabric (WWF). The principles of shear friction are used to design the
diaphragm shear reinforcement. The steel area required to resist the v, 18

u

determined as follows:

Ve = po £y A

where p=1.25, for concrete cast monolithically [CSA A23.3-M84, sce. 11.7.4.3(a)]
A= area of reinforcement per unit length normal to the web, and
fy= 350 MPa (assumed)

Substitution of values in the above equation gives:

A = (v) / (1o f,) = (39.6) / (1.25 x 0.85 x 350) = 106 mm*/m

Therefore, the double-tee flenges are reinforced with WWI 100 x 100 MW 13,3/
MW 13.3 which provides a steel area, A, = 133 mm*m in cach dircction.
Therefore, the shear resistance of the double tee tlanges is adequate. Figure 2.4

shows the reinforcement details of flange.

Design of Connections

The roof and the wall to roof connections must now be designed for applied
loads along the east and west edges. The factored design shear toree, V== v, x 384
= 39.6 x 38.4 = 1520 kN
A typical connection to be used in this design s shown in Figure 1.13. The material
resistance factor for reinforcang steel, ¢,=0.85 1s used to tind the foree mn the
reinforcing bar. According to the Standard, CAN3-A23.3-M&4, Scction 21 2.3.2 1
these connections are intended to yield during an carthquake, an allowance s made
for the loss of strength during the cycles of inclastic loading by usig an additional
member resistance factor, ¢, =0.7 . In this study, the most critical case s considered,
since the purpose ol research program 1s to investigate the strength of the
connection 1n the inelastic range subjected to reversed cyche loads.

Conventionally, the minimum size of steel bar used as anchors for the connection s

48



100 x 100 MW 13.3 / MW 13.3

welded wire fabric

assumed crack

15.44 13 mm

mm P e —

Fwilre

double tee stem—-{—o ¢

(b) Section AA

Figure 2.4 Reinforcement details of double-tee flange
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M 15 deformed steel bar.
The factored resistance. V, . of the conne stion can then be caleuiared as
follows. The maximum compression torce, Ci, i the compression leg and the

maximum tensile force, Tr. in the tensile leg are gyven by,

Cr=Tr= ¢, ¢ t, A = 0.7 x085 x 400\ 20+ 101 - 170 kN
And, using the truss analogy, the value ot V| 1s comyputed by

Ve = (Cr + Tr)cos 45° = 673 kN

Connection between double-tee flange and wall panels

The connection to the cast and west walls (Fig. 2.2y must be designed fo
factored design load induced at the top ot the walls. Hence the spaemg between
these connections must not exceed:

s= V /v, =67.3/396 = 1.70m

A suitable spacing between connections would be 1500 mm on centies The

connection details are shown m Figure 2.5.

Connections between double-tee flanges

The double tee tlanges must also be connected to ecach other along then edges
using a connection similar to that between the double-tee tHange and the wall The
number of connections requied 1s proportronal to the shear foree which deereases
towards the muddle of the diaphragm.
During an earthquake . one wall panel may yield while others are sull m the elastie
range due to the result of torsion and other efteets. Theretore, as recommended an
the CPCI Metric Design Manual"™] the resultant shea foree on the diphiagm s
assumed to act with a mimmum eccentricity of 10% jelative to the centre The
shear force will therefore have zero value at 0.6, (= 0 6x4800 28800 1) ae

shown in Figure 2.6.
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Using the shear force distribution shown in Figure 2.6, the spacing of the connection
along the interior flange of the first double tee can be calculated as follows:

The shear force acting on the inter.or flange:
V) = (1520)(28800 - 2400) / (28800) = 1393 kN
Therefore, the spacing of the connection at the interior flange is given by:

s; = (1520 x S)/(1393) = (1520 x 1.7)/(1393) = 1.85 m

6 mmnom
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Figure 2.5 Connections between the flanges of double- tees
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Figure 2.6 Distributed shear on diaphragm with 10% eccentricity
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2.3 Choice of Test Specimen Size and Boundary Conditions

To study the connection between the tlanges of the double-tees, the wdeal
solutton would be to hine a specimen consisting of two connected double-tees and
apply the shearing toree to the system to myvestigate the behaviour of the connections
However, tests of this kind are extremely cumbersome and expensne  Theretore, ot
was decided to study the behaviour ot a sigle connection mean ettectine pait ot the
flange resistante to the shear toree applied at the connection. "To deternine the size
of such an ettective tlange part and its boundary conditions, tor simphicity o part ol
a double-tee tlange with three connection was isolated and analyvzed usimg the SAPYO
program¥,  This would ensure that the stresses i the viciity ol the cential
connection are reasonably close to those o tull double-tee Hange, as the

connections turther away do not have any sigmticant etfect on the central connection

2.3.1 Analysis of Partial Flange with Three Connections
The torces acting at the connection are transnutted i the pline of the
diaphragm which has 2 large m-plane ngdity at the flange-web connection, the
resistance of the connection can be resolved into two components one parallel to the
span ot the double-tee and the other perpendicular to 1t The resistance to the
moments caused by the connection shear torce anses lrom the nigid Hange-web
connection. To account tor these condiions, and tor simplicity, the binte element
model shown in Figure 2.7, with hinges at each node along the Ime AB, was adopted
The analysis of the selected partal thinge was made using the computey
program SAPY0, which employs the stiffness method of analysis The static analysi,
of a structure mvolves the solution of a sustem of hincar equations represented by
KU=R
where Kois the stittness matrix, U s the vector of resulting displacements and R
the vector of applied loads
The concrete 1n the selected partial flange 1s modeled with 1248 three donensional
4-node membrane shell elements (Figure 2.8). This membrane is an isopatamnetne

formulation including two n-plane translational degrees of treedom (w and u) and
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Figure 2.7 Boundary conditions for partial double-tee flange

a rotational component in the direction normal to the plane of the element (0,). Six
shell clements are used to model the welded steel plate, while 54 beam elements
model the steel anchor. The 1352 nodes are numbered 1 an etficient way to get an
optimum stittness matry with a nunimum band width The 1atio of smallest length
to thickness tor the tlange s 800/50 = 16, theretore using the shell element
represents an appropuiate chorce. Also, these membrane clements can model the

behaviour of slab adequately since the applied loads are only in the plane of the

N
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Figure 2.8 Finite element idealization for partial double-tee flange
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{lange.  The beam element can model the axial and dowel behaviour ot the stecl
anchor.  The applied load is 200 kN which is about 1.3 times the ultimate strength
of the connection.

T'he results for principal stresses for the area around the middle connection
(region ABCD in Figure 2.8) are shown n Figure 2.9. The resulting axial torces in

the steel anchors are presented i Figure 2.10.
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Figure 2.9 Distribution of principal stresses around the middle connection
of the partial flange
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Figure 2.10 Force distribution along the middle connection anchor of
the partial flange

2.3.2 Test Specimen and Boundary Conditions

The basic geometry of the test specimen was selected based on the zone of
influence of the connection 1n the partial flange of the double-tee, namely, the region
ABCD as shown in Figure 2.8, which is 1300 mm x 800 mm.

The concrete flange (refers to Test Specimen Pancl) and the connection steel
plate were modelled using 416 and 2 membrane shell elements, respectively. The
reinforcing steel bars were idealized using 18 beam eleiaents. ‘The fimte clement

idealization for test specimen is shown in Figure 2.11.

The test specimen boundary conditions were selected to ensure that the stress
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Figure 2.11  Finite element idealization for test specimen

analysis of partial double-tee flange with three connections. Atter some trials, 1t was
decided to epovy 100 mm by 8 mm steel plates to the specimen boundaries AB, CD
and AC (gure 2.1, Hollow steel section (203 x 102 x § mm) with a 100 mm by
8 mm plate welded on one tace (102 mm tace) were connected by spot welding to
the eponted plate on boundary AB and CD. The eposied plate on boundary AC was
stmukatly connected by spot-welding to a heavy wide flange steel beam (W 310 x 118),
which was - turn anchored (post-tensioned) to the laboratory strong 'oor. These
boundary elements were modelled using 16 beam elements tor each of the taces AB

and CD. and 28 beam elements tor the boundary AC.

4
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and CD, and 28 beam elements for the boundary AC.

The details of the finite element model are shown in Figure 2.11, which was
analyzed using the SAP90 program. A Inad of 200 kN was applicd to the connection
as shown. The resulting distribution of the principal stresses m the conciete pancl
and the forces in the steel anchor are shown in Figures 2.12 and 2.13, respectively.
Comparison of these principal stresses and steel forees with those i Figures 2.9 and
2.10 shows an excellent agreement between the two sets of results. Theretore, the
above boundary conditions were selected for the subsequent eaperimental work.
Practical requirements and procedure of construction of test specimien i the

laboratory are presented in Sections 2.5 ( Construction Sequence ) and 2.7 (Test Set-

up).
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Figure 2.12 Distribution of principal stresses in the test specimen
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Figure 2.13 Force distribution along the connection anchor in the test specimen

2.4 Design and Description of Test Specimens

The expenmental program consisted of tests on five typical connections
commonly used i the industry, presented in Figure 2.1. Each specimer. was 1300
mm by 800 mm in size, as modelled for analysis. The thickness of the concrete panel
was SO num and at was inereased to 75 mm for a distance of 150 mm from the free
cdge. These connections were detatled and tested to evaluate their response to low-
cyche loadmg, ammed at determuning their ultimate strength | level of ductility and
cnetgy absorbing capability, ete.

For connections using detormed reinforcing bar under cyclic loads, most of
load 1s carried by bond between the reinforeing steel and the concrete . The tensile

and compressive stiengths of the concrete, cover thickness and the amount of
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transverse reinforcement play a dommant tole o conttolhimg the connection
behaviour. Bond tfailure modes under low cyche loading are veny sinular to those
under monotonie toading. Under low - cyele loading, two types of bond tadume are
typical. The tirst is a duccet pullout ot the bar, which occurs when ample contmement
is provided to the bar. The second type of tlure s a splitting of the concrete where
the cover or confimement is msutticient. o this case the tanlure s due primanily to
the radial tensile stresses caused by the beanng ot the bar lugs. i this study, sinee
the cover thickness s not adequate, a sphitting tensile finlure will hinut the bond
capacity tor a given anchorage length to a value lower than that tor talure by pullout
action. This ettect 1s more important for cyche than tor monotonie loading, because
of the mcreased seventy ot cracking and a more rapid detenioraton of bond unde
cyclic loading.  To compensate tor the smaller cover thickness and the resulting
sphtting concrete, the anchorage length s mereased to 480 mm mstead ot the
normally required length of 300 mm With the mcereased embedment length, it s
expected that the bar will yicld in tension betore it pulls out o1 sphts the sunounding
concrete. In this respect the results of the mvestigations o the anchorage fengths
ot reinforcig bars subjected to cyclic loads at the University of "Texas at Austin and
Cornell Universtty ' are used. The ultimate capacity ot the connection undet
monotomcally increasing load (referred to as "monotonie strength™) s caleulated
based on these development lengths. Concerning small conerete cover thiekness,
determination of the ulumate strength under monotonie load s based partiadly on the
work of Iimenez et al* which 15 10 turn dependant on the conerete cover thickness
The specimens were designed mitially using the simple truss analogy and the "shea
triction' concept described my the CPCEMetric Design Manual™ AdLtest specimens
were nitially designed using the material resistance tactors ¢, 060 and s 085
and assuming a concrete compressive strength of 0 = 35 MPacareimtorang bar yield
strength. {, = 400 MPa. and ulumate strength ol steel headed stad, 1, 100 MPa
The dowel action of the anchor bar was considered. The influence of the wire fiabii
mesh was not mcluded. It should be noted that the hinal ultimate strength ol the
connections used tor comparison with the test results were calculated sy the

theoretical calculations, CPCI method and the NONLACS program based on the
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measured material properties. Design calculations are presented in Appendix A.

2.4.1 Test Specimen Sl

Specimen St contained No. 15 weldable detormed remtorcing bars used as the
anchorage in the connection, bent at 45 degrees. with an mside bend diameter of 93
mm. The length of each inchned leg was 430 mm.  The straight part was 200 mm
long and was welded to a 200 mm x 75 mm x 10 mm thick inchined steel plate with
afillet weld length of 100 mm. As can be seen form Figure 2,14, the test specimen
contamed unttorm wire tabric mesh, 100 x 100 MW 13.3/ MW 13.3, with a steel 1atio
ol p=0.0027 in cach direction The mesh was placed i the central plane ot the 50
mm thick slab The specimen had clear concrete covers varying from 29.5 mm to 17
mm with an average calculated cover thicknesses ot 23 mm. The ulimate strength
was determimed ustng the "truss analogy” mcluding the ettect ot dowel action, while
the ultimate capacity of cach truss leg depends on the concrete cover thickness. The

details of calculation are presented in Appendix A.

2.4.2 Test Specimen S2

Spectmen S2 contamned a No. 15 weldable detormed reinforeing bar anchor
which was bent at 45 degrees. A right angled hook was provided at the end ot the
straught lead ot the bar as shown m Figure 2.15. The length ot the straight part of
cach leg was 400 mm plus twelve bar diameter tor the hook. The 200 mm straight
part was welded to a 200 x 75 x 10 mm thick steel plate. The use of 90° hook
cnables the connection to remain m the melastic range tor a larger number ot cycles
betore tanlure. The welded wire mesh used to reintoree the panel was identical to that
tor Specimen STowith the same steel ratio ot p=0.0027. The concrete clear covers
were stk to those tor Speamen St The details of Specimen S2 are shown in
gure 2 15,

The specimen was designed with special consideration tor hooked remforcing

bars subjected to evehie loading. Detatled calculations are presented in Appendix A.
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Figure 2.15 Details of Specimen S2
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2.4.3 Test Specimen S3

The Specimen S3 was remtorced with 2 No 15 weldable detormed bais
oriented at 90 degrees to the duection ot the shear toree and welded o the thinge
of an embedded angle, 75 x 50 1 8 mm. 200 mm long. as shown m Pigaie 2 1o The
panel reintorcement was sumilar to that tor Speaimen Stand 82 The cover thickness
of deformed rewntorcing bar anchor varies trom 29.5 to 17 mm with the averape
calculated cover thickness ot 23 mm. The ulumate design capacity of the connection
was calculated using the shear-fraction method in the CPCEMetne Design NManuat! !

Detailed calculations are presented in Appendix A.

2.4.4 Test Specimen S4

The test specimen was remforced with 2 - Y . diameter Nelson studs, 2
long tusion welded to a 12 mm thick steet plate. The assembly of the headed studs
and steel plate was clined to achieve a maximum concrete cover thickness aovnd
the studs and a maximum ettective shear cone, which would result i a masinm
ultimate capacity tor the connection. The centies of the headed studs were
coincident with the central plane of the 75 mm thick part of the panel  The wie
mesh used to reintorce the specimen S4 was sinular to that used m other specimens
The speamen detatls are shown in Tigure 2,17, Detailed computations tor the

specimen are presented in Appendix A.

2.4.5 Test Specimen S§

Specimen S5 was remtorced with 2 No. 15 weldable detormed remtoramy b
oriented at 45 degrees to the ditection of the shear force and 2 - " an diameter
Nelson studs, 2 in. long. Both the bars and the studs were welded to the tlange of
a 75 mmx 75 mm x 10 mm by 250 mm long steel angle (sce Frgure 218) 1 was
expected that the headed studs would help to secure the connection under twisting
and out of plane panel forces caused by the load being cecentiie 1o the angle of the
flange. The wire mesh used to reintorced Specimen S4 was identical to that for the
other specimens with the steel ratio ol p=0.0027 1n both dnections  The avera

clear cover thickness was 23 mm. nalysis of Specimen s presented i Appendix A
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2.5 Construction Sequence

Connections for Specimen S, Specimen S2, and Specimen S3

The detormed remtoremg b was tist cut and bent Stram gauges were
mstalled on steel bars as shown in Figures 2.23a to 2270, The reintoreimg bar was
set at the centre of the mclined steel plate and was tillet welded  The assembhy ot
the reinforang bar and steel plate, and wire tabric mesh were placed mthe phwouod
formwork so that these bars and the wae mesh would be i the mddle plane of the
concrete panel. see Figure 219, Additonal itting steel foops were provided at the
face of the panel for handlmg. Duning the concretimg, standard concrete cyhnders
were cast, and the specimen and the conerete eyhinders were cured mowet bur lap and
plastic sheets. The specimens were cast 1n ahotizontal position The tormsw ork was
removed alter 2 days, and moist cunng was continued tor an addittional threce dins

Three small steel channel sections were prepared by didhing o hole at the
centie of their webs, and their tlanges were welded to the bottom tlange ot Weshape
heavy steel beam (refered toas the W-beam). A number ot holes were didledin the
top flange of the W-beam for the connection to the two hollow structural section
beams (retered toas the FLSS. beam) Fouwr sttong angles were welded 1o cach side
of the H.S.S. beams, besides bolting to the Hange of the W-beam.

Seven days after casting, the edges of the conerete panel were sand-blasted
A steel plate (100 mm by 8 mm) was bent to the outside dimiensions of the panel and
was sand-blasted 10 a white-metal funsh, aand it was epoxied to the panel edges “The
epoxy bond was cured tor at least 14 days.

The crection of eiach test specimen took place in 4 steps. The W beam was
first ifted m the loading lrame and was post-tensioned to the strong Hoor ot the
Structures Laboratory. The specimen was then howsted nn the holdmg trame and was
positoned vertically on the top flange ot the W-beam, and adjusted such that the
central plane ot concrete panel was ahgned with the web of W-beam T hen two
H.S.S. beams wete adjusted to have complete contact with the epoxied stedl plat
and bolted to the top ot the Hlange of W-beam  Finally, the epoxied steel plate woe

tack welded all around to the W-beam and the two hollow section beams
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Connections for Specimen S4 and Specimen S5

The construction sequences for Specimens S4 and S5 were similar to those for
Speaimen S1, S2 and S3. The headed studs were fusion-welded to a steel plate and
the assembly was positioned at the thicker edge of the concrete panel in Specimen
S4. such that the centre of the heads of studs was coincident with the central plane
of the 75 mrn thick patt of concrete slab.

For Specimen S5, the headed studs were first fusion-welded to the flange of
the angle and then the deformed reinforcing bar was welded to the flange. All other
steps and the erection sequence were identical to those for the specimens S1, 52 and
S3.

- L e @ ey

,.ﬂ’.. [Eor s e ————y

(a) Specimen Si

Figure 2.19 Formwork for casting test Specimens
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(c) Specimen 53

Figure 2.19 (Continved) Formwork for casting Specimens
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(d) Specimen S4

e e

(e) Specimen S5

Figure 2.19 (continued) Formwork for casting Specimens
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2.6 Material Properties

Concrete

The concrete mix was designed for a 28 - day compressine stiength ot 35 NP
using Type 30 cement (high early strength). two types of coarse aggregates with
maximum sizes of 12.5 mm and 7 mm | and silica (size passing 0.5 mm) sand as fine
aggregates and a slump ot 75-100 mm. The niix detaals tor the concrete are gnen
Table 2.1. At least three 150 x 300 mm cylinders were tested tor cach bateh o
conerete used to cast a test specnmen to determune the average compressive sticngth
t¢, and the splitting tensie strength, 7. The concrete propeities are summanized
Table 2.2. Typical stress-strain curve tor concrete s presented i Figure 2 200 The
average tangent modulus, E_, the compiessive st at the maximum compressive
concrete stress, g, and the tensile strain at the maximum tensile stress, ¢ are also
summarized in Table 2.2. The average values were obtamed at the time o testing

the specimens which varied trom an age of 40 to 65 days.

Table 2.1 Mix Design for 35 MPa Concrete

Ingredients Quantity (kg/m'')
Cement Type 30 520

Fine Aggregates (stlica sand) 960
Coarse Aggregates (12.5 mm) 220
Coarse Aggregates (7 mm) 700)
Water 270
Total 2730
Slump 80+ 10 mm




Table 2.2 Summary of Concrete Properties

Test t! €, E. £, £,
Specimen (MPa) (x 10°%) (MPa) (MPa) (x 10
Speamen Sl 43 2.6 32200 4.1 1.08
Spectimen 82 47 2.6 29400 4.2 1.09
Specimen S3 49 2.9 31200 4.3 1.10
Specimen S4 42 2.5 30376 4.0 1.07
Specimen S5 48 2.7 30400 4.2 1.09

Steel

The steel reinforemng used for the specimens consisted of No. 15 weldable bars
with a nunmmum specified yield strength of 400 MPa. The weldable steel complied
with the requirements of the CSA G30.16%4. Samples tfrom deformed reinforcing
bats wetre tested using the standard tension test to establishing their properties. A
50 mm extensometer was used to determine the steel strains. Table 2.3 presents a
summary ol the steel properties. A typical stress-strain curve is shown in Figure
2.20b.

The ultimate strength tor headed studs was assumed to be 400 MPa for design

and analysis.
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Table 2.3 Summary of Reinforcing Steel Properties

Property No. 15
Yield Stress, f, (MPa) 495
Young’s Modulus, E, (GPa) 220
Yield Strain, £y (%) 0.225
Ultimate Strain, e, (%) LS
Strain-hardeming Modulus, E', (MPa) 1370

E’, is used in NONLACS program

fe A s A
P R R U S —
c : / :
1
' |
| L2 o I
|
Ec : ) |
04 ':: b’ / : / :
3 |
|
i .
A : 4. .
€ ¢ Cun €
(a) Concrete in compression (b) Steel in tension

Figure 2.20  Stress-strain curves for concrete and steel
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2.7 Test Set-Up

Figure 221 presents the details of the test set-up and the loading frame.
Shear foree reversals were imposed on the test specimen by two sets of hydraulic
Jacks. One set of jacks was used to apply the shear force in the positive direction
whereas the other set was used in the negative direction.  The loading frame
facilitated applcation of lateral loads (shear torces) and consisted of a braced frame
post-tensioned (clamped) to the strong tloor of the Structures Laboratory. The
lateral displacement of the loading {rame was measured during the test and found to
be negligible.

As shown in Figure 2.21, the shear forces were applied to the connection by
high strength threaded rods, pin-connected to a hollow steel section, which was
welded to asteel plate to transter pure shear to the connection. The specimen was
pamnted, tollowed by mounting of the strain targets on the surface of the panel at

selected locations.



L l!\h“”\

'\\\r\\(,

(a) Reaction frame

Figure 2.21 Test Set-Up
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(b) Boundary of Condition for Test Specimen

(c) Specimen Details (top)

Figure 2.21 (Continued) Test Set-Up
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2.8 Loading History

The general loading history presented in Figure 2.22 was cmployed for the
connection specimens. Most of the load cyeles were "load-controlled” and consisted
of three cycles at constant load levels (load stages). In most of the specimens, the
first three load cycles were m the clastic range of response folflowed by thiee eycles
beyond the cracking load of the test specimens.

The detlection at yielding, Ay, was detined as the honzontal displacement at
which the steel at Location 1 or {yielded, sccompaned by a reduction m stittness
which was displayed appeated i the load - detlection curves, In some cases, the testy
were continued using "displaicement-contzol”. The eaact loading, history and level ol
loading for each specimen, along with the hysteiesis response are presented

Figures 3.1, 3.9, 3.17, 3.25 and 3.32 and Tables 3.1 10 3.5,

1 VIAq2A
TA B8A GA
&
§
o8
load whage T
10l 11a (78
Load cycle

Figure 221 Typical Loading History
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2.9 Instrumentation

Two 330 kN load cells were used to measute the shear torees apphed (o the
speciten in the positne and the negatne duections S electiwal tesstance stean
gauges were used to measure the strinns olong the Tength of the outermost No Iy
anchor bar i each speamen. as shown i Figures 2 23 thioughout 2 27

Steel strain targets (demec gauges) were attached to the concrete surtace at
2 and 4 inch spacings along the direction ot the remtoremg bar anchor and the area
around the headed studs . The centie of cach demec set was comadent with the
location of strain gauges on the steel remtoremg bar, as shown Frgaes 2 23h 10 2 b
Two mechantcal gauges were used to measuie the displacements betwecn the taets,
determinig the average strain on the surlface of the conerete which was tollowed by
an evaluation of principal strams at these locations.

Lincar variable ditterential transtormers (LVDIS) were used o measure
horizontal and vertical detormations of the connection and hovizontal detormation
of the concrete panel specimen as shown m Figure 2 230 t0 2 2700\ data acquisition
system (Dorie 245 was used 1o monitor the steel stram gauges, the TNVDT s aned 1w
load cells. A reduction system which converted the voltages into toads. displacements

and strains was used.

LVDT «#2
LvDT .1
§ — Lot
5 /
& . 7
(e) Lo.aton of stram qaages o Ry o

Figure 2.23 Instrumentation for Specimen Sl
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(b) Location of strain targets

Figure 2.24 Instrumentation for Specimen S2
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Figure 2.25 Instrumentation for Specimen S3
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‘o) Loca tiun ot

Figure 2.26 Instrumentation for Specimen S4
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Chapter 3

NONIinear Analysis of Connection Responses

T his chapter presents brietly the method ot analysis used in this study along
with the predicted responses of the five connections subjected to monotomcally

51 should be noted

tereasiny foads, caleulated vsaing the NONLACS progiam -
that at present the NONLACS program does not have the ability to subject steel or
concrete sttuctures tooreversed cyclie loads, therefore no attempt was made to
anidvze the expenmental results, which are compared qualitatively with selected

cypernmental dataoin Chapter S,
3.1 Finite element program - NONLACS program!”-

The NONLACS computer program!=* (NON-Linear Analysis of Conciete
and Steel structures) analyzes and traces the non-hinear behaviour, cracking and
flme maodes ol 1emtoreed and prestressed concerete beams, shear panels. slabs
tolded plates, shells of revolution, box girder bridges, and any other spatial structure
notmally constdered to be an assemblage of "thin" plates subjected to bending and

i plane torees.,

J. LI Finite Element Modelling

Fhe NONIACS program employs three types ot tinite elements:  (a) A
quaditatenal thin shell elements or quadrilaterat facet shell elements (QFSE), Figure
1) which s composed ot i) quadnlateral in-plane action elements (membianes)
with tour nodes, and two m-plane displacements.u and v .and one rotation normal to
planes o at cach node, see Figure 3.1(a). and ii) Element with out of plane action
clements (bending clements) , with tour nodes and three degrees ot treedom per

node, namely, lateral displacementw and normal rotations 8, and 6, as shown n
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Figure 3.1(b). The program, provides the option of using a cubic displacemient treld
in both directions, representing the general behaviour, or hinear field wone direction
and a cubic displacement m the other direction which best represents the beam
behaviour problem.(h) Ons-dunensional uniaxial member, bar clements, with a hnear
displacement ficld, which are usetul for tiuss membets, prestressing tendons and
reinforcing bars.(¢) A spring clement (boundery clement) used to model presenbed
displacements, clastic supports, and shewed bounday conditions Phe eleme ntis also

used to caleulate the reactions at the supports.

Yypra &

Tyowcal
Noay Nodat
frauvoomy Freedoms

() (b)
Elament Node
T }
Wod'e Plane :‘ﬁ::'
Freeaomy
w

Figure 3.1 Some typical finite elements available in NONLACS program!?#*!;

(a) membrane element; (b) bending element; (¢) facet shell element
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The structure 1s divided into an assemblage of some or all of the above
clement types. A reinforced concrete member is modelled using the layered
techmque. Each shell or plate bending element s divided into a naumber of imaginary
concrete layers and equivalent "smeared” reinforcing steel layers, see Figure. 3.2,
Fach layer may have different properties and thickness corresponding to its state of
stress or strain. The stiffness matrix 1s calculated by using the numerical integration

procedure.

Relerence surface

(Can be any surface; -
e g. midway between \
the two exterlor

surfaces)

th concrete
fayer

Ah smeared siecel --

layer ‘ §/~_ 1 (Element nades lie on

the reference surface)

2
E 3 n+l n

Volume occupled by steel
Is Ignored; | e. the steel
layer occuples the same
volume as a part of a
concrete layer (No 2)

h
(constan! thickness)
i
{

ls = smeared thickness of steel
|
_ Ay _Areaolone bar

4
. s Spacing between
bars
Figure 3.2 Layered element used in the analysis!*"?*!
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Fhe oty 30 vsvmtegration pomnts s used. The Taver matenal properties could be

chere o e Gauss integraton point o another  Phe contuibutions o the
elemic saatriy e the integration points tor composite concrete steel and
differc nt cieme, re obtianed by the superposition of laver stittnesses

Mouoelhing s e distributed steel such as temtoremg mesh as equivalent smean ed

fayers 1s only surabt when steel s tanly distiibuted over the area ol the elements

Concentrated v v or prestressing steel bars aee, theretores modefied as b
elements. .. . *bond between the remtorcmg steel and the surroundiny
concrete fiwe. o 15 should be tocated on the reterence smtace

3.1.2 Nonlin.  Anavn + gethod

The NONIL,. * computer program has the capabilny ot anabzing o inean
problem by imposimg a one load stage iteration assunung o hnear stiess st
relationship.

For material constituive modethng, concrete s adealized as o nonline.a
material i compression ncludig sttan - softening alter attummg the masimum
stress and as a hinear material in tension with hinear unfoading charactenistics attoy
cracking. In this respect, the NONLACS program uses it uniaal compressive stiess
- strain curve. The intrimsic shape consists of two parts, see Pigure 33y Part ! up
to a maximum compressive stress 15 based on Saens’s equation (196 1), represented

by the equation:

Ec
0: — -
E (11
(=2 2)-5 &y
SC e(“ e(ll

where, as shown in Figure 3.3,
E. = secant modulus ot elasticity at peak stress
E, = mitial tangent modulus
g = stress

£ = strain
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¢ Strenn at peak stress.

ol

Farc 1 representig the inelastic strain sottemng tollows the Smith - Young model

according to the expression

c

(1-(—)J
()—fcl(_.e_)e Seu (4'2)

cu

’

where 17— compressive stiength

¢ - basc of natural logarithm.

For univaal tensile stress - stiam behaviour, the model proposed by Kabir
(1976) 15 used. A Tmear descending branch for the unloading of concete m tension
1s constdered to account tor the tension - stittening after cracking. see Figure 3.3(a).

The conciete strength under biaxial compression and combined compression
and tenston s determined from the tailure envelope ot Kupter and Gerstle (1973).
Furthcrmore the equivalent strinn concept due to Darwin and Pecknold (1977) 1s
utilized to aelate the increments of stress and sttam in the principal directions.
Fheretore b o and o, (major and minor principal stresses) exceed the conacete
striength caleulated using the envelope due to Kupter and Gerstle, the conciete is
assumed 1o il along that principal direction. On the other hand. it the equivalent
compressive stram i one direction exceeds the maximum conciete strain, €, .
Frgure 3.3(a). the conerete gets crushed,  Cracking 1s revealed by checking the
magmtudes of o and o, When the principal tenside stress at a point (usually at
Gauss mtegration pomt) equals or exceeds the tensile strength of conerete. cracking
iy assumed perpendicular to the prmepal tensile stiess direction. The efiect of the
crack s smeared within the element by moditving the constitutive matrix.  Atter
crachmg, g, the shear retention tacton, with a value less than unity, s used to account
tor the shear stittness due to aggregate interlock and dowel action. see Figure 3.4.

Ordmary 1remforcing bars and prestressing tendons and bars are modeled as

an clasto-plastic sttam hardemng material. The ilinear stress - stiain relationship

in Figure 3.3(b) s used. As can be seen trom Figure 3.3(b). in the case of loading,
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reloading, the Bauchinger effect, or load reversal which reduces the yield strength ot

*

steel, is also considered. The material parameters, £, E, I

,and e, which are

O
respectively, the yield stress, the modulus of clasticity, the stran hardenimg modulus
and the ulimate strain need to be input to detine the stress-stram relationship. For
shell plate elements, the model adopted i this program s based on the so-called
incremental theory of plasticity in which the total plastic stram is obtained by

scanning the plastic strain increments.

fc
f/
(S
| {
e e e e e i ————— - Y D, - €
h €eu € mos
Concrele compressive stress-stram curve
f ¢
' Apptoximation Used
'l -~ — 1n the Analysls
\“l\-—] !
———— e e -

Tension stiffening model.

Figure 3.3 (a) Compressive and tensile stress-strain relationship for

concrete(272l
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Figure 33 (b) Stress-strain relationship for steell?”?!
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Figure 3.4 Material constitutive model for concretel?!
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3.1.3 Procedure of Analysis

For nonlinear analysis, an incremental iterative tangent sattness techmque,
with the load applied in appropriate increments, is used to trace the nonhinear
response of the structure. During the first iteration after the appheation ot a load
increment, the icremental displacements are caleulated using the tongent stitfness
evaluated at the end ot the previous load increment. The meremental stresses and
strains in the concrete and the steel are calculated and added to the previous total
stresses and strains to obtain the current approxmated total stresses and strams
This is traced tor cach integration pomt for all ol the clements. Use ol the nonlmear
constitutive relations gives, the real stresses related to the "current” strams Ay
unbalanced stresses due to the ddterence between the "true” and the "approamated”
stresses are calculated which are used to compute the equivalent nodal lorees These
forces arc imposed at the begmnmg ot the second teration The procedure s
continued until convergence 1s achieved, or the maximum number ol derations
specified by the user in the data s reached.  The solution s stopped when the
divergence criterion, identitied by farge unbalanced torces o displacement

increments, occurs. This s considered as fallure or instabifity of the structure

Program Limitations
The NONLACS program does not consider the following:
Large displacements or geometrical nonlincarities:
Fatigue ctfects due to cyclic loading;

1

2

3. Shear deformation normal to the surface, 1.e. punching shear;

4. Bond slip at the interlace of the concrete and the steel reinforeement,
5

Beam elements

Also, the program does not include a graphics module to plot the stiesses and

deformations in the structure.
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3.2 NONLACS program- Application and Results

3.2.1 Finite Element Idealization

Fach connection specimen was modelled using quadnlateral shell elements
with cubic displacement ficlds in both directions.  Figure 3.5 represents the finite
clement deahization used for the computer model, with 252 shell elements and 6
boundary clements (to calculate the reactions). These reactions were used to  post-
tenston the Weshape steel beam at specimen boundary to the strong floor of the
laboratory. The 232 nodes were numbered in an ethicient way to get an optimum
stittness matnx with a mmun band width.

Fach node had three degrees of freedom - normal rotation ©,, horizontal
displacement A, and - verteal transtaton Ay, A fine mesh was used to model the
cntical area with stiess concentration close to the connection, while a coarse mesh
was used i the cone farther away from the connection. A trapezoidal transition
clements were used to connect the fine elements to the coarse elements. The aspect
tano tor the concrete panel elements was mamtained at value ol 1, except for the
concrete element adjacent to the TLS.S section, where the W-shape steel beam and
the TLS.S had aspect ratios varying between 1 and 3.

The thickness of the concrete panel was divided into two layers.  Since the
thickness ol the conerete panel varied, the concrete elements in the 75 mm thickness
were divided in 25 mmoand 50 mm thick layers, while in 50 mm thick panel, two
25 mm thickness fayers were used, resulting in the same reference surtace (Z.=0).
The steel beams ( W-shape and T1LS.S) at the specimen boundary were modelled by
steel elements divided mto two layers.  The thicknesses of these elements were
determined based on the moment inertia of the steel beams. The two dumensional
steel anchors were dealized using the embedded reinforcement concept, while the
steel wire mesh - was dealized as @ simeared steel Tayer.

To deternune the reactions in the boundary elements, the spring concept (tor
cach support; one horizontal and one vertical spring with high stiffness) was used.

The taceplate was modelled by steel plate elements. For Specimen S3 with

an embedded angle, the anchored tlange was idealized with a smeared steel layer,
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while tor Specimen 85 the steel angle was modelled with steel plate elemenis

Loading was apphied m 30 foad stepscand the shear toree was apphic d at thic e
nodes. Node 135, Node 1530, and Node 139 m the ratio of SO0 of the total foad tor
node 150 and 253% of the Joad at cach ot the nodes 135 and 159 (Feare 35 1he
total weight ot the specimen was mmposed i the tust foad step Tgmdbimm was
achieved using 15 terations i cach load step Fhe load steps tor the shoan forces
had large merements at the start and much smadler mocements towards the end 1o
evaluate the "real” behaviour of the structure by takmg into aecount the matenal non
hnearity ettects. The applied load was ncreased monotoncaliy and shimkare aocp
and temperature ettects were not considered

The 3 by 3 Gauss mtegration pomts for analvsis, and the result of the ~th
integration point (middle, average point) were used to evaluate the stiess and stiam
in the concrete (crackimg pattern) and the overall detlection at Node 1

It should be mentioned that Specimen S4 could not e modeHed e the
NONLACS program version at McGill University, does not have the ability o mode |

the shear stud connector element.
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Figure 3.5 Finite element idcalization for specimens
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3.2.2 Discussion of analytical results

Selected results trom the analysis are teviewed e the tollowing secnions
Because of the importance ot the ultimate strength, displacement, response of steel
anchor, and the cracking patterns for cach connection, the discusston tocuses on the
load-detlection characternistic, ultimate capacity.dload-steel stram response curves, and

cracking and cracking propagation.
3.2.2.1 Load-deflection characteristics and ultimate strength

Connection S1

Figure 3.6 shows the analytical load-detiection cunve (at Node 1Yy ton
Connection S1. As seen trom Figure 3.6, the slope of the load-detiecion cunve
(stittness) decreases gradually atter the mitation of the tust cracks, which dmnnishes
more rapidly as the number of cracks mcieased along the remtoremy bar i the
connection. Since the NONLACS program is based on the continuous modification
of the stitfness matrix to account for the progression of crickmg m the connection
and yrelding ot the steel remtorcement, a small mcrement m the applied foad. when
the number ot cracks has increased sigmtrcantly, would lead to a signiheant marease
in displacements, strains and stresses. At i load ot 125 kN, 48 elements had cracked
while at the previous load stage, load of 120 kN, only 25 clements had cracked Pug
to this increase in the number of cracked elements, the displacement inereased hom
0.38 mm to .51 mm . which 15 quite noticeable.

Atter the commencement of yrelding of the remtoremg bar, the stram ol
Location 1 1n tensile region increased very tapidly. An examination of the stresses
obtained from the computer output, revealed that the remforcing steel bar i the
compression region had not yielded.

At a load value of about 176 kN, the tensile remforemg bar started to yield
In the next load step (load of 177.5 kN), the connection underwent o sigihicant
increase in displacement at Node 150 due to the general yiclding of remtoramg b
in the tension zone. A displacenment of 2.68 mm was obtamed at apphed Joad of

177.5 kN.  This rapid mcrease 1in displacement forced the conerete elements
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compression to farl by crushing of the concrete along the reinforcing bar and ncar the
edge, although in the previous load step the compression steel was far from yielding
(e,=840x10°), and the tension bar had just yielded (e,=2250x10°). As the applied
load was mcereased and the connection reached its ultimate strength (180 kN), all of
the concrete elements around the tension bar had entirely deteriorated and, finally,
as the apphed load was increased by a very small increment, remforcing steel leg in

the tensile zone pulled out, and the connection failed.

J00 =y s m e
_4»
Steel yielding
150 -
L ' Extensive cracking
o) .
O
O 100 -
E) |
?) -1 | Initial cracking
v B O 2l
50
O__[IIlll1]l|llllll]ll]lllllll1l[|lll[lll'[
0.00 2.00 4.00 6.00 3.00

Displacement (mm)

Figure 3.6 Load-deflection response for Connection S1
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Connection S2

Figure 3.7 presents the load-deflection cunve tor Connection 82 As ton
Connection S1. the slope ot the load-detlection curve (connection stittness) continued
to decrease after the appearance ot the tnst crack, which a turther decrease as more
elements cracked.  The load-detlection tor Connection ST and 82 show i goad
agreement in therr load-detlection curves up to load of 120 kKN Theretore, up to this
stage, the contribution ot right angled hook to the specimen behaviour was not
notable. Hence, the Connection S2 behaved dentically to Connection S As (he
applied load mcreased up to 150 kN L a rapid change of slope occuried m the foad-
deflection curve , which was due to a signiticant increase m the number of cracked
elements i comparison with the previous load step. It should be noted that the
sharp change of stitfness in Connection 82 appeared at a load greater than that to
Connection S1. which was duc to the contribution of the 90 degree hook to the
strength and stittness of Connection 82, A review of the stresses in the output show
that at a load value of 172.5 kN, the tensile 1emtoreing bar stanted 1o vield, whereas
the strains m the compression leg were stlb well below the yield strain In the nest
load step (load ot 180 kNj, the remtorcing bar i the compression zone had iilso
yielded which was accompanied by crushimg ot the concrete clements aouna the
yielded part. The connection underwent sigmificant deflection due to the inarcase
the lengths of the reintorcing bars which had yielded m both compiession and
tension. This depended in turn on the increasing number of crushed and cracked
concrete elements around the connection A displiacement of 2 22 mim was obtanned
at a load of 180 kN, while the displacement at arcapphed load of 177 S kKN (previoos
load step) was 0.87 mm. and the stram in the compression part (¢, 8105 10°) was L
from the yield strain and the tension part of the bar (£,=2250x10") had just yiclded
It indicates that atter the yiclding of the remforcing bar, a small foad maement (25
kN) resulted in a large detlection increase at Node 150 At the ultimate Toad vatue
of 182.5 kN, all concrete elements around the steel feg m o the tension zone wer
completely cracked. resulting m pull out of the leg and tailure of the connection
Connection S2 tailed at a shghtly higher load than Connection S1, whereas the overall

analytical response ot Connection S2 was stiffer than the response of Connection S1
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Figure 3.7 Load-deflection response for Connection S2

Connection 83

The vanation of displacement at Node 150 with the applied load is shown
w Frgure 3.8, Adecrease in the specimen stittness (slope of the load-deflection curve
can be noted at a load value of 40 kN | when the first cracks appeared in the
speenmen. The slope of the load-deflection curve remained almost constant up to
aload ot T15 kKN. - As the applied foad was increased turther, a rapid change was
noted an the slope at a toad of 120 kN, This was due to a significant increase in the

number ot cracked element trom 12 to 20 along with two elements in which the
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concrete had crushed at loads of 120 kKN and 125 kN, respectnvely This resalted in
an increase of displacement from 0.6 mm to 1L.20 mm.  Smee the program
NONLACS uses an incremental-iterative approach, based on continuous moditication
of the tangent stittness to take into account the progression of "cracked” and
"crushed" elements, a small increment n the load at a stage when o signieant
number ol elements have cracked or crushed, would 1esult e a fage merease i the

displacement at Node 150.
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Figure 3.8 Load-deflection response for Connection 53
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The connection failed at an ultimate load of 130 kN, at which stage the
connection had undergone a large displacement.  The concrete mode of failure
consisted of total detenioration of the concrete around the reinforcing bar n the
tension region 1 addition to the crushing of the concrete near the {ree edge which
wits subjected to dowel action. This behaviour indicates clearly that although the
connection can be designed conventionally to resist the shear force based on the
shear-friction hypothesis, proper detaihing ot the critical regions ("crushed" and
"eracked"” clements) should be given proper attention, especially when the connection
15 subjected to reversed cycelic loads due to earthquakes. It should be noted that the
maxinum stran i the tensile reinforcing bar at the ultimate load was 1800x10°¢

which s less than the steel yield strain.

Specimen S5

The complete load-detlection response for Node 150 is depicted in Figure 3.9.
The curve shows a lincar response up to the hirst cracking, and 1t 1s clear that the
specimen stiftness decreases atter the conerete cracks. The slope of the load-
deflection curve decreased gradually with an merease 1n the apphed load, and this
stiftness decerease was more pronounced as the number of “cracked” elements along
and perpendicular to the steel anc o increased. There are notable changes in the
slope of the load-detlection curve at Joads ot 140 kN and 190 kN, which are due to
asignihicant ierease i the number of the cracked elements compared with that in
the previous load steps - A more sigmibicant change in the slope was observed at a
toad value of 210 kKN, which s duce to yielding ot the tension reinforeing bar (Figures
3.9 and 3.13). The displacement at which the first tensile reinforcing bar element
yiclded was approaxmately L34 mm. An examination ot the stresses obtamed from
the output at this stage showed that the reinforcing bar in the tensile zone had just
yiclded, and the concrete elements around the yieid part had tuiled.ie. the concrete
clements were cracked m both principal directions. In the next load increment at a
foad 212.5 KN, the displacement at Node 150 was 1.9 mm and the stittness had
decreased considerably.

The load at which the connection failed was approximately 215 kN, as the
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connection underwent large displacement due to an increasing length of the ba
having yielded n the tension region (length of 283 mm) along with a complete talure
of the local concrete elements. A review of the output results showed that the local
failures took place in elements 77, 78, 83, 84, 85, 97 and 98 by crushimg of the
concrete, while all of the other elements in this region had detenorated due to
complete cracking. The remforcing bar started to pull out and the node 91 showed

large displacement at the tailure of the connection.
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Figure 3.9 Load-deflection response for Connection S5
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3.2.2.2 Response of Steel Bar Anchor in Connections

Connection S1

The variation of strains at Locations 1 and 4 in the steel reinforcing bar with
load steps is depicted i Figure 3.10. The reinforcing bar at Location 1 started to
yield at a load of 176 kN, while the bar at Location 2 yielded at a load of 178 kN.

At this stage, strans, and theretore the stresses in all other reinforeing bar elements
were still below the yield Tevel.

700 -

______

150

100

Shear Force (kN)

50

strain at Location 1
---- strain at Ijlocation 4

() D ] ¥ I T I [
H000 2500 —-1500 -500 500
Strain (x107°%)

T 7 T
1500 2500 3500

Figure 3.10 Load-steel strain curve for Connection S1
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Increasing the load gradually io 177 KN caused turther viclding ot the steel
bar, which resulted in a rapid increase in the displacement at Node 150 As the
imposed load was increased beyond 177 kN, the remtoremg bar underwent much
larger strains causing large detlection at the jomt which resulted fmally i tnlure ot
the connection.

It should be noted that up to a certan load level, when the conarete elements
did not crack. the variation of stramns tor both the compression and tension steel fegs
were almost 1dentical.  Atter cracking, the strauns wn the tenston leg mereased more
rapidly than that in the compression leg. This 1s basically because under the apphied
load, the connection must be i equitibrium, theretore the load resisted by the tensile
leg must be equal to that tor the compression zone. The bond resistance at the
intertace ot the steel bar and the uncracked concrete along the compression leg s

much better than that along the tensile leg.

Connection S2

The strain response of the reinforcing bar tor Connection 82 18 shown n
Figure 3.11, where the vanations ot strains at both FLocations 1 and 2 due 1o the
monotonically increasing load are tllustrated. The reinforemg steel began to vield
tensile region at Location [ at an apphed load of 172.5 kN, whereas the bar e the
compression part at Location 2 yielded at a load ot 177 kN, At thus level ol loadimg,
the strains, and theretore the stresses at all other locations on the remforang boa
elements were below the yield level.

Increasing the load to 180 kN torced the steel bar to yield along s fengith,
which resulted m a rapid increase i the displacement of the connection, "The rapudly
increasing detlection atter yielding of bar ndicates nelastic response of - the
connection beyond the yield pomt  As the load was increased 1o the ultnmite
strength of the connection (180 kN), the reinforcing bar m the tensile part ruptured
which caused very large displacements m the connection and led tinfme ol the

connection.
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Figure 3.11 Load-steel strain curve for Connection S2

Connection S3

Frgure 3.12 presents the variation of strains at Locations 1 and 4 of the
reinforeing bar anchors. A large increase can be observed in the steel strains ¢fter
the intiation of cracks in the concrete elements, which is due to transfer of more
stresses to steel bar around the cracks. As the applied load was increased up to 120
kN, the slope of the load-steel strain curve remained almost constant. As load was
increased to 125 KN, a significant change occurred in the slope of the load-strain
curve, which was more due to crushing and complete cracking of the concrete

clements near the free edge.
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After cracking. the tensile stresses in the concrete were ttansteried to the steel b

through the uncracked concrete resulting in a significant increase m the steel stresses

and strains near the cracks.

As can be seen trom Figure 3.12, the stram at Location 4 remaned almost

linear up to a load value ot 120 kN and the stresses i this remforang bar were

extremely small. An examination of the NONLACS output revealed thiat none of the
concrete elements had cracked in this region.

element were cracked around this steel bar, the straan changed rapidly due to the
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transfer of longitudinal stresses to the steel bar.

As the tailure Joad was approached. the steel stresses were almost evenly
distributed with hagher values i the cracked zone and with slightly lower value
towards the uncracked region. It should be mentioned that the reintorang bar did

not yicld during the analysis as the specimen was loaded merementally to tailure.

Connection S5

Fagure 313 shows the variation ot strains at Locattons 1 and 4 of the
remforcing bar in the tension and compression zone, respectively. During loading.
the stiesses m the tensile reintoreing bar ot the connection increased locally at
Location | where cracking occurred. It 1s clear trom Figure 3.13. that when mitial
cracks occurred at a load of 75 kN, the slope of the load-steel strain curve changed
rapidly Tt s mteresting to note that the steel strain response curves for both tensile
(Locaton 1) and compression (Location 4) legs are linear. similar, and with almost
the same rate of change up to a load of 75 kN, Beyond this stage, the curve tor
[ ocation 4 (compiession strain) remamed almost hnear due to uncracked concrete
clements around the compression steel leg. As the load was increased. some change
wias observed m the slope of tensite stiain response curve, due to further cracking.

The reinforemg bar m the tension zone started to yield at a load value ot 207
kN, whereas the compression reintorcing bar did not vield. By increasing the load
hevond the 207 KN, yielding continued along the remaining length of the steel bar.
which torced more conerete elements to crack. When the applied load was increased
to 112.5 kN, the remtorcing bar in clements 61, 75, 83 and 97 (about the 213 mm
tength ot the bar) had yielded. A rapid change in the steel strain curve response was
observed which marked the yielding ot the reintorcing bar.

hanunation of the stresses obtained trom the computer output tor Specimens
S182 and S5 showed a gradual variation of the steel stresses along the 1einforeing

bar, from the end of steel bar (mimmum) to the load pomnt (maximum).
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Figure 4.13 Load- steel strain curve for Connection S5

3.2.2.3 Cracking and Crack Propagation

A more clear understanding ot the bechaviour of the connection is obtimed by
investigating the cracking formation and crack pattern mduced ar different foad
stages.  Atter the failure of a concrete element, the stram encrgy of the element i
redistnibuted into the surrounding concrete elements. T hus, the surroundmg clements
will have a bigger share in the load sharing, and often even under the same apphed

load some new elements may fail.
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[ he erack propagation in the connections was studied and the crack patterns
were obtained at four cenitical stages: initial cracking (Stage I). two-third of the
ultimate load (Stage 11, vielding of the reintorcing bar (Stage 1), and at the failure
level (Stage 1V)

Connection S1

The cracking patterns tor Connection ST at the ditterent load stages are shown
m bigure 3140 Initial cracking occurred at a load value of 70 kN. Few concrete
clements (4 elements) cracked in the tension zone near the tree edge as shown in
Fagure 3014(a). As the load was increased. cracking propagated toward the centre ot
concrete panel and along the remtorcing bar. At a load value of 120 kN (2/3 of
fatlure load), m all 24 clements had cracked as shown i Frgure 3.14(b). Moie
clements had cracked along the line where the thickness of the concrete panel
changed. At the next incremental loading (load ot 125 kN), crack propagation was
mose rapid, and the number of cracked elements increased to 48, almost twice the
number at the previous load step. This caused signihicant mcereases n the
displacements. In the thind stage ot loading (vielding of reintorcing bar, stage 111)
with o load value of 175 kN. all of the concerete panel elements n the region around
the tension bar had cracked. In total more than one-halt ot the concrete elements
had cracked. see Fgure 3.14(¢)).

Increasing the load up to talure caused much slower crack propagation.
although all conerete elements around the tension part had tailed due to cracking.
The complete tarlure of conerete clements surrounding the tension leg 1esulted in
pull-out ot the bar which was accompanied by crushing ot the concrete in 11

clements. At this stage, the connection had taled.
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(‘onncction S2

The cracking patterns at the tour selected load stages tfor Connection S2 are
presented i Frgure 3.5 Inttial cracks tormed in three elements near the fiee edge
at i load of 60 kN as shown in Figure 3.15(a), and the principal tenstle stiess in one
clement near the edge was very close to the modulus of rupture of the conaete. The
tensie stresses previously tinken by the uncracked concrete elements were tansterred
to the remforemng steel, resulting Ina significant increase 1 the steel stresses,
theretore, o the steel stram level around the cracks. This increase was over 240%
with respect to the values at the previous load step. As the load was increased
gradually, cracks propagated slowly in the tension zone. Ata load of 120 kN (2/3 of
the falure load, stage 11), the number of cracked elements was 15 as shown m Figue
31S(h). An exanmunation ot the results of the computer output at a load value of
F4O KN 1evealed o more tapid propagation of cracks, resulting in a sharp change in
both the Toad-stramn and the load-deflection response curves. In the third load stage
with load value of 1725 kN (tust yielding ot tensile reintoreing bar, stage 1), almost
all concrete elements along the tensite feg and normal to it had cracked. see Figure
3.15(¢). None of the clements approached the compressive fanlure stage, however,

the compression stresses were 1ather sigmticant.

As the apphied load was mcreased and the specimen approached tature, some
concrete elements under the hook part of the steel bar cracked due to biaxial tension,
whereas the conarete elements in front of the hook part failed by combined tensile
and compression stresses, as shown in Figure 3.15(d). The number of cracked
clements mereased sigmbicantly compared to the value for the stage at which the
tentoreing bar had wielded. At the taduwe ltoad of 1825 kN, all concrete elements
surtrounding the remtorang steel in tension zone had tanled completely. indicating the
total talure of connection. In this regard. the tension bar started to pull out from the
conciete panchwhich caused several conerete elements (17 elements) to be subjected

to bunial compressive stiesses resulting m the crushing of these elements.
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Connection S3

Figure 3.16 shows the crack patterns for Connection S3 during the incremental
applicd loadimg at the different load stages. The fist cracks imtiated at the outer-
most tace of the ension reinforemg bar at a load value of 40 kN are shown in Figure
306(a). Then as the load was mcreased monotonically, more concrete elements
cracked along the remtorang bar.  In the tollowmng load steps. some concrete
clements located between the two remforcang bars were subjected to combined
compression and tension stresses, resulting in cracking of these elements. At the
second stage ol Joadmg (2/3 of tailure load = 90 kN). 9 clements had cracked as
shewn i Frgure 3.00(b). - Areview of the output results at a load ot 120 kN showed
that the number of cracked elements at any load stage increased proportionally with
the apphlicd load  None of the elements . the compression zone had talled © During
the following Toad stage (load ot 125 kN) two clements in the compression re gion had
crushed due to the dowel action ot the bars as shown m Figuie 3.16(¢). It should be
noted that stage HEwas considered one toad step betore taiture. The crushing of the
concrete elements caused redistribution of the stresses m other elements which 1n
turn resulted i more element to be cracked in the tension region. As more elements
cracked around the tension steel bar, the tensile torces were transterred to the
remtoremg bar. Theretore the steel strains changed rapidly. resulting in a significant

merease i the displacement ot the connection.

As the connection was loaded to failure (load ot 130 kN), almost all the
concrete clements around the tension reinforcing bar had tanled completely . marking
the tarlutre ot the connection as shown m Figure 3.16(d). The tension bar started to
pull out trom the conerete panel. This along with the dowel resistance ot the
concrete m tront of the remtoreing bar near the edge, caused these elements to be
subjected to very high biaxial compressive stresses resulting in crushing of these

conerete elements.

110



T
—

A 7] ‘J
= :
I I
- { 1| - ot
(a) Stage | , P=40 kN (b) Stage I , P=90 kN
%
I ] cracked elements
| Y
I I
57, i uzan
l,l / ',l 7 ‘l’l/ ’;’f l/ .
I I ) crushed elements
]
[ 1] (] L
(c) Stage III , P=125 kN (d) Stage IV, P=130 kN
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Connection S5

The cracking patterns are shown for all four load stages. The cracked or
crushed elements are shown in Figure 3.17. The load at which the first cracks
imtiated was approximately 75 kN as shown in Figure 3.17(a). As the load was
ncreased monotonically, cracks propagated along and normal to the reinforcing bar.
The area of cracked clements had gradually increased during the second stage of
loading (load value of 140 kN). At a load of 140 kN (2/3 of the failure load), 34
clements had cracked. In the third load stage (yielding of the reinforcing bar, stage
H), all concrete elements around the reinforcing bar in tensile zone had cracked. In
total, more than halt of the conerete panel had cracked as shown in Figure 3.17(c¢).
None of the clements i the compression zone had tailed. In the tollowing loading
steps, cracks propagated rather slowly. FFinally, as the load was mcreased up to the
tailure load of 215 kN, all conciete elements around the tension steel bar had
deterntorated, indicating the tanlure of the connection. The tension steel bar started
to pull out from the concerete panel resulting in crushing of some concrete  elements
as shownoan Iagure 3.17(d). This 1s because the crack along the steel bar caused
redistrtbution of the stresses to the adjacent elements, resulting in their crushing due

to very high biaxial compressive stresses.
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Chapter 4

Experimental Results

4.1 Introduction

This chapter describes the complete response of each of the five specimens

tested to destruction under reversed cyclic loading.  Horizontal and vertical

displacements of the connections, total displacement of the specimen and its

accompanying boundaries steel frame, which had been modelled  using the SAP90

analysis results, strns at six locations on the rentorcing bar anchor and at two

locations on the welded headed studs were measured. The concrete surface strains

were obtained using demec gauge readings at locations comncident with the bar strain

gauges.

t9

n

0.

The following figures are presented for each of the five connection specimens:

Apphed load vs. horizontal displacement response.

Applied load vs. vertical displacement response.

Applied load vs. measured strain in the reinforcing bar anchors and in the

headed studs.

Peak load vs. maximum surface principal strain,

Measured strain vs. distance along the embedded anchors at ultimate load.

Peak load vs. measured maximum crack width.

Photographs of the specimen at different load stages.
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4.2 Test Specimen S1

4.2.1 The Specimen

Specimen S1 was reinforced with a No. 15 deformed bar, bent at 45° welded
to a 10 mm thick steel plate and a uniform wire tabric mesh, 100 x 100 MW {3.3/
MWI13.3 (sce Figure 2.15). It was designed and detailed with special conside-ation
for development length under low cycle loading™".

Determination of the ultimate strength under monotonically increasing load
(referred to as "monotonic” load) 1s based on the anchorage length for scisnue
loading , and the equations which in turn are dependent on the concrete cover
thickness . All calculatons were pertormed considerimg cquilibiium ot the joint using
the truss analogy. The dowel action of the anchor was considered i the caleulations;

the wire fabric mesh was not included,

3.2.2 Loading History and Cycles 1 -3

Table 4.1 summarizes the loading history tor Specimen St along with the
measured horizontal displacements at these load stages. As can be seen lrom Figures
4.1 and 4.2, and Table 4.1, the specimen was subjected to one clastic cycle (Cycle 1),
followed by two cycles (Cycles 2 and 3) at a peak load of 36 kN causing & number
of small cracks around the reintorcing bar in the concerete panel. “Fhe fust sphttng
crack appeared at the free edge of the Specimen along the length of the remforaing
bar. It can be noted trom [igure 4.4a that the maximum principad stram an the
concrete panel is less than the conerete cracking tensde sttmn at Locion 1L No
crack was observed at this location. The measured crack width at this load stage wirs
0.08 mm. A symmetrical crack formed during the loading m the reverse direction
(termed "negative” loading from here on). The maximum punapal sttam i the
concrete panel measured at the dernee gauges at Focation 4, comcrdent with the
strain gauge on the bar at the same location, 1s 124 x 10 where in the crack formed
and extended throughout the demee gauge sct. The load - detlecion curves

remained almost lincar untl the end of the third cycle, 38
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Table 4.1 Summary of Loading History for Specimen S1

Cycle [.oad Stages Horizontal Shear Force

Displacement V (kN)
(mm)'.

Elastic IA- 1B +0.16, -0.08 +35

Cracked 2A - 3B +0.18, -0.10 +36

2% P, 4A - 613 +0.68, -0.71 +96

829% P, TA - 8B +3.80, -3.11 =150

Failure 9B 5.72 +145

¥ Caleulated maximum strength under monotonically increasing loads (182 kN)

T Detlection at the peak load of last cycle of a given load stage

4.2.3. load Cycles 4 - 6

The load was increased to a peak load 96 kN for this step (Load Step 4A),
which 1s S0% of the monotonic ultimate design strength. The splitting crack extended
along the reinforang bar and widened to a width of 0.33 mm. The first diagonal
crack was observed at the location of change i thickness of the panel, where due to
a smaller cover thichness, there s a decrease in the local bond stress.  Cracking
occurred when the maxmmum tenstle stram at that location exceeded the value of
HONTO® (cracking stram of conerete). The "maximum principal strain vs distance
along the bar™ curves are presented i iigure 4.3, The {irst sign of conerete splitting
at the end ot the tace plate was observed at its right corner. It showed shipping of
the remntoremg bar and rotation of the tace plate in the plane ot the panel. Figure
daba prosents a photograph of the specimen at Load Cycle 4A. These cracks caused
a change in the slope of the load - displacement response (see Figure 4.1).  The
honizontal displacement at thus load stage was 0.0 mm, which remained almost
constant until the end of the Cycle 6B, The same behaviour was observed for the

negative load cyeles.
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Figure 4.2 Measured strains along the length of reinforcing bar anchor
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‘The previous crack along the length of the remtorcing bar had widened significantly
and extended. The stimn values at Locations Tand 2 were very close, showing very
httle force ttanster due to bond between Locations 1 and 2. The maximum strain was

980 v 10 which 1s 47 of the yield strain, see Figure 4.2.

4.2.4 Load Cycles 7-9
As the applied load was mereased to 150 kN (Cycle 7A). the sphtting crack

along the remtoreing bar extended further, and more diagonal cracks appeared

perpendicular to the sphtting crack (Figure 4.4b). As seen in Figure 4.3, the
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Figure 4.2 (Continued) Measured strains along the length of reinforcing bar anchor
Specimen Sl

maximum principal stramns at all three scts of demec gauges (Locations 1, 2 and 3)
along the reinforcing bar were computed to be more than the cracking tensile stinm
of the concrete, which explains the appearance of the diagonal cracks along the
anchor bar until its end.  As can be seen in Figure 4.1, the displiacement changed
significantly by more than twice the displacement at the end of load stage OA,
indicating energy dissipation i the connection system.  The maxunum measuredd
crack width was 0.8 mm. In the tollowing cycle of this Joad stage &, the remtorang
bar yielded and the measured horizontal displacement was 3.8 mm (4,). Sinee the

bar in the compression zone did not yicld, there was no signihicant change in the loasd
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- deflection curves  The same behaviour was observed with the loading in the reverse
direction (sce Figure 4.4b).

Farlure occurred 1n the next cycle at a maximum load of 145 kN due to brittle
fracture of the remnforcement close to the weld (see Figure 4.4¢). At this load stage,
the horizontal displacement was 5.72 mm, giving a displacement ductility of p =
5.72/3.8 = 1.5. ligure 45 presents the Load - vertical displacement characteristics
of the connection faceplate. This vertical displacement 1s due to the slipping of the
bar on account ot the cracks along and normal to the bar and the resulting rotation
ol the connection. In the prototype system, some of this displacement is prevented
by the adjacent tlange.

Figure 4.1 shows a change of stiffness and a significant increase in the
displacement during Cycle 7A, which is due to diagonal and splitting cracks (see
Pigure Ldb) Tt should be noted that the factored design capacity 1s caleulated using
b, = 085, this capacity 1s 085V, = 0.85 x 140 = 119 kN. It shows that up to the
factored design load, the behaviour under the cyclic loading is very close to that
under monotonie static loading. The energy dissipated and the residual displacement
are very small due to the elastic behaviour of the anchorage bar.

The varation ot strains along the length of the remtorcing bar at ultimate load
are presented i Frigure 4.6 which mdicates that approximately more than one third

ol the remforeing bar has yielded when the bar was subjected to tension.
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(a) Crack pattern of connection at 50% of P, , P=96 kN

(b) Connection at 1A,, P=150 kN

Figure 4.4 Photographs of Specimen S1
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(¢) Connection close-up at failure

(d) Connection close-up at the end of test

Figure 4.4 (Continued) Photographs of Specimen S|
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4.2.5 Crack Width at Peak Cycle Loads
The mnaximum crack width for the peak load in cach load step s plotted o
Figure 4.7 which also shows the best it curve to the experimental results. The crack

width, d, ., is related to the peak load, P, tor positive loading by the followimg

equation:

P=+666d,, -1943d, °+ 2726d *-13074d °* (4 -1)
and for negative loading,

P=-761d,, +2423d,,,°-3435d, ' + 1625d " (4-2)

The area under this curve s an indicator ot the fracture cnergy absorption

characteristic of the connection.

4.2.6 Bond Between Steel Plates and Concrete Panel

The bond between the steel plate epoxied to the permmeter of the concrete
panel was examined at different stages of the experiment and ot was tound to be
intact everywhere. A plot of the measured detlection of the epoxied steel plate with

the load variation is shown i Figure 4.8 which ilfustrates a basie Imear response.

4.2.7 Summary- Specimen S1 was subjected to the loading history outhned in Table
4.1 and Figure 4.1, with six load cycles beyond the factored design foad of 110 kN
As can be seen in Figure 4.1, most of the detlection occurred alter the development
of diagonal cracks and signticant extension of the sphitting crivcks along the length of
the bar. Well rounded hysteresis loop were observed atter the sinth eydde

A displacement ductility of 1.5 was achieved. The maximum load apphed was 150 kN
which is 82% ot predicted monotonic ultimate capacity, while the Lmlure occurred
duc to tracture of the reinforang bar close to the weld. "Fhe importance ol tully
welding all of the straight part of the bar to the face plate was apparent. Also the
steel plate epoxied to the panel remained mtact during the reversed cyche loadimg

(see Section 4.2.6).
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4.3 Test Specimen S2

4.3.1 The Specimen

Specimen S2 was remtorced with a No.15 bar,bent at 45%ad with a night
angled hook as shown in Figure 2.16. A 75 mm x 200 mm x 12 mum thick plate was
welded to the reinforcing bar anchor and a unitorm wire tabrie mesh wentical to that
of Specimen SI. It must be noted that the tull horizontal straght part ot the
reinforcing bar, 200 mm, was welded to the plate. As tor Specimen ST, this specimen
was designed and detailed with special consideration tor development length undet

low - cycle loading®™",

4.3.2 Loading History and Cycles 1 - 6

Table 4.2 summarizes the loading history for Specimen 8§20 As can be seen
from Figures 4.9 and 4.10, and Table 4.2, the specimen was loaded through three
elastic cycles at a peak load of 26 kN (Load Cycles 1 - 3), followed by three cyeles
at a peak load of 55 kN (Load Cycles 4 - 6). Figure 4.1 Ta reveals that the maamum
principal strams at the end of the third elastic cycle (313) were smaller than the
concrete falure tensile stram. The hirst crack appeared on the concrete surface
coincident with the starting pomnt of the mclined remforcement, at a load of 42 kN
in Cycle 4A, sec Figure 4.11a. The crack was directed along the line of the
reinforcing bar. This caused a change in the stiffness, as can be seen from Figure
4.9.The same crack pattern occurred at the opposite side of the jomnt when the
connection was subjected to a negative load ol 32 kN (see Figure 4.11b). “The aack

on the back side of the Specimen was noticed during Cycle 6.

4.3.3 Load Cycles 7 -9

When the load was increased to 85 kN, a diagonal crack appeared at 175 mm
below the top concrete surtace, where the thickness of the pancl changes, while the
splitting crack extended along the bar. A symmetne crack pattern tormed when the
specimen was loaded i the opposite dircetion. Figures 4.11a and 4.11b show that

at a distance of 247 mm along the bar, the location at which the crack occurred had
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Table 4.2 Summary of Loading History for Specimen S2

Cycle Load Stages Horizontal Shear Force
Displacement (mm)*"|  V (kN)
Flastic IA - 3B +0.13, -0.07 +26
Cracked 4A - 6B +0.33, -0.27 +56
0% P, TA - 9B +0.83, -1.51 =85
50% P, 10A - 12B +2.02, -2.55 +112
60% P, I3A - 15B +3.05, -4.69 +133
0P, 16A - 1SB +4.47, -7.48 +155
S0P, 19A +6.61 +170
SRZ 198 -8.92 -175
RV 20A +7.15 +160
82 P, 208 -9.78 -175
SO Py, 21A +7.78 -170
8200 Py, 218 -10.51 -170
Fature 22A +8.36 +151
Fatlure 228 -13.00 -146

¥ Caleulated maximum strength under monotonically increasing loads (182 kN)

Y Maximum displacement at the peak load of the last cycle
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Figure 4.9 Hysteresis response of Specimen S2

maximum principal strains greater than the tensile cracking strain of the concrete.
During the following two cycles at the same load, the diagonal crack and the sphtting
crack propagated, especially due to the reversed cyclic loadings. The maximum crack
width was 0.30 mm. The maxunum stram at Location | of the reinforcing bar was
850 x 10 which indicates that the steel bar was still in the elastic range (see Figure
4.10b).
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4.3.4 Load Cycles 10 - 12

‘The maximum load for the next load stage (Cycle 10A) was chosen to be 112
kN based on the observation of two more significant diagonal cracks around the hook
part of reintorcing bar. For loading in the positive direction, the tensile strain in the
bar around the end part of straight embedded part in tenston zone increased because
of dowel action and tension force i steel bar. Consequently, one crack appeared
approximately 30 mm before the beginning of the hook while the other appeared at
the end of the bend. 1t should be noted that the maximum principal strains
computed usig the stran data from demec gauges were considerably larger than the
concrete cracking sttnn (Figures 4.11a and 4.11b). As seen in Figures. 4.112 and
A.11b, the pnmerpal strams at Locations | and 3 are larger than that at Location 2 in
the higher eycles. This is due to dowel action and the bearing stresses around the
hook part at T ocanons 1 and 3, 1espectively. The maximum measured anchorage
stram at Location Twas 1620 x 10° which is about 73% of the steel yield strain. The
maximum width ot the crack observed was 0.6 mm. No significant changes in the
displacements and bar stiauns were observed during the following two cycles at this
load stage. The load - detlection curves remained relatively linear up to the end of
these load steps (( Cycle 12), indicating that the stittness and strength degradation is

insignifcant.

4.3.5 Load Cycles 13 - 15

The specimen was then subjected to three load cycles (Cycles 13 - 15) at a
oad of 133 kN, to mvestigate the cyelic response of the connection about factored
design capacity . The tirst diagonal crack extended to the edge of the specimen,
while the manimum stiun in the steel bar was 1985 x 10° 1t shows that up to the
designed tactored capacity, the remforcing bar remamed in the elastic range.  The
manimum measured crack wadth at the peak of cycle 15A was about 0.95 mm. The
maxtmum displacements at the hirst eycle(13A) and the last cycle of this load stage
(ISA) were 238 mm and 2.00 mm, respectively. Consequently, by reversing load at
apeak load stage of 133 kN, there was not a significant increase in the displacement.

A symmetrical crack pattern formed on the other side of the connection during the
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Figure 410 Measured strains along the length of reinforcing bar anchor
Specimen S2

negative loading.

4.3.6 Load Cycles 16 - 18

The specimen was then subjected to three cycles with a peak load ot 155 kN
(Cycles 16 - 18), which is about 70% of the monotonic ulimate load. The first
yielding was expected to occur at a load between 150 and 160 kN. It should be

mentioned that based on the hand method of analysis (truss analogy), the reinforeing
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Figure 4.10 (continued) Measured strains along the length of reinforcing bar
Specimen S2

bar should have yielded at a load of 140 kN, but the yielding was delayed since the
sutrounding concrete was resisting some of the tension. The maximum displacement
at the tisst cycle was 3.8 mm. The measured strain at Location 1 was 2170 x 10
which 1s close to the yield stramn of the steel bar (see Figure 4.10a). Upon load
reversal, the remforeng bar yelded at Location 4 at a load of 135 kN, while the
measured displacement at yield was -5.2 mm. In the next load cycle (Cycle 17), the

strain at Location 1 exceeded the yield strain.
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The displacement at yield during  the positive load cycle was measured to be 3.3
mm (A,). In the rext cyele, the strams at both Locations 1 and 4 did not change
considerably. ‘The photograph ot the connection region at the first yield in Figure

4.12a shows these features.

4.3.7. Load Cycles 19 - 21

As the load was iereased to 170 kN (Cycle 19A), which is about 80% of the
ulumate design load, the measured displacement was 6.6 mm (2A,). When a load
of 175 KN was imposed during the negative cycle, the measured displacement was -
RO mm  Anadditional sphtting crack was observed under the hook 1n compression
basically due to compression under the hook and dowel action 1n the bar resulting in
the sphitting crack  In the neat cyele, at a load of 160 kN (Cycle 20A), the first
diagonal crack at the location of change m panel thickness was completely open, and
the wire fabrie mesh across that crack was fractured. Also, the second diagonal crack
near the end of the straight part opened significantly on both taces of the specimen.
This caused a reduction of 13 kN an the peak load, as presented in Table 4.2, This
citect can be seen i the hysteresis loop in Figures 4.9 and 4.10b.  In addition the
maxtmum prncipal sttams at Locations T and 2 decreased considerably (see Figure
L1 Ta). Towas noted that the sphitting crack in the compression zone extended to the
end ol the stringht part ot anchorage because of the high compressive torce m the
remtoremg bar. Duning the tollowing cycle (21), the speamen was loaded to 170 kN
and the measured displicement was 7.6 mm. The maximum crack width was 11 mm.
The stittness tor the eyeles of this load stage (Cycles 19 - 21) decreased significantly
i comparison with previous load stages which were due to more yielding of a part
ol the reinforemg bar. A photograph m Figure 4.12b shows the crack pattern at a

fateral detlection ot 6.6 mm (-2A)).

4.3.8 Load Cycle 22
Finally, one eyele at maximum loads 150 kN (22A) and -146 kN (22B) for its
positive and negative peaks, respectively, was imposed. During positive loading

(Ovele 22A) the cover around the hook bend spalled off more on the backside of the



specimen and a gap of 4 mm formed between the anchor bar and the concrete,
indicating complete movement ot the hook bend i the plane ot the concrete panel
The measured displacement was 8.36 mm giving - displacement ductihty ot 25
Figure 4.12¢ presents a close up photograph ot the hook region at this stage (234
Upon load 1eversal, the cover spalled ott and the sphtting crack along the bar length
extended below the hook part  (see Fig 4 13d), resulung moan marease i the
displacement (see Figure 4.9) . The gap between the remforemg bar and the
concrete was measured to be about 3.5 mm. The test was stopped because both
hooks rotated out of the plane ot the concrete pancl. The load was pradually
decreased to zero. This was accompanied by a tapid increase m the displacement
The measured displacements were 8.4 mm and -13 mm at the peaks of Cvales 27\
and 22B. respectively.

Figure 4.13 shows the load - vertical displacement characternsties ol the
specimen  This displacement is due to the splitting ot the concrete along remtorang
bar as a result of cracking along and perpendicular to the biar causing rotation ot the
connection. The flange of the adjacent tee m an actual sttucture prevents some ol
this displacement.

The protile of strains along the length of the remtoremg bar s shown i Figure
4.14. The entire inclined straught part of the reintorcing bar with the exception of the
middle part had yielded.

The mode of tailure observed was the sphitting of the concrete along the
length ot the bar and crushing ot the concrete i front of the hook bend  Tmust be
mentioned that atter sphttung ot the crack along the tull fength of the strarght pant
of the bar, all ot the load resistance got concentrated m the hook part which faled
in turn.  Consequently, the residual displacements were significant Also the
hysteretic load - detlection response loops were more well-tounded. resalune i large

areas within the loops and more energy dissipated than o Speaimen ST A

photograph ot Specimen S2 atter testing 1s presented in Figure 4.12(¢)



(b) Connection at -2A,, P=170 kN

Figure 4.12 Photographs of Specimen S2
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(d) Connection at -2.54

Figure 4.12 (Continued) Photographs of Specimen 52
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prior to failure, Specimen S2
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(c) Specimen after testing

Figure 4.12 (Continued) Photographs of Specimen S2

4.3.9 Crack Width at Peak Cycle Loads

The maximum crack width variation in the tensile zone for this type ol load
history at peak load of each stage 1s presented in Figure 4.7 which also shows the
"best fit" curves to the experimental results. These curves are expressed by the

following equations: For positive loading,

P=+6585d,,, -1893d_. 2+ 2697d,,.-1692d,* + 38254d,." (4 3
and for negative loading,
P=-6415d,, +1546d_.2-1822d,,.> +960d_  *- 18354, oh

The area under such a curve is an indicator ot the fracture encigy hisapeiion
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characteristic of the connection of the specimen.

4.3.10 Bond between Steel Plate and Concrete Panel

The bond between the concerete panel and the steel plate as modeled was
tested during the expeniment and it was founded to be intact everywhere. Figure 4.16
presents the variation of measured  vertical displacement with load which exhibited

basically a lincar behaviour.

4.3.11 Summary Specaimen S2 was subjected to the loading history summarized in
Table 42 and Figuie 4.9, in which the factored design capacity was achieved before
yiclding of the reinforemg steel at any location. A displacement ductility of 2.5 was
achieved. The reinforcing bar did not yield at Locations 2 and 5 (see Figures. 4.10
and 4 14). However, due to stress concentration around the hook, yielding occurred
at Locattons 3 and 6 only in the last cycle. The specimen failled because of the
propagation of the splitting and diagonal cracks along with the cracking of the
concrete in front of the hooks, while the applied loads were 170 kN and -175 kN for
posttive and negative loading, 1espectively. The load - detlection curves were quite
well rounded and the enclosed arca within the loops became larger, theretore the
energy dissipated mereased with an increase in the apphlied load. The maximum
measured load resisted by the specimen was 170 kN which is about 120% and 82%
ot the predicted ultimate monotonic capacity using the CPCI and the Nonlacs

program, respectively.
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4.4 Test Specimen S3

4.4.1 Test Specimen

Specimen S3 was remnforced with No. 15 deformed bars welded to an angle
flange at 90 and a umtorm wire fabric mesh, 100 x 100 MW13.3 / MWI13.3 (see
Figure 217). It was designed and detailed  with special consideration for the bar

development length under low cyche loading.2

4.4.2 loading History and Cycle 1 - 6

Table 4.3 summarizes the loading history for Specimen S3. As can be seen
from Figures 4.17, 4.18 and 4.19 and Table 4.3, the specimen was subjected to three
clastic cycles (Cycles |-3) with a peak load of 25 kN. The load-deflection response
remained quite Imear (see Figure 4.17). Figure 4.19 shows that the principal strains
related to load P = 20 kN are all below the cracking strain of concrete, 110 x 10,
The first erack appeared at the top edge along the reinforcing bar in the following
cycle (Peak load = S0 kN) at a load of 35 kN.  The maximum crack width was
0.2 mm. ‘The sphtting crack along the remtorcig bar was due to dowel action. The
load- prmcrpal strain curves m Figure 4.19 show that the maximum principal strain
is hugher than concrete eracking stram 110 x 106, causing extension of the crack up

to a distance of about 200 mm along the reinforcing bar.

4.4.3 load Cycle 7 -9

A peak load ot 80 kN (Cycle 7A), 65% of P, was chosen based on splitting
crack estension to the location coinedent with the second strain gauge on the
teintoremg bar, 255 mm below the top edge (sce Figure 4.18a). The maximum strain
wis measured o be 1000 x 10° which s shghtly less than half of the yield strain. A
horizontal crack was observed between the two reinforcang bars, which shows the
tenstle - Hleaural behaviour of the concerete between the bars. The load - detlection

curves are almost straight although several cracks had appeared.



Table 4.3 Summary of Loading History of Specimen 83

Cycle Load Stages Honzontal Shear Foree
Displacement (mm)" V (kN)
Elastic IA - 3B 0.09, - 007 ﬂ 25
Cracked 4A - 68 0.20, - 0.22 + S0
65% P, 7A - 9B 0.42, - 0.53 + 85, - 80
85% Py, 10A - 138 - 1.40, - 1.80 + L3, - 107
B 95% P, 14A - 15B 4.25, - 5.34 + 127, - 1214
Failure 16A - 1613 5.52, - 6.14 + 120, - |T7"

* Calculated maximum strength under monotoncally inereasing loads (130 kN)

1 Maximum displacement at the peak load of last eycle

4.4.4 Load Cycles 10 - 13

As the peak load was increased to 107 kN (Cycle 10A, lactored shear
resistance, 859 of P ), diagonal cracks appeared at three locations along the
reinforcing bar with the upper one extending close to the edge. s should be noted
that the factored shear strength s governed by the shear-tniction prinaples ) and
using the reinforcing bar resistance tactor, ¢, = 085, gives the capacity ol 0.85 V|,
= (.85 x 130 = 110 kN. Figure 4.20a presents a photograph of the test specimen at
the factored capacity of 110 kN, As can be scen from Figure 4.19, the prncipal
strains 1 the concrete at the load step, Po= 2 107 kKN, are all lugher than the
concrete cracking o am of 110 x 10° These eracks atfect the hysteress loop, as
can be seen i Faguie 4.17. The test then continued for another 3 cycles at the same
load stage. The sphiting cracks continued to open along the reinforcimg bar and
reached a maximum width of 1.2 mm. It was noted that last load - detlection loop
(Cycle 13) 1n Figure 4.17 was fatter than the preceding loops of this load stage

Upon load reversal, the displacement was -1.8 mm.
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Figure 4.17 Hysteresis response of Specimen S3

4.4.5 Load Cycles 14 - 16

As the load was increased to 127 kN, the reinforcing bar yielded at a
displacement of 125 mm below the top edge. This eftect is shown on the hysteresis
loop, causing an increase in the displacement from 1.3 mm to the yield displacement,
Ay, of 3.2 mm (sce Figures. 4.17 and 4.18a).
A photograph of the joint region at the first yield is presented in Figure 4.20b.
Upon load reversal, the remtorcing bar yielded at a load of 110 kN. At this stage,
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Figure 4.18 Measured strains along the length of reinforcing bar anchor
Specimen S3
the lateral displacement was 3.9 mm. The maximum displacement at the peak of the
negative load cycle, -121 kN, was -4.2 mm. The test was contnued for one more
cycle at this load stage. The strain at Location 2 was very close to yield and the
maximum  width of splitting crack along the remforcing bar crcased to 175 mm
Figure 4.17 reveals the signiticant increase 1in the width of the loops due to yield and
several cracks around the embedded tlange angle at the specimen back side. The

area under the loop increased significantly resulting in more energy dissipation after
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Figure 4.18 (Continued) Measured strains along the length of reinforcing bar
Specimen S3

yiclding of the connection. Finally, the test specimen was subjected to a 120 kN peak
toad (Cycle 16), when the specimen failed. The concrete cover under the angle had
spalled oft and the sphtting crack extended along the entire length of the bar. Due
to full extension of the sphtting crack along the bar, the specimen could not carry any

more load (see Figure 4.200).
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The maximum displacement prior to faillure was measured to be 5.52 mm, and
the maximum crack width was 2 mm, giving a displacement ductility of g = 5.5/ 3.2
= 1.7. The speamen wis then sabjected to a load of 117 kKN 1n the negative
dircction when the conerete cover under the angle spalled oft completely, and the
load decreased to 50 kN, The maximum displacement was measured to be 6.14 mm,
and the maximum crack wiadth was 2 mm during the reversed loading cycle, the
specrmen was able to resist a peak load ot 117 kN, at which time the load d.opped
agaun to about 30 kN. The specimen was unable to resist any further loads and the
test was stopped. This cycle was not mcluded in the dissipated energy calculations.
Farlure of the connection was preceded by progressive crushing and spalling off of
the concrete below the angle (concrete cover under the angle flange) and widening
of the sphtting crack along the bars due to dowel action. The load - vertical
displacement characteristies of the connection faceplate are presented m Figure 4.21.
The vertical displacement s due to shipping of the reinforcing bar intfluenced by the
diagonal cracks and cracks along the bar and the resulting rotation of the connection.
This vertical displacement is somewhat smaller in the actual structure because of the
restramt frony the adjacent tlange.

Fagure 122 presents the varation of the strain in the steel bar along its length
at ultimate load  As can be seen, halt of the reinforcing bar had yielded. The strains
around the nuddle thad are the largest, which 1s due to the local effect of dowel

action. A photograph ot the joint region after failure is presented in Figure 4.20d.

4.4.6 Crack Width at Peak of Load Cycle

Fagure 4 23 shows a plot of the maximum crack width for the peak loads of
cach load step and the "best fit" curve to these experimental results. The curves are
represented by the followmg  expressions for positive and negative loadings,
respectively:
P =+ 224d,,-156.8d,,." + 394d, % (4-5)

mas [HINAY

. : 2 3
P=-2308d,,+173.4d,,."-41.6d_,," (4-6)
The arca under the curve s indicative of the energy dissipation characteristic of the

connection,

148



L] L heade <.
- e S
£ ! g e R ¢
TR I .t R VIR 2%, B
e Wy LS AN o T sl e

(a) Connection at factor design strength , P=113 kN

(b) Connection at 1A, P=127 kN

Figure 4.20 Photographs of Specimen S3
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(c) Close-up of Connection at 1.7A,, failure, back side
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(d) Close-up of Connection at -1.7 A,
Figure 4.20 (Continued) Photographs of Specimen S3
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4.4.7 Bond between Steel Plates and Concrete Panel
The bond between the concrete panel which was ¢poxied to the steel plate
welded to the box and W-shaped beams (as modelled by SAPY0 results) was studied
at various steps during the experniment and it was found to be intact everywhere
Figure 4.24 presents a plot of measured detlections of the epoxied steel plate with
the load variation, which indicates the basic lincar response os expected.
a
44.8 Summary According to the loading history summarized in Table 4.3 and
Figure 4.17, Specimen S3 was loaded to 9 cycles beyond the factored design load of

P, = 110 kN. The hysteresis loop area is relatively very small up to the factored
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Figure 4.22 Strain vs. distance along the length of reinforcing bar
prior to failure, Specimen S3

design load (85% of tailure load) and decreases with cycling at the same Joad. The
pinching ctiect was pronounced and consequently the loop arca which represents
hysteretie damping was smali. Inclastic deformations were concentrated at the three
last cycles alter the yielding of the remnforeing bar and the occurrence of a number
of diagonal cracks and significant extensions of the longitudinal splitting cracks. A
displacement ductility of 1.7 was achieved. The reinforcing bar yielded at Locations
Iapd 4 duning Cycles 13 to 16, while at Locations 2 and 5 yielding occurred only
durning the last cycle. The remtorcing bar did not vield at Locations 3 and 6.

As can be seen trom Ingure 4.17 and Table 4.3, the maximum load imposed during
testing was 127 kN winch gives 959 of the predicted monotonic ultimate strength of
the specimen The mode of Liure observed was by progressive crushing and spalling
ot the concrete cover below the angle tlange and the longitudinal splitting of the
concrete suttounding the remtoremg bars due to dowel action.

In using this specunen, the importance of preventing spalling of the concrete
below the angle tlange (cover) due to shear at the mterface of the flange angle and
the surrounding concrete was apparent. It can be improved by confining the
surtounding concrete and welding small headed studs 10 the flange. To improve the
joint capacity, the angle can be placed in a manner similar to that in Specimen S5,

with the tull flange thickness below the concrete surface.
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4.5 Test Specimen S4

4.5.1 'The Specimen

The specimen was remtoreed with 2 - Y2 in(12.5 mm) diameter Nelson studs
2 1m. (50 mm) long, welded to a plate inchned as shown m Figure 2.18 to achieve the
maximum beanng resistance. A 100 x 100 MWI3.3/MWI13.3 standard wire tabric
mesh was placed in the central plane of the 50 mm thick panel. Specimen S4 was
designed according to the current strength method suggested in the CPCIl Metie

Design Manuall™. No special provisions for seismic petformance were considered.

4.5.2 lLoading History and Load Cycles 1 - 6

Table 44 summanizes the loading history for Specimen S4. As shown in Table
44 and Frigure 125, the spectmen was subjected to three elastic cycles at a peak load
ot 20 kN (Cycles TA - 3B), tollowed by three cycles (Cycles 4 - 6) at a peak load of
35 kN. The tust crack appeared below the interface of the concrete and the tace
plate at a load of 31 kN, This crack extended along the stud and ended within an
additonal dragonal shear erackforming a partial contcal crack which at a later steps
led 1o a "shear-cone” farlure. Another crack appeared at the corner ot the face plate
m the conerete. Upon load seversal (Cycle 4B), a symmetiical crack pattern tormed
at a load ot -28 KN. causing a change m stittness as shown in Figure 4.25. The
manimum crack width was 0.08 mm. A photograph ot the connection at Cycle 4B s
presented i Frigure 42700 At the second cyele ot this load stage (Cycle SA) the
diagonal shear crack extended toward the tree edge at an angle of 30 degrees with
respect to the doection of loading. Frgure 4.28 demonstrates that the principal stram
along the hine with anainchination ot 30° 1s greater than concrete cracking strain of
FLO N 10 Sinnlar behaviour was observed during the negative load cycle. At the
fast evele of this load stage (Cyele 6), the shear-cone crack at the right side extended
to the hree edge of the test speaimen. The maximum steel stram at Location | ot
headed studs was 6708 10° (see Figure 4.26). The width ot "shear-cone” crack was

aboat 0.2 mm. The rapid opening of this crack suggested that taillure was immunent.
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. The loops 1n the load-detlection response clearly show the degradation of stittness

Table 4.4 Summary of Loading History of Specimen 84

Cycle Load Stug:‘: Honzontal Sheat l’mu'ﬁ
Displacement” (mm) V (kN)
Elastic IA-3B +(L05, -0 10 £20
Cracked 4A - 4B +0.12, -0.23 RN |
50% P, 5A - 6B +0.20, -0 32 s
659¢ P, 1A +0.39 PIS ~
Fatlure B -0.80 o 30 o

t Calculated maximum strength  basced on monotonically tercasing load (73 kN)

"' Displacement at peak of last cycle ol the load stage

4.5.6 Load Cycie 7
As the applied Load was mcreased to 48 kN (65% of P,,), the cone shear-
cone crack, representing the eftective stress arca, continued to open Hhe tensie
strain at the stud at Location 1 decreased to about 500 x 10" whide at 1 ocation 2
the compression zone, the stram remamed constant  The reduction of stram a
Location 1 was due to the signiticant propagation of the shear aack through the
thickness of the concrete panel. The maximum measured displacement was 040 mm
The tactored design capacity, P,= 43 kN, calculated using the provisions in the € PO
Metric Design Manual'™| was reached during Cycle 7A. A photograph of the
connectton region is presented m igure 4.27b  Finally, the test speennen wir
. subjected to a negative load of 30 kN. The honzontal displacement wis 08 mm il

it increased to 1.15 mm as the apphed load was mamtaned on the speennen Attel
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Figure 4.25 Hysteresis response of Specimen S4

surrounding the connection. Figures. 4.27¢ and 4.27d show the photographs of the
specimen atter failure.

igure 4 29 presents the Load versus vertical displacement of the connection.
The vertical displucement 1s due to the upward movement ot the connection on
account ot splitung and diagonal cracking and the resulting rotation ot the
connection, while in the prototype some of this displacement s prevented by the

adjacent tlange.
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4.5.7 Crack Width at Peak of Load Cycle

The variation of maximum crack width in the tensile region with the peak
Load is plotted in Figure 4.30. The area under this curve 15 an indication of the
fracture energy dissipation charactenstic of the connection.

The internal horizontal crack formed in the plane between the studs
propagated vertically, representing the occurrence of the in-plane sphtung crack due
to cyclic loading. This crack reduced the stiffness and strength of the joint

significantly at the early load stages.

4.5.8. Bond between the Steel Plate and Concrete

The bond between the steel plate and the concerete pancl edges was exanned
at different load cycles of the experiment @nd was observed to be intact everywhere.
The deflection of the steel plate at ditferent load levels was measured and s plotted

in Figure 4.31 which exhibits Lincar behaviour.
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(a) Connection at first symmetrical crack , P=-35 kN

(b) Connection at design factored capacity

Figure 4.27 Photographs of Specimen S4
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END - FRONT

(c) Connection after testing, front

" END - BACK

(d) Connection after testing, back
. Figure 4.27 (Continued) Photographs of Specimen S4
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452 Summary Specmmen S4 was subjected to the loading history summarized in
Fable L4 and exceeded the design tactored strength only at the last cycle in one
ducection (7A). but not n the other direction (7B). The loops were very narrow
mdrcating small energy Jdissipation. The maximum load applied duning the last eycle
(Cvele 7) was 48 kN representing 65 of the calculated monotonie ultimate capacity.
The angle of wchnation ot the "shear-cone” crack. used to determine the etftective
stress area. was observed to be 30-degrees, which mereases the elfective stress area
m comparison with 43-degrees angle recommended m the CPCI Metrie Design

Manualt™. The test speeimen failed when a block of conerete surroundmg the studs

broke away ("shear-cone” failute) due to depletion of tensile capacity.
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4.6 Test Specimen S5

4.6.1 The Specimen

Spectmen S5 was reintorced with two No. 15 deformed steel bar, oriented at
an angle of 45- degrees and 2 - Y2 in. diameter Nelson studs, 1/2 in. (12 mm) long,
welded to a tlange of 752 75 2 10 mm by 250 mm 1 g angle, and a uniform 100 x
100 MW 13,5/ MW 13 3 wire tabric mesh. The ¢« - -aen design was based on the
contiibution ot the anchor remtorcing bar and heade  tuds, separately. The ultimate
strength of the connection was the summation of these cont ibutions; influence of the
wire fabrie mesh was not included. Special consideration for the development length
based on the bond response to low cyclie, carthquake simulation, was considered to
caleulate the temtoreing bar contribution to the strength ot the connection!=*l, No
spectal sesmue considerations were made to determine the contribution of the headed
studs to the ultmate suength, Determination of the monotonie ultimate strength was

based on the anchorage length  tor seismic loading and the formulas which in turn
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are dependent on the concrete cover thickness (see Appendin A), whereas tor design

of studs, the current CPCI provisions were used.

4.6.2 Loading History and Load Cycles 1 - 6

Table 4.5 summarizes the loading history for Specimen S5, As can be seen
from Figures 4.32 and 4.33 and Tuable 4.5, the specimen was subjected to thiee eycles
at a peak load of 36 kN causing the first crack to appear at the angle thange corner,
on the surface of the concrete during Cycle 2A. The loops were very nanrow due to

near elastic behaviour.

Table 4.5 Summary of Loading History for Specimen SS

Cycle Load Stages Honzontal Shear Foree
Displacement (mm)" V (kN)
Elastic IA- 1B +0.128, -0.139 130
Cracked 2A - 38 +0.134, -0.155 +30
30% P, 4A - 6B +0 454, -0.674 75
40% P, TA - UB +0.716, -1 301 ' 108
50% P, 10A - 128 +0.952, -1.701 130
63% P, 13A - 158 +2.010, -2.541 2160
70% Py, 16A - 188 +2.419, -3.00] 1180
80% P, 19A - 19B +3.570, -6.83 + 200
T3% P, 20A 16.248 F185
Failure 208 -6, 34 173

* Calculated maximum strength based on monotonically increasing load (247 kN)

* Maximum deflections at the peak of last cycle of load stage

163



N
o
(o)

150

€]
O

l
S
(@)

Jod i g2 o st s paatar it xeda e atestiiaand

Shear Force , kN

-150

5 <50 -25 00 25 50 7.5
D!

isplacement , mm

=250

Cycles

=173

Lood Step
LOAD HISTORY

Figure 4.32 Hysteresis response of Specimen S5

In the second cycle of the load stage with a peak load value of 75 kN (30% of P,
(Cycle 5A), the tirst sign of concrete crushing at the top corner of the angle was
observed. The splitting crack extended along the anchor bar and a small diagonal
crack appeared about 100 mm below the top concrete surface. The maximum
displacement recorded was 1| mm. The maximum principal stram mn the concrete
determined from the measurements using the demece gauge set at this location was
340 X 10 which 1s greater than the cracking strain of concrete (110 X 10°) (see

Figure 4134).
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Figure 4.33 Measured strains along the length of reinforcing bar anchor
Specimen S5

4.63. Load Cycles7 -9

The specimen was then subjected to three cycles (7A - 7B) at peak loads of
105 kN (40% of P). During Cycle 7A, a diagonal crack appeared at o distance of
about 125 mm from the end of the bar (Location 3) where the maximum principal
strain in the concrete was 400 x 10° ,which s greater than the ultimate tensile stram

. of the concrete. Two more diagonal cracks formed at the location where the pancl
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Figure 4.33 (Continued) Mcasured strains along the length of reinforcing bar

Specimen S5

thickness changes, and the splitting crack extended along the length of the bar. The
maximum honzontal detlection was 1.35 mm, and the maximum width of the splitting

crack along the bar was 0.33 mm.

4.6.4. Load Cycles 10 - 12
The neat step was to increase the shear force to a peak load of 130 kN, (50%
ot P,). There s a change in the stiffness (see Figure 4.32) at a shear force of 120

AN. which related to a signiicant additional diagonal crack at the end of the
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reinforcing bar and extension of the splitting crack along the bat. The maxumum
principal strain at this location was 840 x 10 © which contums the presence ot the
crack. The maximum measured striun i the steel bar was 2050 1 10 wineh was
close to the yield ot the reintorcing steel. On the back side, two vertical cracks were
observed at the corners of the angle. It should be mentioned that at this load cycle
the tactored design capacity of the speamen was reached. Ths tactored design
capacity was determined by multiplying the caleulated monotonie ultimate capadity
(suggested in the CPCI method) of 140 kN by ¢, (0.85) which s the reinforcing ba

resistance factored. This gives tactored design capacity of Py = 085y 110 - TTO KN,

4.6.5 Load Cycles 13 - 15

As the applied shear torce was mcreased to 160 KN ( 63% ot P, the
maximum measured displacement was 185 mun. Figure 4.32 tustrates a sharp change
in stiffness at a shear forece ot about 132 kN . This corresponds to yielding ot the
reinforeing ban in the tension part The displacement, A= 185, wits chosen based on
the yielding of the remforeimg bar and the shape of - the hysterests curve (see bagure
4.32, Cycle 13A). Figures 4.32 and 4.33 display some pinching i the load - deflection
response. This behaviour oceurs due to the closing of the cracks along and normal
to the reintorang bar in the compression zone  "The maxir e crack width was
measured to be 1.2 mm. Upon load reversal, the remtorcing bar on the other part
of the connection exhibited the same phenomenon. The detlection at yield (Ay) was
measured to be -2.21 during the negative load cycle (Cycle 13B)  There were no
appreciable changes in the measured deflection and the steel strauns duning the

tollowing cycles (Cycles 14 - 15). A photograph of the joint region 1s presented n
Figure 4.35a.

4.6.6. Load Cycles 16 - 18

The test specimen was then subjected to three cycles (Cycle 16 to 18) with @
maximum applicd load of 180 kN. In Cycle 16A, a stramn of 2514 x 10 was recorded
at Location 2, which indicated that the reinforcng bar had yiclded. "There was no

strain recorded for Locatton 3 since the stramn gauge was lost duning the cisting,
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The larger area under the hysteresis loop is due to the increasmg yielding m
reinforcing bar. Not much change was observed m the tollowimng two cycles at the
same load stage (Cycles 17 - 18). The strains at Locations 4, 5, and 6 were measuted
to be 3596 x 107, 2665 x 10°, and 2044 x 10, respectvely (see Figures 1334 to
4.33g). The maximum displacement i the last cycle ot this load step was 297 mum
(1.6 Ay). Two cracks extended vertically trom the two ends of the angle and
extended to the horizontal crack which had tormed during the previous cycle 100 nmm
below the free edge. These cracks, the two vertical and the hornizontal, tormed an
approximately "W" shaped  pattern (see Igure L.35¢).
4.6.7. Load Cycles 19 -29

As the load was mereased to 200 kN (Cycle 19A), the maximum displacement
was 3.57 mm (1.8 Ay). Figure 435b presents a photograph of the jomt region Thas
deflection increase can be noted in igure .32, and it 1s due to yielding of almost
the entire reinforaing bar along its embedment length in the tension zone and the
yielding of the reinforceing bar at Location 4 in the compression zone. Figuies 1.33b
and 4.33¢ indwate a signiticant increase i the strauns at Locanons 1 oand A,
respectively.  Upon load reversal, the measured strauns at Locations 4, 5, 60 were
measured to be 6320 x 10°, 12096 x 10° and 2389 x 10, 1espectively (see Figuares
4.33¢ to 4.33g). The yielding ot the entue length of the bar m tension and a partal
bar length in compression (I'iguie 4.33) are retlected i the merease m the measured
displacement of -6.83 mm (approximately 3Ay) and the relatively wider loop i the
load- detlection response and the accompanying stiffness detenoration The
maximum crack width at 100 mm trom the free edge along the remtorang banrs was
measured to be 2mm. The cover on the specmen front face adong the 100 nun
length of reinforcing bars had spalled oft The "W shaped crack at the back side had
opened signiticantly, and the sphitting crack extended along the catire fength ot the
reinforeing bar.  The specimen was then subjected to a0 maxium honzontal
displacement of 3Ay, (Cycle 19A) when the maximum measured load wis 185 kN,
The measured strauns at Locations 1 and 2 are measured o be 7388 « 10 and
7159 x 10¢ which were about 3 times the yield straun,  while m Locations 4, 5, and

6 the measured strains were -664 x 10°, 2360 x 10°, and -540 x 10°, respechvely
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Figure 4.35 Photographs of Specimen S5
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(d) Connection close-up (front side ) after testing

Figure 4.35 (Continued) Photographs of Specimen S5

171



Finally. the speamen was subjected to negative loading up to a maximum load
of 13 KN (Cyele 20B). when fadure occurred (see Figuie 4.35¢). The maximum
displacenient pnior to finlure was recorded to be -6 34 mmwhich gave a displacement
ductbty of o 6317221 = 2.9 The strains at Locations 4. 5. and 6 were measuted
to e 657 10 1745 x 10 and 2314 x 10 ° respectively, which reveals the vielding
o the cnte fenuth of the remtoremg bar - Sphitting fandwie was ¢ ccompamed by pull-
out ol the cnd part ol the reinforemg bar and "cone - shear” tatduie ot the concrete
surrounding the stud were observed. Tngures 4.35d and 4.35¢ are photographs of the

conncolion alter the test,

(¢} Connection close-up (back side) after testing

Vigure 435 (Continued) Photographs of Specimen S3
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Along the embedment length, the measured strain at Locations 1 and 2 were
recorded to be +2523 x 10° and +480 x 10° which suggests that a part of the
reinforcing bar in the compression zone was 1 tenston. This was basically due to
bending of the reinforcing bar in the compression zone atter the loss ot the concrete
cover in the vicinity of the connection.

Figure 4.36 presents the load - vertical displacement charactenistic tor the
specimen. This vertical displacement 1s caused by slippig ot the bar on account ol
cracks along and normal to the bar and the resulting rotation of connection With
the presence of an adjacent pancel in the actual structure, some of this displicemen

is prevented which may result in a shght increase the connection ultimate capacity.

S Nt

Shear Force

-150
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Figure 4.36 Load vs. vertical displacement
Specimen S5




Figure 4.37 illustrates the strain variation along the length of the reinforcing
bar at maximumn load, indicating that almost all of the length of the bar in the tension
zone had yiclded duning the reversed loading cycle while about one fifth of the bar

in compression zone yielded.

4.6.8 Crack Width at Peak of Load Cycles

The maximum crack width for the peaks of the various load cycles in each step
is shown m Iigure 4.38 which also shows the best fit curve to the experimental load.
The crack opening, d,, . Is related to the peak load with the following expressions:

Mdax

For positive loading :
P =+ 8265, - 2397 d,, > + 3393d,,,>-2338d,,*' + 763 d,,,° -93.8d,,° (4-7)
and tor negative loading:

P =-799d .+ 2561 d

max

2.4379.5d,,> + 1513d,,,/- 1513 d,,° + 235.3 d__° (4-8)

max max

The area under the curve is an indication of the fracture energy dissipation

characteristic of the connection.

\‘fﬂd‘f ted predete

Figure 4.37 Strain vs. distance along the length of reinforcing bar
prior to failure, Specimen S5
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4.6.9 Bond between the Steel Plates and Concrete Panel

The bond between the steel plate epoxied to the conerete panel was found to
be intact along entire lTengh dunmg the reversed eyche loading As canbe seenm
Figure 4.39, the variation of the cpoxied steel plate detlection with the shear toree

illustrate a basic linear response,

4.6.10 Summary Specimen S5 was subjected to the loadmg history outhined m 1 abl
4.5 and Figure 4.32 with 9load cycles beyond the factored destgn stength ol 119 kN
Considerable inelastic detormations oceurred atter yieldimg ol the veintorane bar and
eventually the eatne steel bar yielded mtension A displacemient ductilitv ol 5w
achieved. The mode ot tailure was splitting ot the conerete along the remtorane b,
with the exception ot the pull-out of 1ts end part.and conacete "cone shew™ oft non
the headed studs. The headed studs helped mceicase the connection stength and
stitfness compared with the other speamens. however atter the cracking of
concrete surrounding the studs, the stittness degradation was qunte rapid resulting

large inclastic displacements. The masimum Joads resisted by the specimanwere i

175



kN and - 200 kN, while the failure occurred at one cycle later at loads ot 185 KN and

-173 kN for positive and negative loadings, respectively.
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Diaplacement | wm

Figure 4.39 Load vs. deflection of steel frame
as medelled, Specimen S5
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4.7 Discussion and Comparison of Experimental Results

Comparison of the response of the test specimens subjected to reversed cyclic
loads arc bascd on ther overall responses and the ability to dissipate energy.  The
load-norizontal displacement envelopes of the responses of the connections  are
presented in Figure 4.40. In addition, the cumulative energy dissipated (summation
ol the energy absorbed m ench cycle) during the test versus the cumulative ductility
are compared i Figure 441, The cumulative ductility index 1s calculated for each
speermen by the summation of the displaceme nt ductility ratio (A/A,) for each load
cycle. The encergy dissipated by each test specimen was computed based on the area

under the load-detlection tesponse curves.

As can be seen from Fig 441, the energy dissipated was greater in Specimen
52 than in the other specimens, although , the displacement ductility of Specimen S5
(= 3) was greater than the ductility of Specimen S2 (= 2.5). The displacement
ductihity of 3 was attauned tor Specimen S5, but a lot of pinching was observed in the
load - detlection response, accounting for the great reduction in cumulative energy
dissipated. "The comulauve energy dissipated by Specimen S5 up to a load of 180 kN
ts almost 27%¢ of the total energy dissipated. This was due to the contribution of the
headed studs i the connection, causing the connection to be stitf, betore significant
‘cone - shear™ cracking in the conerete surrounding the studs and prior to complete
yiclding ot the remtoreng bar anchor (see Figure 4.32). Specimens S2 and S5
presented almost sinular envelopes, although ditferent faillure modes were observed.
Specimen S5 exhubited the greatest ultimate strength (200 kN, in comparison to the
other specimens, while the energy dissipated in Specimen S2 was the greatest, see
Prigures, 110 and L4 1  Specanen ST tadled by a brittle fracture mechanism because
ol lack of tull welding along the straught part of the reinforcing bar. A contributing
mechanism to bar fracture near the weld was rotating and slipping of the bar within
its plane. As the remntoremg bar slipped, the resulting additional shear concentrated
in the bar near the weld led to fracture of the bar at this point.

Figure 441 shows that Speamens S1 and S2 dissipated the same amounts of
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Figure 4.40 Envelopes of responses

energy corresponding to the same level of cumulative ductility in the lower cumulative
ductility range. Although Specimen S2 showed a more tlexible response (see Figure
4.40) due to the provision of the hook, it caused a considerable improvement in ity
energy dissipation ability, after splitting bond failure occurred along the strmght part
of anchor bar. Although the Specimen S5 showed an improved responsce as seen
the load-deflection envelope in Figure 4.40, the encrgy dissipation capability wirs not

significantly improved when compared to Specimen S2 ( see Figure  4.41).

Specimen S3 which failed by spalling of the concrete block below the angle
(cover of angle), displayed a small displacement ductility of 1.7 and low cnergy

dissipated (see Figure 4.41). ‘The pinching behaviour up to the 13th cycle accounted
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for i sigmibicant reduction in the cumulative energy dissipated.  Figute 4.41 shows
clearly that Specimen 53 remained clastic up to Cycle 9 ( P=80 kN).The cumulative
energy dissipated up to the 13th cycle was computed to be about 20% ot the total
encrgy dissipated durmg the test (see Figure 4.41). About 80% of the energy was
dissipated m the Tast three eycles after a lot of cracking and crushing of the concrete
around the embedded angle as well as yielding ot a sigmticant part of the remioicing
bar anchor - Funergy dissipated by Specimen S1rs greater than that in Specimen S3
esee Frgure 44 1), although Figure 440 shows that the envelope tor Specimen S3 is
more Hexible than that for Specnmen ST 1t should be noted that in general a more
flexible envelope of the load-detlection response (see Figure 4.40) 1s an indicator ot

ancereased stittness degradation of the connection under cyclic loading.

Speamen S4 had the smallest energy dissipation as well as the smallest aree
under the envelop response. As it was observed, the mode of concrete fallure
occurred by "shear-cone” falure of the concrete surtounding the studs. This type of
response s not assoctated with displacement ductility or eneigy dissipation ability.
smee e Specrmen S+ the headed studs did not yield . the definition of cumulative
ductifity s meanmgless. Theretore, wto1s not presented n Figuie 4.41. The

cumulative energy was caleulated to be 60 .

Durmg  the mitial cycling m all specimens, stiffness degradation are not
noticeable and the load-detlection curve remains quite linear.

Fatlure oceurred at about 1105, 120%, 97%¢.597¢ and 140% of the predicted
monotone ultimate capacity using the CPCImethod for Specimens 1 2, 3. 4 and 5.
respectively. Tt should be noted that sernous cracking ot the ancholage zone was
observed belore noticeable yielding along the length ot remforcing anchor bar. The

talure: modes are presented in the Summaries for each specimen.
It should be noted that with the exception of Speamen S4, which was

remforced with headed studs.each specimen was able to sustain load even atter

vielding of a considerable length of the reinforeing steel bar anchor. However, the
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stiength increases at this load steps are relatnvely smalle and theretore the need to
conduct future experiments using “displacement-controlled” tather than “load
controlled" tests would be more usetul m obtainmg o complete preture ot the

response of these connections.
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Chapter §
Evaluation of Analytical and Experimental Results

As mentioned m Chapter 4, the NONLACS fiite element analysis program
was used 1o study the non-lincar responses ot Connections S10 82, 83 and S5
(hetween double-tees), subjected to monotomecally mcreasing loads untl tailure.
Again, as mentioned previously, the NONLACS program can be used to study the
response of structwral remforeed conerete subjected to monotonically increasing loads
only. "The output trom NONLACS analysis presented in this chapter s referred to
as "analytical” results. As noted in Chapter 4. the experimental specimens were
subjected to o reversed  cyclic loads to study  their complete responses:  the
expenmmental results are labelled as "experimental” results. Strictly speaking. the
“expermmental” results can not be compared with the "analytical” predictions because
the foading nmposed on the analytical and expernmmental specimens are ditferent-
bemg monotomcally mereasing loads for the analytical study and reversed cyclic loads
tor the expenimental investigation Theretore. some differences are expected between
the analytical and experimental 1esults. The tollowmng evaluations are based on
analytical predictions, conventional methods of design and the expenimental data.

The analytical load - detlection characteristics and the ultimate strength ot a
coniection provide key iformation necessary to understand  the connection
response. In predicting the load - detlection response of the structure. complete
stress - stram refationship tor steel including straan hardenming and non-linear stress -
stram relationship tor concrete including the tension stiftenig etfects should be
considered. The constitutive material models used in the NONLACS program were
presented in Scecton .20 The Manalytical” and "expermental” 1esults tor  load-
detlection charactensties, ultimate strength. and response of reintoreing steel anchors
are compated an this chapter. For cach element. the stiess and the stram at the Sth
(muddle point)  Gauss ntegration point were  selected to evaluate  the crack

propagation, while the displacement ot Node 150 comceident with the location where
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displacement ¢ .+ nocimens was measured (see Figure 4.5), and the strans at
Location 1. ne (Figure 5.2) tor the steel anchor were alvo compared with

the experimen e

5.1 Spercimen Si

The analyucal Io»"  "ection curve for Node [5001s compared wm Pigure 51

with the experimes '« nt response tor Specimen ST The analvtical imatal
stitfness, and tt Lo < st eracks intiated, correlate well wath the test
results.  Thy 1 Co clastic responses ot the analynical and  the
experimental spec o oseen from Figure 51 the slope of expernimental
load-deflection curve decr seificantly atter the carly cyeles mthe elastue range

(Table 4.1), while the "analytical” slope s not aftected sigmhcantly. "The analytical
ultimate strength is 180 kN, which s 15% larger than the experimental value - "T'he
analytical ultimate displacement predicted to meet the last convergence critetion
(0.0005 ot the norm of the displacement vector was used as convergence crtenion in
the NONLACS program) s 2.7 mm, which 15 S0% smaller than the expermmental
results. The lower strength and the Targer expermmental displacement are due to the
fact that the cyclic loading causes degradation of bond strength and stitfness at the
interface of the concrete and the remtoreng bar, which m turn reduces the stiftness
and the ultimate capacity of the connections.

Comparison of the results from the NONLACS analysis and conventional
methods of design show that the ultimate strength ot the connection calculated using
the "truss analogy" arc in good agreement with the NONLACS results. Tt mteresting
to note that the ultimate strength according to the moditied CPCT method s
183.5 kN which 1s just 3% larger than analytical prediction value, and the value
calculated using the alternate method (see Appendix A), s 170 kN which s 9%,
smaller than the analytical predicted value (‘Table 5.1), showing very close agreement
between the value obtamed using modified CPCEL method and the NONEACS
program. The ultimate strength according to the CPCT method s 140 kN which 1

22% smaller than the analytical predicted value (Table 5.1).
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Figure 5.1 Comparison of analytical and experimental
load-deflection responses for Specimen S1

Analytical load-steel strain curves for the connection are compared with the
It is seen that the strain plot corresponds well

2
It can be noted that the analytical

ron

experimental results in Figure 5.
with the envelope of the load-strain test results.
toad at which the tenstle steel reinforcing bar element yielded was close to 176 kN,

which 1s about [4% higher than the corresponding "experimental” value. This
ditterence s again due to the effect of the cyclic loading of the experimental

specrmen.
The cracking pattern, at the commencement of cracking correlated well for the

"analytical” and "experimental” models.  However, the extent of cracking of the
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concrete in the analytical model was smaller than that for expernimental models (at
loads higher than 50 kN). This is due to the cycnc loading, which attects both the
cracked and uncracked elements 1n both compression and tension regions, and also
because perfect bond is assumed between the concerete and the steel tor both the

reinforcing bar anchor and the remforcing mesh in the "analytical” specimen.
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Figure 5.2 Comparison of analytical and experimental load-steel strain responses
at location 1 for Specimen SI

5.2 Specimen S2

The experimental and analytical plots of the applied load P versus the Node

150 displacement are compared in the Figure 5.3. The initial stifiness and the load
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at mtation of the tirst cracks correspond well with the experimental results. This
correlation 1s due to the fact that both specimens were basically in the elastic range
before crack imtiation. The slope of the Inad-detlection plot diminishes signiticantly
atter the mitial aacking (few cycles alter the elastic range. see Table 4.2), whereas
the "analytical” stiffness s not influenced considerably (see Figure 5.3). The analytical
ultimate load s 183.5 kN, which 1s about 79z higher than the expermmental value.
The maximum "analytcal”  displacement  predicted  to achieve  the speciied
convergence chaterion s 2.22 mm. about 27% ot expernimental result. The Towel
strength and the irger expermmental displacement can be attributed to the etfects of
the cyche loading. wineh tends to detenorate  the bond stiength and stiftness and the
ultimate strength of the connecton.

Comparison of the results from the NONLACS analysis and the conventional
design method show that the ulumate strength calculated according to the moditied
CPCImethod and the value caleulated using the alternate method (see Appendix A)
are 1835 KN and 187 kN, which are only 0.5% and 2.5% higher than the analytical
vialue, respectively (see Table 5.1). This indicates excellent agreement between the
NONILACS pesults and the values caleulated vsing  the moditied CPCE and the
alternate method of design. The ultimaie stiength according to the CPCI method
of designoas 140 kN which exhibits 23% smaller than the analytical predicted value
(see Table 5.1

The analytical and expermmental results are compared tor the apphed load
versus the strain at Location | of the remtoreing steel in Figure 5.4, It can be seen
that the analytical straun curve correlates well with the envelope ot experimental load-
straun results, 1t should be noted that the analytical Toad corresponding to yielding
of the tenstle steel bar was approsimately 172 kN, which s about 11% higher than
the value obtamed expenmentally.

The analytical and expenimental cracking patterns. at the mitiation of first
cracks show good agreement. However, the extent of propagation of cracks in the
"analytical” model was smaller than that in the experimental results, at loads higher
than 60 KN, basically because ot the deterionation ot bond at the steel-concrete

intertace and the resulting detenioration of the specimen under reversed cyclic
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Figure 5.3 Comparison of analytical and experimental
load-deflection response for Specimen S2

loading, and the assumption of "perfect” bond between the concerete and the steel in
the analytical model

The failure in the "experimental" and "analytical’ models occurred in the
tensile zone due to complete deterioration of concrete along the straight part of the

bar and in front of the 90 degree hook.
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Figure 5.4 Comparison of analytical and experimental load-steel strain responses
at Location 1 for Specimen S2

5.3 Specimen S3

The "analytical” and "experimental" load-deflection curves at Node 150 for
Specimen 83 are compared in Figure 5.5. It can be noted that the correlation is
generally good. The ditference between the "analytical” and "experimental” ultimate
sticngth values is about 4%. In addition to the load-deflection curve, Table 5.1

compares the "experimental” and "analytical” strength values.
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Figure 5.5 Comparison of analytical and experimental load-deflection responses
for Specimen S3

The slope of the experimental load-detlection curve decreases sigmbicantly at load
higher than 80 kN, whereas the slope of the analytical load-deticction curve 15 not
significantly atfected. The maximum analytical displacement at the last convergence
is 1.2 mm which is 78% smaller than the expenmental value. Here agam, there are
differences between the two sets of results, basically due to the influence of the
reversed cyclic loads, resulting 1n a greater degradation of the strength and stittness
of the connection compared with the response under monotonically increasing loads

When compared with the calculated capacity using the shear triction desigh method,
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the caleulated ultimate strength is about 2% higher than the NONLACS value.

Figure 5.6 compares the "analytical” and  "experimental” load-steel strain
results. The overall analytical response is stifter than the envelope of the
expenmental 1esponse. It can be seen that the remtorcing bar did not yield n the
"unalytical” model.

The mitiation and propagation ot cracks, during the early load steps (up to
40} kN) corresponds well for the "analytical” and "experimental” models. However. tor
loads higher than the 50 kN, the extent of the "expermmental” crack distribution was
larger than the correspondimg "analytical” results.

Both "analytical” and "experimental”  results show that the tailure was
governed by deterioration of the conerete surrounding the steel angle, particularly the

conciete cover over the angle tlange.
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Figure 5.6 Comparison of analytical and experimental load-steel strain responses
at Location 1 for Specimen S3
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5.4 Specimen S4

As mentioned earlier, the specimen was not analyzed using the NONL ACS
program, because ot the mability ot the program to model shear connectors, A o
consequence, the comparison 1s made between the "expermental” vesults and the
"analytical” values. The specimen strength caleulated using the CPCT method s
compared with the corresponding expernmmental value e Table 5.1
The Manalytical” ultimate strength is 73 KNo which s about L7 umes the
"experimental” value. The lower strength s mostly due to degradation caused by the
reversed cyche loading.  As it was observed expermmentally, the behaviour ol the
connection under the n-plane loading was governed essentially by cracking ol the
concrete surrounding the headed studs. which caused "cone-type” Linhuie ol the
connection. The critical stress state of the concrete resulting in crackimg wis mostly
biaxial tension . It was also noted that the opening and closig ol the cracks i the
concrete due to cyclic load contributed most sigmficantly to the reduction e the

ultimate strength ot the connection.

5.5 Specimen S5

The "analytical" and "expermmental” load-deflection curves tor Node 150 are
compared 1n Figure 5.7. The analytical mitial stittness corresponds well with the
experimental results, which 15 basically duc to the near clastic behaviour of both
specimens up to the mtial cracking load.  As the apphied load was increased the
"experimental” stitftness (slope of the load-displacement plot) dearcased signiticantly,
while the "analytical” stittness did not change appreciably The load-detiection carves
showed that the "analytical" ultimate strength s abour 7.5%¢ higher than the
"experimental" value.  The "analytical” displacement  corresponding to o last
convergence 1s 1.9 mm, about 70% smaller than the expenimental vadue. The overall
analytical load-deflection response 1s stitter than the envelope o expermmenta
response. These difterences are mostly due to the "expernmental” reversed eydic
loads. resulting in deterioration of bond strength and stitfness at the intertace of steel
bar and concrete and signiticant concrete cracking i the vicinity of the headed studs.

These eftects reduce the stitfness and the ultimate strength of the connection,
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Figure 5.7 Comparison of analytical and experimental
load-deflection responses for Specimen S5

Comparson of the results ot the NONLACS program and the conventional
design methods show that the CPCTand the moditied CPCI methods are conservative
by about 9 and 357, respectively, while the strength calculated using the alternate
method (see Appendin A) s about 15% higher than the corresponding values
obtamed trom the NONLACS program (sce Table 5.1).

Frgure 3.8 compares the analytical and experimental load-steel strain curves
tor Specimen 850 As can be seen, the general envelope of the experimental load-

strann curve s more tlexible (sotter) than the analytical response. It 1s should be
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noted that the "analytical" load at which the tensile stecl bar yiwelded was
approximately 207 kN, about 1.3 times the "experimental” value. These ditterences,
again, are mostly due to the cyclic loading used for testing the "expermental”
specimen.

The cracking pattern, at the commencement of cracking tor the "expenimental”
and "analytical" models are in good agreement. However, the extent and propagation
of the cracking (at loads higher than 75 kN) in the experimental specumen were
larger than those for the analytical model . The mechamsm of tallure obtauned trom
the NONLACS results for the "apalytical” model subjected to nmonotomeally
increasing loads was sinular to that for the "experimental” model, subjected to
reversed cyclic loads.The mode of failure in the "analytical® model was due o
extensive deterioration of the concrete along the entire length of the reinforemg ban

accompanied by complete cracking in the vicinity of the headed studs.
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Figure 5.8 Comparison of analytical and experimental load-steel strain responses
at Location 1 for Specimen S5
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Table 5.1 Comparison of "Analytical" and "Experimental" Strengths

Connection

Analytical Strength (kN)

Experimental
Strength (kN)

CprCl Modified Alternate |[NONLACS
Method |CP71 Method| Method Results
St 140 183.5 170 180 150
S2 140 183.5 187 182.5 170
S3 128 - - 130 125
S4 73 - - - 43
Ss 140 183.5 247 215 200
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Chapter 6

Design Recommendations and Conclusions

The experimental part of this research program consisted of tests on five tull
scale specimens representing the connections between precast double tee tlanges ot
between a double-tee flange and lateral resisting clements.  Although theie are
empirical methods available for design of these connections, these wre unable to
predict the complete response ol connection. The Precast/Prestiessed Conarete
Institute design method provides a model only tor clastic design of connection,
however, this method cannot predict the nelastic 1esponse under monotomically
increasing loads or for the melastic response under reversed cyche loads. The
embedment length requirement for the remforcing bar anchor as sugpested by the
current design method, is based on the bond response of the steel remforcement
under monotonically increasing loading when the conerete cover thickness is sutticient
(thick panel). However this rescarch program involved o thin panel (50 mm
thickness) for investigation ol the complete response of the connections under
reversed cyclic loads. The design recommendations and conclusions are based on the
experimental results, analytical response predictions and the results of the non-hnear
analyses of the response of these specimens when subjected to - monotomcally
increasing loads. Table 6.1 summarizes the values ot the ratio, 8, the "analytical”
ultimate strength to the "experimental” ulumate strength ratio, calculated using the
CPCI method, together with the design and detaling requirements for this kmnd ol

connections The design recommendations and conclusions are summarized below:

1. The boundary conditions tor the experimental specimens were sclected from the
results of elastic analyses (SAP90) of double-tee flanges subjected to static sheanng
forces. Steel plates were epoxied to the concerete pancel and the entire assembly was

then welded to a steel frame (Chapter 2). The experimental response at the
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speanaen boundary was noted to be hinear with the load and satistactory.

2. The pancl (1lange) thickness and concrete quality can have a marked ettect on the
behaviour of the connection. In calculating the static ultimate design load. the etfect
ol average concerete cover thickness along the reinforcing bar of the connection 1s

taken mto account.

3. Serous cracking of the anchorage zone was observed before noticeable yielding
along the length of reinforcing anchor bar. Any such damage reduces the likelihood

ol 4 good 1esponse i @ subsequent earthquake.

4. () Prehimimary values of 8, the ratio of the ultimate static strength calculated using
the CPCTmethod to the values obtained experimentally are shown in Table 6.1 along
with the other relevant reccommendations tor the embedment length ot the anchors
and thicknesses of the steel plate or the angle . It should be noted that these
tecommendations are based on the results of only one speaimen in each category.
and theretore more eapermmental and analytical research 1s needed.

(b) It must be ensured that the anchor b ™ welded completely along its length to

the steel plate or the angle comprising the jomnt.

5. (a) Speemmen S5 exhibited the Jargest ultunate strength and displacement ductihity
(3.0). however, ats response 1 the mtermediate cycles, betore sigmbicant concerete
cracking around the studs, showed some pmching, which s reflected in the low energy
absorption charactensties. Specimen S2 exhibited the best energy absorption
charactensties and had a displacement ductility ratio ot 2.5. Theretore, the use of a
Y07 hook canimprove the overall tesponse of the connection, especially in Specimen

S5 with headed studs.
(b) Sperimen S84 displayed the lowest ultimate strength and the worst energy
absorption characteristics compared with all other specimens tested. This specimen

taded with o 30°%oncrete cone being sheared otf, compared with the 45° angle
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suggested by the CPCI method. Therefore, new mechanisims tor dissipating cnergy
should be explored. One suggestion s to investigate whether it s possible to design

the connection S4 such that the energy s dissipated mthe steel headed studs

6. The design approach ot the CPCI gives a consertative prediction tor the ultimate
strengths of Speaimens 82 and S5, while the ultimate strengths of Specimens ST and
S3 are close to the expenmental results. The expenmental ultimate stiength ol
Specimen S4 15 only (.59 of the ultimate strength given by the CPCT method The
CPCI method  overestimates the ultimate strength of the connectuon and the
reduction tactor of 0.6 1s reccommended. It should be noted that this value has been
calculated using the untactored concrete strength. Theretore, tor design purposes,

this value should be multiplied by ¢, (0.6), the 1esistance factor for concrete.

7. The experimental strength tor Specimens S1, 82, S4 and S5 were 083,093, 09

and 0.93 of the analytical strength predicted by the NONLACS program

Suggestions for Future Studies

Very hittle experimental data s available on the behaviour of thin tlange
connections subjected to reversed cyche loading. More experimental work should be
undertaken to study the influence ot ditterent parameters such as the remntoramg b
diameter and yield strength, concrete strength and cover thickness, stud size
(including length and diameter). and the type of loadimg ( monotonically imcreasmg
or reversed cyclic involving shear. tension  or combined shear and tensile Toads) to
improve the understanding ot the seismic response of these connections. Also, Lrge
numbers of stmilar connections should be tested to establish a strength distiibution

for these connections.
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Table 6.1 Design requirements and values of 8

Connection B Design Requirements

Connection 1 1.10 a) Provide reinforcing bar embedment length
Iy = 154.5 d/Vf, > 30 4,

b) Completely weld all of the straight part
of the bar to the face plate.

¢) Use a tace plate of thickness, t = 4/5 d,
Connection 2 1.21 a) Provide reinforcing bar embedment length
based on:

lg = 149.5 d/VF, (with hook at the end)

b) Completely weld all of the straight part
of the reinforcing bar to the face plate.

¢) Use a plate of thickness, t = 4/5 d,

Connection 3 0.97 a) The embedment length must be
Iy = 1545 d /v, > 30 4,

b) Use an angle with t = 3/4 d,

c¢) Provide contining reinforcing bar
(smaller size), or use the headed studs
welded perpendicularly to the angle to
counteract the spalling of the concrete
below the angle.

Connection 4 0.59 a) Detail the joint in which stud failure
L J
is predicted

b) Provide longer headed studs welded to
the plate at larger centre to centre
distances

¢) Use plate thickness, t = 3/4 d,

Connection 5 1.43 a) Provide reinforcing bar embedment length
Iy = 1545 d VP, > 304,

b) Use an angle with t = 4/5 d,

197




References

[1] Kunze, W. E., Sbatounis, J. A.. Amerhewn, JE " The March 27 Alashan

Earthquake - Effeson Snuctines m Anchorage.” ACHJournal, Vol 02, No o, June
1965, pp. 635 - 648,

[2] Hawkins Neil ML "Seismice resistance of prostressed and precast concrete”
structures. Part 1 - Prestressed Concerete. Prestiessed Conarete Insntute Jovnnal,
22(61): November-December 1977, pp 80-110.

[3] Hawkins Neill M. "Seismie resistance ot prestressed and precast concrete”
structuies, Part 2 - Prestressed Concrete. Prestessed Concarete Institute Jowrnal,
23(1): January-February 1978, pp H0-58.

[4] Becker James M. and Sheppard David A Connection Lot seisimic resistant
precast concrete connection. fn Destgn of Prefubricated Concrete Buildmgs for
Earthquake Loads . Apphied Technology Counctl, Apnl 1981 ATC-8,pp 657-083

[5] Stanton J.F.. Andeison R.G., Donal C.W., and McCleary D L Design of
Connections for Precast Prestessed Concrete Buildmg for the L fect of Fanthquake
Prestressed Concerete Institute, Chicago, US AL T80 TR-5-80, {84 PP

[6] Aswad. A., "Selected Precast Connections Low - Cycle Behaviour and strength'
Proceedings of the Third Canadian Conference on Larthquake Engmeenng, Vol 2,
Montreal, 1979, pp 1201-1224.

[7] Neille, D. S., "Behaviowr of Headed Stud Connections for Precast Concrete Panels
under Monotonic and Cycled Shear Loading.” . PhD. ‘Thesis, University ot Batish
Columbia, May 1977

[8] Karsan. I. D., and Jusa, J. O, "Behaviour of Concrete under Compressive
Loadings", Journal of the Stuctural Division, ASCEL, Dec. 1909,

[9] Schicker, V.. Powell, G. HL., "Inelastic seismue analvsis of large panel hraldimgs”
Report No. UCB/EERC-80/38, Earthquake Engieenng Rescarch Centre,
College ot Engincerig, University of Calitornia, Berkceley, Sept 1986

[10] Spencer, R. A. and Neille, P. S., "Cychic Tests of Welded THeaded Stud

Connections”, PCI Jownal, Vol. 21, No. 3, May - June, 1976, pp 70 - 83

[11] Precast/Prestressed Conerete Institute, PCI Design Hand hook - Precast and

Prestressed Concrete Prestressed Concrete Instityte, Chicago, LSA Scoond
Edition, 1985.

198




[12] Precast/Prestressed Concerete Institute. PCI Design Handbook - Precast and
Prestressed Concrete. Prestressed Concrete Institute, Chicago, U. S. A, first
cdition, 1971,

[13] Spencer, R AL "Larthquake Resistant Connections tor Low Rise Precast
Concrete Buldings", Seminars on Precast Concrete Construction in Seismic Zones.
Tokyo, October 27 - 31, 1986, pp 61 - 81.

[14] Kallros. M. An Faperunental Invesugation of Behaviour of Connections in Thin
Precast Conarete Panels under Earthquake Loadmmg. M.ASc Thesis, University
ol British Columbia, Apnl 1987.

[ 15} Assoctate Commuttee on the National Building Code. "National Building Code of
Canada 1990" Nattonal Rescearch Council of Canada. Ottawa, Canada, 1990

[16] Canadian Standard Associatton, CSA, "Design of Concrete Structine for Buildings.
CAN3 - A23.3-MS84 ", Rexdale, Canada, 1984,

[17] Precast/Prestiessed Concrete Institute, Design and Typical Details of Connection
for Precast and Prestressed Concrete. Chicago. U.S AL Second Edition, 1988.

[18] Canadian Prestressed Concerete Institute, CPCL Menic Design Manual - Precast
and Prestressed Concrete., Ottawa, Canada, Scecond Bditon, 1987,

[19] ACT Comnuttee 318, "Building Code Requirements for Reinfoicing Concerete (ACI
318 - 8O} and Conunentany - ACH 318 R - 89", American Concrete Institute,
Detront. 1989, 360 pp

[20] ACT Commuttee 408, "Bond and Development Lengths" Subcommittee on
Repeated Toading State-of-The-Art Report on Bond Under Cychie Loading,
Final Dratt, RT-July 1989,

[21] ATC-3 (Apphed LTechnology Counceil), "Tentative Provisions for the Development
of Sensmic Regrlations for Buildmgs", National Bureau ot Standards, U.S.
Department ot Commerce, Washimgton, DC, June, 1978.

[22] Canadian Standard Association. "Heldable Low Allov Steel Deforned Bars [or
Concrete Remforcement, G30.16 - M." Canadian Standards Association,
Rendale, Canada

[23] Wilson, I W and Habibullah A "SAP 90, A Series of Computer Programs for

Static and Dynanuc Foute Element Analvsis of Structines.” Computer Structures,
lne. 1918 University Avenue, Berkeley, Calitornia, US AL, July 1989.

199



[24] R. Jimenez. R.IN. White, and P.Gergery. Bond and Dowel capacities ot

Reinforced Concrete. ACHowrnal, Svmposuon Paper, o4 Januay 1979,
pp 73-93.

[25] Martin. L.D. and Kotkosz, W. J. "Connections for Precast Presnessed Conarere

Buildings - Including Earthquake Resistance.” Prestressed Conerete Tnstitute,
Chicago. US.A.L 1982, TR - 2 - 82, 297 pp.

[26] American Societv of Civil Engineers, ASCE, "State ol -The- Art Report, Fite
Element Analysis of Reintorced Concrete”. New Yourk, 1982

[27) G. A. M. Ghoneim. "Nonlinear Finite Element Analwis of Concrete Stuctires
PhD. Eng. Thesis. Department ot Cwvil Engimeening, University of Calgary,
Calgary, Canada, 1978,

[28] A. G. Razagpur and M. E. Notal. "Tiansverse Load Dusnibution at Ultunmate it
States m Single Span Slab-on-Girder Bridges With Compact Steel Sectiom
Techmcal Report MISC-88-01, The Rescarch and Development Branch Ministiy
Ot Transportation, Ontario, Canada, September 19SS,

[29] Tong W. K. T. "Non-Linear Seismic Analy s of a One-Storey Precast Concrere
Building." M. A. Sc. Thesis, University ot Biiissh Columbia., 1984, 230 pp

[30] Parmar S. S. "2-D Non-Linear Seismic Analysts of One-Storey ccentre Precasi

Concrete Building." M. A. Sc. Thesis, University of Brtish Columbia, 987,
167 pp.

[31] Canadian Standard Association, CSA, "Steel Structures for Buddmgs - Loni States
Design, CAN3-S16.1-M89.", Rexdale, Canada, 1989,

200



Appendix A
Design and Analysis of Test Specimens

The uliimate strength of the specimens were calculated using the following
three methods:
1. "The CPCT method using a steel strength equal to its measured yield strength (t, =
{,), remforeg bar resistance factor, ¢, =1, and concrete resistance factor, ¢, = 1.

when the connection fauls.

2. 'The modihied CPCH method using a steel strength equal to its measured ultimate
strength (1, = 1), reintorang bar resistance tactor, ¢, =1, and concrete resistance

tactor, ¢, = 1. when the connection fails.

3. An alternate method, usimg the equations due to Jimenez et al® to caleulate the
dowel and pullout torces m the bar legs, the length of reinforcing bars selected based
on anchorage lengths required when the bars are subjected to reversed cyche
foadig! L and equations 1-12 and 1-14, was used to calculate the required anchorage
lengths.

MI5 weldable  deformed  reinforcing bar with  a  cross-section  area,
A.=200 mm*, and measured material properties were used for all of the specimens.

[t should be noted that the ultimate strength ot Connections S3 and S4 were

obtauned only using the CPCI method.

A.1 Specimen SI
CPCI Method

Fach remtorang bar leg is assumed to reach its yield strength when the
connection tals. Then the ultimate compressive strength, C,.. in the compression leg
and the ultimate tensile strength, T, in the tensile leg are given by:

ue

= A x 1y (A-1)



where A = 200 mm
f, = measured ultimate stress for steel bar = 495 MPa
Substituting in equation A-1, gives:
C, = T, = 200 x 495 x 10" =99 kN

and, using truss analogy, the value of V is given by:

Vi = (C, + T )cosd5°
Ve = 140 kN

Modified CPCI Method
Each reinforcing bar leg is assumed to reach its ultimate strength when the
connection fails. Then the ultimate compressive strength, C, in the compressive leg

and the ultimate tensile strength, T, in tensile leg are given by:

C,=T,=Axf, (A-1)
where A, = 200 mm
f,, = measured ultimate stress for steel bar = 649 MPa
Substituting in equation A-1, gives:
C,=T,=200x 649 =129.8 kN

and, using truss analogy, the value of V  is given by:

Ve = (C, + T cosd5®
Ve = 1835 kN

Alternate Method
The dowel strength of the M15 bar is calculated using the following cquation:

bll
Vd°=0'75—;;'db (in Imperial units) (A-2)
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Vd°:0.0052—;"d,, (in S. L. units) (A-3)

where d, = diameter of steel bar = 16 mm

b, = net thickness = total thickness - d) = 75 -16 = 59 mm

n = number of bars in one layer of reinforcement = 1
Substituting these values in equation A-3 gives the value ot Vi, as
Vi, = 49 kN

This dowel force acts normal to the steel bar.

To determme the bond capacity of M 15 corresponding to a sphitting type ot
tanlure, the anchorage length used in the specimen was considered.  This anchorage
length was alieady designed based on specitied material properties using equation 1-

12 as:

l, = ———% » 304, (1-12)

Substituting in equation 1-12 gives the value of I, = 418 mm, which must be larger
than 30d, = 30x16 = 480 mm.
Theretore, the anchorage length is
[, = 480 mm
The ulumate tensile and compression strengths in the tensile and compressive legs

are dentical, and are caleulated as follows:

. d,1,Cf:
“"35.4d,+0.5371,

(in Imperial units) (A-4)

Substituting in equation A-4 gives the value of T, as:
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d,L,C

= . . -q
« 424454, +6871, (0 S-1units) (A-5)
C 16x480x23x/43 |15 N

8 404 45%16+6.87x480

Using the "truss analogy" and including the dowel strength, the value of the ultimate

shear strength of the connection, V,,, is given by
Ve = 2x (4.9 + 115) cosd45° = 170 kN

A.2 Specimen S2
CPCI Method

Since the ultimate strength of the connection depends only on the reintorcing
bar properties, the ultimate strength is identical to that of Specimen S1.

Therefore, Ve = 140 kN

Modified CPCI Method

Since the ultimate strength of the connection depends only on the reinforcing bar
properties, the ultimate strength is identical to that of Specimen S1.
Therefore, Ve = 1835 kN

Alternate Method
The dowel strength of Specimen S2 is identical to that for Specimen Sl,

therefore, the value of V is
Vg = 49 kN

To calculate the bond strength corresponding to a splitting type of falure,

the development length for hooked bar anchor used in test specimen was considered.
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This anchorage length was designed using the equation 1-14 as:

.- 149.5xd,
hd in S. L. units 1-14
ch (i ) (1-14)

Substituting in equation 1-14 gives the value of straight part of hook anchorage, l,4
as:

I,y = 400 mm
The length of right angle hook part is taken 12 times the diameter of the steel bar,
which is equal to 12 x16 =192 mm.
The ultimate tensile stress in the hooked bar is calculated using the following

equation in Clause 12.5.2 of the CSA Standard CAN3-A23.3-M84(1¢l;

100d
L, = \/_ b 4{)0 (S.1) (A-6)
I

where 1, = Iy + Ry, + d, = 400+95/2+16 = 432.5 mm
Ry,

t; = 47 MPa (concrete compressive strength for Specimen S2)

the inside radius of the hook

d

Substituting in equation A-6 gives the value of f, = 741 MPa, which must be less than
the ultimate strength of the reinforcing bar steel.
Theretore,

f, =1

S u

. = 649 MPa

The ultimate strength of the hooked steel bar, T, , therefore, is

T, = A xf,, =200 x 649 = 129.8 kN (A7)

Because of equilibrium in the truss analogy, the force in the compression leg must be
cqual to that for the tensile leg, which gives:
T, =C, = 1298 kN
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Using the "truss analogy" and including the dowel strength, the ulimate sticngth ol

the Specimen S2, V. is given by
Vi = (Vyo + C, + T, )eosd5° = (494 1298+ 120.8)cosd5" = 187 kN

A.3 Specimen S3
CPCI Method

The reinforcement bars welded to the embedded angle should be Eunge enough
to ensure that they do not yield even when the connecting plate (welded 1o the plate
or angles on either side of the joint) s stressed to s ultimate strength. “Fhis
minimizes cracking damage to the panel. It should be noted that the matenal
resistance factors were consideted 1o be equal to | to obtam the unfactored strength
of the connection.

The connection works by a shear-triction mechanmsm, and the Clauses 1174
to 11.7.10  from CSA Standaid CAN3 - A23.3-M84" are used to caleulate the
ultimate strength ot Specimen 53 as follows:

Since shear-triction remtorcement is perpendicular to the shear plane. the ultiate

factored shear 1esistance, 'V, 1s computed by:

Vull = A\/lfyu' (A-8)

where A, = area of shear-fricton remforcing bar = 2 x 200 = 400 mm’
p = 0.84 for concrete anchored to steel plate by remtoreng bar, and contact
plane one full plate thickness below the concrete surtace
A = 1 for normal density concrete
f, = yield strength ot the remtorcing bar, but shall not be taken as greaten
than
400 MPa (Clause 11.7.6) = 400 MPa

Substituting values in equation A-8, gives
Vo= Ay f, 1 =400 x400x 0.8x 1 x 10" = 128 kN
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The shear strength is checked using Clause 11.7.5, according to which

the ultimate strength must not be greater than

V= 025 fLA, (A-9)

where 1) = 49 MPa ( compressive strength of the concrete)
A

= arca of the concrete section resisting shear transfer

=200 x (75 + 50) = 25,000 mm?>

(v

Substituting i equation A-9 gives:

V. .= 0.25 x 49 x 25000 x 10* = 306.3 kN

ult™

Also, the strength obtained from equation A-8 shall not be greater than value given

by

V= 6.5 A = 6.5 x 25000 x 10°= 162.5 kN (A-10)

ult

Consequently, the ultimate shear strength of Specimen S3, V. is

V= 128 kN

A.4 Specimen S4
CPC1 Method

When the studs are welded to the plate. the ultimate strength of the
connecetion, Vs caleulated using the shear-friction principles.

It the connection tails because ot exhaustion ot the stud strength, the

connection strength can be calculated as:

Vull= A\'lf_vsl/-/' (A'] ])

where A, = closs-sectional arca ot the studs = 2 x 127 =254 mm*

u = 084 for the contact plane a tull plate thickness below the concrete
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surface.
A =1 for normal density concrete

f = assumed yield strength of the studs ,but <400 MPa

Substituting values in the equation A-11 gives:
Vi = 254x400 x 0.8 x 1.0 = 81.3 kN

The ultimate shear strength is checked using Section 4.5 of the CPCI Metric Design
Manual® | according to which the strength should be less than

V= 65 A, (A-12)

where A, = area of concrete section resisting shear transfer which is given by:
A= 150x 75 = 11250 mm*

Substituting in equation A-12 gives:
V= 65x 11250 x 10™= 73 kN
which should be less than
V= 025 fA,, (A-13)

Substituting values in equation A-13 gives
V= 025 x 42 x 11250 = 118 kN
The smallest values of V, governs, therefore

V= 73 kN

A.5 Specimen S5
CPCI Method
The effect of the studs was not considered in evaluating the ultimate strength

of the connection S5. Therefore the ultimate strength is identical to those for
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Specrmens ST and S2.

Hence, V. . = 140 kN

ult

Maodified CPCI Method

The ctfect of the studs was not considered to in evaluating the ultimate
strength of Connection SS. Therefore, the ultimate strength is identical to those for
the specimens S1and S2.

enee, Vi = 1835 kN
Alternate Method

The concrete surrounding the headed studs must shear off before the

connection faals at load, V Theretore the ultimate shear strength of the

ult(study *

conneetion subjected to monotonically increasing loads is equal to the sum ot the
ultimate strength ot the remtorcing bar anchor and that ot the headed studs as
represented by cquation A-14.

Vi =V

+ Vull(lmr) (A' 14)

where Vg = ultimate shear strength of the connection with headed studs
\%

ult ult(stud)

aihary = Ultimate shear strength of the connection with 1einforcing bar

anchon

The contuibution ot the studs to the strength of the connection is equal to the
ultimate strength obtained tor Specimen S4. Therefore,
vull(slud) = B kN

and, the shear stiength of the steel bar, V is determined using eyuation A-5 as:

ult(bar)*

A
“"424.45d,+6 87,

(in S. I units) (A-15)

whete 70 = 47 MPa (compressive strength of concrete)
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and, the other parameters are as defined for Specimen S1 with the same values.
Substituting values in equation A-5, gives the maximum value of the forees in the

compression and tension legs as:

o 16x480x23x/47
“TE 424.45x16+6.87 <480

= 120 kAN

The force resisted by dowel action is 4.9 kN, identical to that for Specimen S1.
Using the "truss analogy", the ultimate strength of the reinforcing bars, V5. 1

given by:

Vaigary = (49 + 120 +120 )Cos45° = 174 kN
The ultimate strength of the specimen S, V,,,, is calculated by substituting values in

equation A-14:

Vull = Vull(slud) + vull(b"ll’) = 73 + 174 = 247 kN
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