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ABSTRACT

Precast toad-beartng shear wall panels are used e¡rtensively for

hlgh-rise constnrction because of the ease and speed of assembly, and

the high quality of the precast panels. The connections between

panels are e>rtremely lmportant since they a-ffect both the speed of

erectlon and the overall tntegnry of the structure. Thús thesis presents

the results of a research program conducted to investigate the behavior

and capaclty of post-tensloned horlzontal connections for precast load-

bearing shear wall panels subJected to staüc shear loadi:rg.

Ni:ne prototype specimens with three different connection

configurations were tested. The first two configurations modelled the

connections of the t¡rterior shear walls whtch support the hollow-core

floor slab. Post-tenstontng was lncluded ln the second connecüon

conflguration and not i¡r the first. The third configuration consisted of

post-tenstoned connections without hollow-core slab. Tluo different

levels of load normal to the connection were used to determine the

effects of dead load.

Fallure was cha¡acterlzed matnly by sltp along the connectlon

and top panel [aterface surfaces. At htgh levels of normal load and

shear load, crackfng occured i¡r the hollow-core floor slab.

A comparlson of the behavior and capacity of the different

connection configuratlons indlcated that an increase in load normal to

the connectlon i¡rcreases the shear capacity. The effect of post-

tensloning ls to i¡rcrease the load normal to the connection. For

connections supporting hollow-core slab at hrigh levels of normal load

and shear load, t]:e ma:dmum shear capacity of the connection may be
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controlled by the shear capaclty of the hollow-core slab.

The shear capacity of connections supporting hollow-core slab

contlnued to decrease wlth the propogaüon of cracks in the hollow-

core. The ultimate limtt state ls represented by complete cracking of

the hollow-core.

Ratlonal mathematical models were developed to predict the

shear capacity of the connectlons at the ma:dmum and ultlmate limit

states. These models were found to be in good agreement with the

experlmental results.
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CHAPTER 1

INTRODUCTION

1.I GENERAL

The use of precast concrete load-beartng shear wall panels for

hrgh-rise construction has üncreased substa¡rtially i¡r the past decade.

The foremost advantages of precastlng are the htgh quality control

possible wfth off-site fabrication of structural elements, and the ease

and speed of assembly at the erection site. In addition, precast

constructlon is seldom lntermpted by adverse weather condltions.

shear wall load-bearing panel systems ¿Ìre cLurently a popular

method of precast constructlon. The targe panel bullding system

conslsts of load-bearing shear walls i¡r the longltudfnal and transverse

dlrections. The shear walls of the elevator sha.ft and stair wells resist

lateral loads t¡r the longitudinal direction, whlle the interior shear walls

resist lateral loads ln the transverse dlrection, as shown in Figure 1.1.

The maJor dlfference between the longltudinal and transverse

shear walls ls tl¡e t¡pe of horlzontal connectlon between the panels.

The transverse i¡rterior shear walls support the hollow-core floor slabs

at the horlzontal connectlon, whlle the tongitudünal shear walls are

parallel to the hollow-core slabs, as shown üe Ftgure 1.2.

The requtred strength and dimensional tolerance of the precast

wall panels can be eastly achleved ür the controlled environment of a
factory. The stn¡ctural lntegrity and economy of a precast panel

building depends srr dstalllng and design of the connections between
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precast panels. A well designed stmple connectfon normally mi¡almlzes

the constnrctJon tlme, requires mi¡rlmal falsework, and matntai¡es tJ:e

overall tntegrity of the structure.

A recent innovation ln horlzontal connectlons for load-bearing

shear wall panels ts the use of vertical post-tensionfng tendons. The

gap between panels, whlch ls necessary for proper alignment, is filled

v/ith a drypack grout while the panels are temporarily braced. After

the erectlon of several stories, the tendons, extendtng from the base of

the structure to the current story, are post-tensioned and t]:e
temporary braces are removed.

The post-tensioned connectlon, \ilith or without hollow-core floor

slab, has not been CI<amined for a thorough understanding of its
behavlor under the vartous llmit states. The available literature has

very little i¡rformatton applicable to thts type of connectlon. Therefore,

t.l.ts resea¡ch program was undertaken to provtde the necessary

ir¡formation on the behavior and capacity of post-tensioned connections

for precast load-bearing shear wall panels.

L,2 ORJECTI\TE

The primary obJective of thts resea¡ch ls to i:evestigate the

behavlor of post-tensloned connectlons for precast concrete load-

beartng shear wall panels subJected to static shear loading. The

l¡rterlor shear wall panel connections, whtch support tJle hollow-core

floor slab, will also be consldered.

The scope of the investtgation ürcludes development of raüonal
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mathemattcal models to predict the behavior and capacity of these

connecttons at varlous ltmlt states. The ma:dmum shear capacity and

the ulttmate shear capacity based on the proposed mathematical

models will be compared wfth test results.

1.3 SCOPE

Nine protot¡pe wall panel spectmens were tested in this research

program. The nüre speclmens i¡rcluded three different Jotnt

conffgurations. The flrst category consists of three post-tensioned

speclmens without hollow-core slab. The second and third categortes

each consist of three spectmens with hollow-core slab, a¡rd a¡e tested

urith and without post-tensionlng, respectively. Tlvo different levels of

load normal to the connecüon were used to investigate the effects of

dead load.

A revlew of the releva¡rt ltterature related to the shear capacity of

horlzontal post-tensloned connectlons ls presented in Chapter 2.

The oçerlmental progfam undertalcen ls descrlbed ln detail. i:r

Chapter 3. Included ln thts chapter are descriptions of the test

speclmens, materlal speciffcatlons, test set-up and testing sequence.

The test results from the oçerimental program are summarlzed

ür Chapter 4, Detatled test results are presented in a separate

technical report [U.

In Chapter 5, the effects of the presence of post-tensioning

tendons, the presence of hollow-core slab, a¡rd the level of load normal

to the corrnectlon are presented. Based on test results and
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observatrons made durlng the testtng of specimens, raüonal

mathematlcal models are dweloped to predict the mæomum and

ultlmate lfmtt state shear capacittes. The reliability of the models is

establtshed by comparison of the model predictions rvith the test

results.

Concluslons a¡rd recommendatfons based on this research

program are made tn Chapter 6.



b

CHAPTER 2

LITERATURE REVIEW

2,L INTRODUCTION

During the past decade, the use of precast load-beadng shear

wall panels for high-rise construction has lncreased substantially. The

maJor advantages of precast constructlon are the high level of quality

control possible \¡/ith off-site manufacturing, the ease and speed of

assembly at the constructlon slte, and the mt¡rimal lnternrptlon due to

adverse weather condlttons. Precast wall panel construcüon ls
parttcularly well sulted for hotel and apartment buildings where there

is repetltion between storeys and good thermal and acoustical barriers

are requlred.

\Vlth the high qualrry of the precast members assured, attentton

ls dtrected toward the behavior and capaclty of tJle connections whlch

tle the precast members together. It is widely agreed i:r the literature,

that €ur ortremely important component of precast large panel

buildings is the connectlon between precast members [I,4,8]. precast

panel connections are regions of high stress concentration and without

adequate deslgn to transfer the forces through these connections, the

full capacity of the precast panels cannot be utrltzed.

Of parttcular interest, are the horizontal connectlons whlch

transfer vertical and horizontal forces between load-bearing \Mall panels

and "upon whlch the ultimate stabitity of the structure is dependent"

tSl. The horlzontal connecüons must provide adequate strength,

continuity, and ductüff when the shear wall is subJected to bendi:rg
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moments and shear forces, as shown in Fìgure 2.1.

The horizontal connections are typically reinforced with some

combination of continuity bars, mechanlcal shear connectors, and/or

post-tensioning. The gap between wall panels, necessary for alignment

purposes, ls fllled wtth a drypack grout.

In a prevlous study conducted at the University of Manitoba [4],

it was shown that the ultlmate shear capacity of a plain surface

connectlon may be determined by the sum of the contributions from

(1) the shear friction resistance, (2) the shear resistance of the

continuity reinforcement and (3) the shear resistance of the mechanical

connectors. However, no i:rformation is available regarding the

contribution of post-tensioning strands to the ultimate resistance of

the connection.

Since the intermedÍate shear wall panels of tJle structure support

the hollow-core slab of the floor system, the effect of the presence of

the hollow-core slab must also be considered. Several tests have been

conducted in Europe to study the shear capacity of horizontal

connectlons with hollow-core. However, the European connection

details are quite different in comparison to those used in North

Amerlca, as shown in Figures 2.2 a) and 2.2 b), and therefore their

fìndi:rgs are not applicable to North American practice [8,9,10].

Testing of North American or "American type" horizontal Joints ',vith

hollow-core slab, shown in FÏgure 2.2 a), is very limited.

The North American type of horizontal Joints with hollow-core

have been tested mainly for their vertical load carrying capacity, and

to a lesser extent, for their shear capacity under monotonic and
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reversed cycltc load. Sl¡rce the vertlcal loading on a hortzontal

conneetlon may have some effect on the shear capacity of t]:e

connection, both the vertical and shear loading studies will be

re\¡iewed in thls Chapter.

Thls chapter will re\¡rew and summa¡lze the present state of
knowledge regardlng t'l.e design and behavlor of post-tensloned

horizontal connectlons which include hollow-core slab and are typtcauy

detailed according to the cu¡rent North American practice.

2,2 SHEAR FRICTION RESISTANCE

The shea¡ friction theory may be used to predict the shea¡

resistance provided by the various i:rterfaces of horizontal connecflons.

The classical shear friction model could be oçpressed as:

Vt = Fo'A (2.1)

where V, = shear friction resistance of i:rterface

F = frlctton coefficient for i¡rterface

6,, = compressive stress normal to ürterface

{ = cross-secttonal area of i:rterface

Deslgþ of horizontal connectJons according to tlle Canadian

Prestressed Concrete Instttute (CpCÐ Handbook t5l and the ACI

Bulldlng Code [6] ts based on the classtcal shear frictton model given

above. The difference between the two codes is mainly the magnitude

of the coeffi.clent of filctton.

The Prestressed concrete Institute (pcÐ Destgn Handbook lzl
requires the use of an effective coefffcient of friction, F", whtch is
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e>rpressed in terms of the shear stress, v, and the concrete density

factor, À, as follows:

¡¡" = (6.8951,'zp)/v (2.2)

where À = I.0 for normal density concrete

]v = O.76 for structural low densit5r concrete

The values of the coefTiclents of friction recommended by the

codes are given i:r Table 2.1.

2,3 INTERIOR HORIZONTAL CONNECTIONS

2.3.1 Vertical.I¡ads

The distribution of vertical load through the components of the

i¡rterior horizontal corurection may affect the shear capacity of the

connectlon. Although the actual state of stress due to the vertical load

is very complex [8], it is generally accepted that the connection may be

modelled as three separate "columns" transferring the vertical load

[11,121, as shown in Flgure 2.3.

The Prest¡essed concrete Institute tl1] recommends three

methods for the design of horlzontal connections for verttcal loads.

Based on more recent oçerimental work, Hanson and Johat tt2]
propose another design method. However, since the purpose of these

design methods is to determtne the strength of the connection under

vertical loading, most of these methods may only be used to consider

the distribution of vertical loads at the ultimate limit state.

The first PCI method IIU is based on the ultimate strength of

the concrete flU and t]:e stress-deformatlon characteristics of the

concrete fill and the bearing pads. This method may be used to find
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the ultimate st¡ength of the connection.

The second PCI method IIU is based on ¿¡.n elastic analysis of

the connection and a stress dlstributlon under service load conditions,

Thls method may be used to determine tJle distribution of the vertfcal

load through the connection components at load levels lower than the

ultfmate vertical load, for the purpose of relating the distributed

vertical stress to the shear capacity of the connection.

Based on a uniform strain distribution, the second PCI method

dlst¡ibutes the vertical load based on the relative stiffness of the

connection components, as shown in Figure 2.3, using the following

ex¡rressions:

o,,r = (2b, + bJ o" / (2b, + brkrlk,)

o,,2 = o", (kr/kr)

where o,,, = vertical load distributed across "column" 1, hollow-core
slab portion of connectlon

o,,z = vertlcal load distributed across "column" 2, concrete ftlI
portlon of connection

on = vertlcal average stress applied normal to connection

br = r¡ridth of "column" I
bz = v¡idth of "column" 2

kr = equivalent spring constant of "column" I

kz = equivalent spring constant of "column" 2

with k¡ =(Ðt) /(>t^/E), l=1to4
and tq =(Et) /(Ðt^/E), t=4to5

t, = thickness of component i of current "column"

Er = modulus of elastlcity of component i
| = 1, for the bearing pad

(2.3 a)

(2.3 b)
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| = 2, for the hollo\¡¡-core

I = 3, for the concrete ûll i¡r the cores of t]:e hollow-core

| = 4, for the drypack

I = 5, for the concrete fill between the hollow-core slabs

If the modulus of elasttcity of the drypack, concrete fìll, or

hollow-core is not known, the following expression recommended by

the Canadian Standards Association [9], or ¿my other rational method,

may be used:

E = S0OO 1F

where f"' = ColrlP¡essive strength of concrete

The third method recommended by the PCI is based on empirical

data from tests conducted by the Danish Structural Research Center,

and ottrers [1U. The connectlons tested, unllke those used ln North

America, had ¿m open gap under the floor slabs which suggests a

bearing pad stiffness of zero. In addiüon, the empirical equation

resulting from these tests is applicable only when the strength of the

concrete fill is comparable to the strength of the walt panels [11].

Based on the results of 23 full-scale tests of North American

type horizontal connections, Hanson and Johal developed design

equations for interior and exterior connections with and without

concrete ftIl t121. The oçressions proposed by Hanson and Johal atso

dist¡ibute the vertical load to three "columns" ln the connection.

However, the factor used to distribute the verLical load is based on the

compressive strength of the concrete fIU and the ex¡lressions are

applicable to the distributfon of the vertical load at the ultimate limit

state only.
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2.3.2 Shear Load

Harris and Abboud tgl tested a total of 16 scale models of

interior North American type horizontal connections under monotonic

arrd reversed cyclic shear load. A scale of 3/32 was used for these

models. The level of load applied normal to the connection \ñ¡as very

low, between zero and 2 MPa. There was an "unavoÍdable

eccentricity"[8] of the applied shear load as shown on t]re diagram of

the test model in Figure 2.4.

Several of the models u¡ere tested \¡/ith an overturning moment

applied, as shown in Figure 2.4. The total compressive normal st¡ess

in these models, considering the effects of the overturning moment,

was still less than 2MPa.

During the tests \¡rrith monotonically applied shear load, there

was a slight increase in slip \Ãrith increasing shear load up to 950/o of

the ultimate shear load. At this level of shear load, there was a

signifìcant increase in the amount of slip with a relatively small

increase in shear load.

In both the monotonic and reversed cyclic tests, slip occured on

either the drypack to top panel interface or on the concrete fìll to
bottom panel interface. Failure of the connection models was sudden

and was characterized by splitting of tJle hollow-core floor slab

adJacent to the vertical reinforcement.

Harris and Abboud, made no effort to separate the contributions

of the various connection components in the total shear capacity of the

connection [91. However, they calculated the shear friction coefficients

of their connection models, as shown in Figure 2.5.
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Hanson e¡rami¡red the load versus slip response of interior North

American t¡pe horieontal connectlons subJected to repeated reversals of

shear load along the Joünt [14]. A total of 1O full-scale connections

were tested, u¡ith connectlon lengths of 600 and l20o mm. The level

of load normal to t.l-e connection \Mas varied between 3.5 and 2I MPa.

The coeflÌcients of friction obtained ill this research proJect \¡¡ere

extremely low, from O.2 to 0.4, as shown in Figure 2.5.
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C}IAPTER 3

Ð(PERIMENTAL PROCEDURE

3.I INTRODUCTION

Thfs oçertmental program is designed to investigate the shear

behavior and shear capaclt5r, at various limit states, of typlcal post-

tensioned connections for precast load-bearing shear walls. The

program also considers the presence of the hollow-core slab of the

floor system at the connectlon. In addition, two levels of load normal

to the connectJon, whlch simulate the effect of gravity, are lncluded in

this i:rvestigation.

This chapter describes, in detail, all the parameters, test

speclmens, instrumentation, and the test set-up used in this

orperimental program.

3.2 TEST SPECIMENS

A total of nine specimens \¡¡ere tested in this oçerimental

program. TWo different types of specimens \¡/ere fnvestigated. The first
group was deslgned to slmulate the shear wall at the elevator shaft.

The second group \¡¡as designed to simulate the intermedlate shear

wall of a high-rise buildi:rg supporting the hollow-core floor slabs. For

each category, the presence of the post-tensioned prestressing 'was

ürvestigated and two levels of load normal to the connectlon were

considered.

In this program, the fìrst digit of the specimen mark represents
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the specimen number. The following two characters of each specimen

ma¡k lndlcate the partlcular varlatlon of parameters chosen for each

speclmen as follows:

HD: Hollow-core \¡¡lth Drypack only

HP: Hollow-core and Post-tensioning

PD: Post-tensioni¡rg and Drypack, without hollow-core

The last digit of the specimen mark represents the level of the

load normal to the connection. TWo load levels were considered, 4

MPa and I MPa, whlch are representative of two levels within a 32

story high-rlse structure. A connection subJected to a 4MPa load

normal to the connectlon represents the load at the top floors of a 32

story structure while a connection loaded \Ã,ith an 8 MPa load

slmulates the gravity load in the lower floors of the structure.

The followlng ts an example of a speclmen mark used i:r this

experlmental program:

3HD8
spectmen number I Itl
Hollow-core slab with Drypack only ---J I

II MPa load normal to the connectlon

A detatled descrlptton of all tested specimens is given in Table

3.1,
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3.3 DESCRIPTION OF SPECIMENS

3.3.1 Precast Wall Panels

All of the panels used i¡r thrs oçerimental program were cast by

Con-Force Structures Limited of Wir:nipeg, Manitoba. The dimensions

for all panels were identical as shown in Figure B.l. Each panel had

an overall length of I75O nlm, a connectron length of I20O mm and a

500 mm deep corbel portton for the purpose of loadinÉ the connecgon

i:n direct shear. At the connectron, the wall panel was gso mm wide

\¡¿ith a typical ûnterlor wall thtckness of 150 mm. The thickness of the

panel was ürcreased to 2OO nrm at the corbel to avoid premature

failure of the panel before the connecüon.

TWo post-tenslonf¡rg ducts v/ere i:rcluded i:r those panels whtch

\¡/ere to be used for post-tensloned speclmens. The ducts were located

900 mm apart on the 1200 mm connectlon length, as shown ln Figure

3.2. These semi-rigid deformed galvanized ducts were elliptical in
shape with radit of 32 mm and 57 mm.

To form a conttnuous duct, the duct in the bottom panel was

coupled lrith the duct t¡r the top panel. The ducts \¡/ere coupled inside

pockets tn the top panel as normally detailed for actual structures.

The small tapered pocket used in the test spectmens is shown irl
FÌgure 3.3.

The post-tensionlng anchorage detail, shown in Figure s.4,

consisted of a L2.7 mm thick steel plate, two r5.g mm diameter

Nelson studs 150 mm f:r length, and a loM spiral with six turns.
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3.3,2 Panel Rel¡:forcement

Rei¡rforcement of the panel, as shown i¡r Figure g.5, was

identical for all specimens. The shapes a¡rd sizes of the bars used a¡e

shown tn Ftgure 3.6. The slzes of the closed sürrrp ües were IOM

with a nominal yield strength of 300 MPa while all other bars were

2OM u¡ith a nominal yield strength of 4OO Mpa.

3.3.3 Connection Conffgurattons

The three corulection conffgurations tested i¡r this oçerimental
program are shown in Flgure S.z. The hollow-core slab of the floor

system used in the I'HD'' and ''Hp" connecüons series is shown ü1

Flgures 3.7 al and 3.7 b). The "HP" and "PD" connections series \¡/ere

post-tensioned as shown in Fìgures 8.7 b) and S.T c). Both of these

parameters will be discussed i¡r detail in this secüon.

The precast hollow-core floor slab was produced by con-Force

structures Limited. The slab ts 2oo mm deep, l2oo mm wide, and is
cut to t,l.e desired length of span after casting. The span of t.I.e floor

slab tn actual structures ts approximately go0o mm. However, for the

pu4)oses of this experimental program, two 150 mm long spans \¡/ere

used for each test specimen. Thfs length is representative of the

length of the concrete flll normally used for hollow-core slab at the

shear wall location.

At the connection, tlte cores of the hollow-core slab and the 5O

mm gap beh¡¡een the two ends of the hollow-core slabs are filled with

concrete as shown in Flgures S.Z a) and g.Z b).

The hollow-core floor slab rests on a "Korolath" bearing pad on
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the bottom wall panel, as shown in Frgures s.7 a) and s.7 b). The

bearing pad is 5o mm wlde, appro:dmatety s mm thick, and covers the

entlre I2O0 mm length of the connecflon.

Each post-tensloned speclmen t¡r the "Hp" and "pD" serles had

two post-tenstoning ducts crosslng the connection. A Lz.T mm

diameter seven wire prestressing strand \Mas used for post-tensioning

of the specimen, as shown in Frgures s.z b) and s.T c). The tensile

force applied to each tendon was lOB kN which resulted i:r a prestress

level of L.2 MPa at the connection. Figures S.Z b) and S.7 c) also

illustrate the coupling of the post-tensioni:ng ducts in the pocket Just
above the connectlon and the grout which fìlls the ducts after the

strands are tensioned.

All spectmens i¡r the testing program had a 20 mm gap between

the top panel and the hollow-core slab or bottom panel, as shown i¡r
Figures 3.7 aJ,3.7 b) and 3.7 c). Thls gap is normally used in actual

structures for altgnment purposes. The gap is packed \¡¡rth a drypack

grout. Mlx proporHons of the drypack and other grouts used i:r this
program are given in the followlng section.

3,4 IVIATERI.AL SPECIFICATIONS

3.4.I Panei Concrete

The concrete mix for the precast paners produced by con-Force

Structures Ltmited had the following proportions:

Coarse aggregate

Sand

884 kg/ms

6L2 kg/mg

High Early Strength Portland Cement ZS+ kg¡m"
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32 kglme

0.58 kgl*'
119 kglms

To evaluate tl:e strength of the concrete, two standard 150 mm x
300 mm concrete cylinders u/ere cast according to CSA speciff.cations

for each precast panel.

3.4,2 Concrete Flll

The concrete fftl used tn this oçerimental program had the

same mix proportlons normally used i¡e actual structures. The mix
proporttons are as follows:

Coa¡se aggregate

Sand

Normal Portla¡rd Cement

Water

Water Reduclng Agent

Flyash

Poz.zollth

Water

980 kglmg

920 kg/ms

350 kglms

166 kglmS

1576 mllmg
The strength of the grout ffll concrete was evaluated at 28 days

and at the day of testtng. Three standard 150 mm x soo fr""
cylinders urere cast according to CSA speciffcatlons and three 75 mm x
75 mm x 150 mm prisms \¡¡ere also used.

3.4.3 Drlpack Grout

The dr¡pack grout used i¡r thls oçerimental program .was mixed

and cast by Con-Force personnel. The composltion and consistency of

the dr¡pack was the same as that used tn actual structures. The

dr¡pack proportlons were as follows:



The consistency of this drypack is best descrlbed by the fact that tl¡e
grout would hold its shape when compressed i¡r the palm of the hand,

as shown in F'Igure 3.8.

To evaluate the strength of the dr¡pack grout, 75 mm cubes

were fabricated. TWo cubes were used for each specimen to evaluate

the strength at the time of testtng. Additional cubes \¡/ere also used to

evaluate the 7 and 28 days strengths of the drypack.

3.4.4 Post-tenstontng Grout

The post-tensloni¡rg grout was of a llquid conslstency suitable for

pumpin$ through the ducts. The same grout proportions rvere used as

in actual structures and are as follows:

Concrete sa¡ld

Normal Portland Cement

Water (appro>dmate)

Normal Portland Cement

Water

Interplast T)pe "N"

19

by volume

2 parts

1 part

0.5 parts

by weight

2 parts

1 part

0.2 parts

1300 kg/*'
584 kg/mg

8 kglmg

Four 75 mm x 150 mm cylinders were cast for each speclmen to

evaluate the strength of the grout at 28 days and at the time of

testtn$. Ffgure 3.9 illustrates the ex¡lansive characteristic of this grout

v¡ith three cyltnders that were levelled at the ttme of casting.

3.4.5 Concrete Sand

The concrete sand used in the concrete fìll and the drypack
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grout had the followtng gradatton, as determined by sieve analysls:

Sieve Size

10 mm

5mm

2.5 mm

1.25 mm

630 pm

315 pm

160 Fm

Total Percentage Passing by Mass

The preceding ts tn accorda¡rce

A23.LM77 ll5l.

3.4.6 Hollow-Core Floor Slab

The hollow-core floor slab produced by Con-Force Structures is

200 mm deep, 1200 mm wtde, and ts cut to the desired lengþ of span

a.fter casttng. There are slx 150 mm diameter cores per l2OO mm

wtdth of hollow-core slab. The '\vebs" of concrete between üre cores

are 4O mm wide, 5O m¡n wtde at the outer edges.

62 MPa ts the design strength of the honow-core slab

recommended by Con'Force Structures.

3.4.7 Post-tensioning Strands

Seven wire, L2.7 mm dlameter post-tenslonfng stra¡rds were used

ln thls testlng program. The strands were stressed to 6O percent of

thelr ultlmate strength to achleve a desired post-tensionlng force that
was 50 percent of thetr ultlmate strength, l0B kN.

100.0

97.3

88.5

76.L

54.6

L7.2

4.O

\¡¡tth the CSA Standard CAIIS-
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3.5 TEST SPECIMEN ASSEMBLY

3.5.1 General

The precast wall panels and hollow-core floor slabs \¡¡ere

fabricated at Con-Force Structures and dellvered to the Structures

laboratory at t]re Universtty of Manitoba where the test specimens

u/ere assembled. The first stage of assembly was the positioning and

groutfng of the hollow-core floor slabs ür the speclmens which i:rcluded

thris parameter. All speclmens were then drypacked. The third stage

of assembly was the tensloning of tJle post-tensionirng st¡ands and the

grouting of the ducts ün those specimens whtch were post'tensioned.

3.5.2 Grouttng of Hollow-Core Slab

For posittontng and gfouting of the hollow-core slab, the bottom

panel was positioned \Mith the connection ortentated horizontally. TWo

short pleces of hollow-core slab, 150 mm long, were postttoned on top

of bearlng pads a¡rd allowing a 50 mm gap t¡r between them, as shown

ür Ftgure 3.10.

A load was applted to the hollow-core producing effective stresses

on the bearing pads whtch were stmilar ln magnitude to the value i:r

the long sp€urs of hollow-core slabs in the actual structure. This load

was applied by attaching threaded rods to the frame which was

clamping the hollow-core slabs. The threaded rods were anchored on

the bottom wall panel and tensioned by Ugþtening the nuts on the

threaded rod. On each threaded rod was a calibrated load cell used to

achleve the appropriate stresses to simulate the gravity load. The

hollow-core loadlng apparatus is shown in Flgures 3.11 and 3.12.
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The concrete flll was cast through the gap between tl.e hollow-

core slabs. The concrete ftll flows a¡rd was tamped to fill the cores of

the slabs a¡rd the gap between the two pieces of hollow-core slab.

Wooden forms were used at the two ends of the hollow-core slabs as

shown ür FTgure S,Lz tmmedtately after casttng of the concrete fill.

The test specimen and the concrete cyltnders were covered wlth

wet burlap and a poþthylene tarpaulin after casting. After seven

days of molst curtng, the speclmen and concrete cyllnders were

orposed to the open air of the laboratory.

3.5.3 Drypacking

To facilitate drypacktng of the connections and to avoid inigatton

of cracks, the bottom panel was placed in an upright positlon with the

connection orientated vertically. For those speclmens with hollow-core

slab, the hollow-core clamping apparatus remained i:r place.

The top panel was then altgned \Mith the bottom panel using

temporary braces. For those speclmens with post-tensiontng ducts,

the post-tensloning strands were threaded through the ducts of the top

and bottom panels, as shown tn Figure g. rg. The ducts were then

coupled i:nside the small tapered pocket of the top panel by üeserting

tÏ¡e end of the bottom panel duct about 5 mm t¡rto the top panel duct.

The gap between panels, or between top panel and hollow-core,

was packed \Mith drypack grout by two employees of con-Force

Structures.

After drypacklng, the speclmens and the cubes for material

testlng were covered with wet burlap and poþthylene tarpauli¡rs for
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seven days. The temporary bracing remained in place until moments

before testing to eliminate premature cracking of the drypack grout.

3.5.4 Post-tensioning

When the drypack had cured for seven days, the strength of the

drypack was determfned before post-tensioni:eg of the specimens.

The strands were tensioned r,¡/ith a hydraulic Jack as shown in

Fïgure 3.14. The tension applied to each strand was measured using

a calibrated load cell located between the chuck and the panel. Figure

3.f5 a) and b) show the calibrated load cell detail, and its locatton

with respect to the specimen, respectively.

To avold excessive tensile stresses i¡r the drypack due to the

eccentric location of the two post-tensioning cables, the post-tensioning

was done i:r stages. One-third of the full tenslon force was applied to

the bottom strand, then two-thJrds \¡/ere applted to the top strand,

followed by post-tensionilxg the two st¡ands to their fìnal level.

A hand-pump \Mas used to grout the post-tensioning ducts. A
grouting tube was provided at each end of the ducts, as shown in

Flgure 3.r5 b). The grout was pumped through the grouting tube at

one end while air escaped through the tube at the other end.

The load cells on the post-tensioning strands were monitored

throughout the curing of the e>çansive duct grout until the time of

testing.
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3.6 INSTRUMENTATION

3.6.1 Displacements

Relatfve horizontal and vertJcal displacements across the various

l¡rterface surfaces were measured. Dlsplacements r¡r/ere measured

using dial gauges on side A of the speclmen and linear variable

differenttal transducers (LVDTs) on stde B. At each measurement

station, two i:rstruments were used to measure horizontal and vertÍcal

relatlve displacement. A typical measurement station with dial gauges

is shown ir: Flgure 3.16.

The location of the measurement stations were similar on both

sides of each spectmen. The locatlon of typical measurement staüons

for spectmens with hollow-core slab on side A and B are shown in

Figure 3.L7. on both sides, stations l and 2 measured the relative

displacements between hollow-core and panel across the drypack,

while stations 3 and 4 measured displacement between hollow-core

and panel across the bearing pad and concrete fìll. LVDT stations 5

and 6 measured relative displacement between the two panels. In
addltlon, slip was measured from hollow-core to drypack at station Z

and from drypack to panel at station 8. Stations z and I were the

exception to the rule, consisting of one dtal gauge each and located on

side B with the LVDT statfons.

For specimens without hollow-core, the instrumentation \¡¡as

much slmpler as shown ire Figure 3.18. Relative displacement was

measured from panel to panel at the top and bottom of the connection

on each side of the specimen.

Both the dial gauges and the LVDT's were attached to the
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specimen using Rawl i:rsert plugs i¡r 5 mm diameter holes which \Mere

approËmately 40 mm deep. For the purpose of measuring relative

displacement only, between two different surfaces, the holes were

drtlled at tÌ¡e same level on the different surfaces.

The stroke of tÌ¡e tesüng machine \¡/as also measured, ustng an

LVDT urith a r€mge of t 5O mm and an accuracy of x. O.5 o/o. The

ranges of the LVDTs attached to the specimen were from + 6.4 mm to

x,25.4 mm wtth accuracies of r o.5o/0. The dial gauges had ranges of

10 mm to 50 mm and had accuractes of + O.I0l0.

The LVDT readings \ilere monitored and recorded during the test

with a Data Acquisition System capable of monitoring 12 channels.

An IBM-PC, a printer, and a plotter \¡¡ere part of this system. A
program was used to calibrate the L\lDTs and to record the readings.

3.6.3 Testlng Machi¡re

A Baldwin 2670 kN Universal Testing Machine was used for all

tests. The machtne was equlpped with an MTS 2Sl0 signal amplifler,

a 464 MTS data display, a Hewlett Packard 7o44A x-y plotter, and a

Hewlett Paeka¡d 347O2A, multtmeter.

3.7 TESTING PROCEDURE

3.7.L Test Set-up

T\wo cranes \¡¡ere used to lift the speclmen, \Mith the connection

orientated vertically, and move ft i¡rto the testing machf:re. When the

centreline of the connectton was aligned with the centreli:re of the top
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and bottom heads of the testlng machine, the specimen was levelled

usi:eg a mason's level.

Between the bottom platform of the testing machine and the

speclmen r,vere placed: two sheets of teflon, a steel bearing plate, and

bags of qulck-set plaster-of-paris. The plaster-of-paris was used to
provide a unlform contact surface between the specimen and the

bearing plate, while the teflon sheets prevented any restraining of the

speclmen in the horizontal plane.

The bottom platform of the machine was raised until tt was in

contact with the specimen and the vertical alignment of the specimen

was then rechecked. The plaster-of-paris was allowed to set while

slmilar layers of plaster, steel, and teflon \¡/ere placed on top of the

specimen.

After placement of the specimen in the testing machine, the

outer edges of the specimens \¡/ere post-tensioned using Dywidag bars,

as shown in FTgure 3.19, to prevent premature cracking of the wall

panels during the test. Each pair of horizontal Dywidag bars \¡¡ere

tensioned to a total load level of 200 kN and each pair of vertical bars

was tensioned to a total load level of 340 kN. To achieve the desired

level of post-tensioning, the Dywidag bars had strain gauges attached

to them and had previously been individuatly calibrated with the

Baldwin Testing Machi:re.

Ne:d, the apparatus used to apply a simulated gravity load

normal to the connectlon was positioned on the specÍmen. The

apparatus, as shown f:r FTgure 3.19, consisted of eight Dywidag bars

and a system of four hydraulic Jacks. The Jacks had previously been
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calibrated as one unit using the Batdwin Testing Machine and €u1

Enerpac hydraulic pump with a pressure gauge. Figure 3.20 shows

the end of the normal loading apparatus containing the Jacks. A
system of rollers is also visible i:e Figure 3.2O. These rollers were used

on both sides of tJle apparatus to prwent the restraining of relative

slip between panels durf:rg tlre test.

3.7.2 Testlng Sequence

Immediately before testing, the load normal to the connection

was applied and maintained at the appropriate 4 MPa or 8 MPa level

with a regulator valve attached to the hydraulic pump. Initial readings

for all instruments were recorded at this stage. The initial dial gauge

readürgs were manually recorded.

Throughout the test, the L\IDT readings and load levels \Mere

monitored and recorded by the Data Acqufsition System. The X-Y

Plotter provided a load versus sllp curve of the test as well. All dial

gauge readings'were recorded manually.

The load \¡¡as applied vertically to the connection in lO0 kN

ürcrements until the maximum shear load was reached. At this point

skoke control was used to determüre appropriate increments between

lnstrument readings.

The presence of cracks and thetr propogation during the test

'were recorded by felt pens on the specimen and sketches drawn on

transparencies, a new transparency for each i:rcrement. Photographs

of these crack patterns were also taken at the end of the test.

The test was termi:rated when excessive deformation had occured
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I¡r the connection a¡rd the stroke was over l5 nrm. The entire testlng

sequence was appro:dmateþ 2 to 4 hours i¡r duration.
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CHAPTER 4

TEST RESULTS

4.L rNrROpUCqlON

In this chapter, the expertmental results for the ni¡re speclmens

tested in this research program are presented. The results include the

specirnen materlal properties, the shear capacity of the corurections,

and dtsplacement measurements. The measured data ls presented in
tabular a¡rd/or graphfcal form.

4.2 MATERI.AL PROPERTIES

4.2.L Panels

The average compressive strength of the concrete used for the

panels, at the ttme of testlng, ls given in Table 4.I.

4,2.2 Concrete Fill

The compressive strength, at the üme of testJng, of the prisms

cast from the concrete ffll ts given in Table 4.2. The equlvalent

standard cylinder strength of the prisms was estimated as O.gI tjmes

the prism compresstve strength [161. The average prism compressive

strength and the equivalent cyltnder strength are given i¡r Table 4.2.

4,2,3 Dryl¡ack Grout

Table 4.3 gtves the average compresslve strength of the drypack,

at the tlme of tesüng, as determt¡red by the z6 mm cubes. The
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equlvalent standard ryltnder compresslve strength was eslmated as

0.73 tlmes the cube compresslve strength tt6l. The cube compressive

strength and the equivalent cylinder strength a-re given in Table 4.S.

4,2,4 Post-tensiontng Grout

The average compresslve strength of the post-tensioning grout, at

the tlme of testlng, ts gitven ür Table 4.4.

4.3 TEST RESUI.,TS

4.3.1 Shear l¡ad
The mædmum and ultlmate shear loads for each of the

connections tested ür thts program are gfven ür Table 4.5. In this
i:rvestigation, the ulttmate shear load was deflned as the load

correspondlng to a relatlve verttcal dlsplacement of 5 mm. Althotrgh

the shear load contlnued to decrease with i:rcreasing sltp itl the

connections wlth hollow-core slab, the 5 mm slip was chosen to be the

limlt based on the allowable deflection used for htgh-rfse structures.

4,3.2 Displacement Measurements

Fi$ures 4.1 to 4.9 give the relattve verHcal displacement, or sltp,

between panels durtng toadi:rg. Thls i:rformatlon is also presented in
tabular form rr Tables 4.6 to 4.L4, For the specimens with hollow-

core slab, durtng the i:ritial stages of loadin€, the slip was not uniform

over the length of the connecüon. Figures 4.Io to 4.L4 give the

dlstribution of the relative sllp between the hollow-core slabs and the



31

panels, along the length of the top and bottom contact surfaces of the

tested connectJons durinÉ the iniüat loading stage.

The distribution of relative slip shown in Figures 4. tO to 4.14 is

plotted for the iniual stages of loading up to ma:d.mum only, not

lncludi:eg the ultlmate stages of loading where the distribuuon of slip

was uniform. A plot of the dfstributJon of slip for spectmen 5HP8 ts

not available since speclmen SHPB was the pilot specimen and had a

sUghtly different instrumentation arrangement.

The measured values i:rdicate that the slip occured at the

drypack interface, \¡/ittr the erceptlon of specimen 3HD8 where the slip

occured between the concrete flll and the panel interfaces. The

maximum measured slip was within the 10 mm r¿mge.

Detailed recorded displacement measurements at each

measurement station and the corresponding st¡oke displacements for

each specimen are given i¡r reference tU. The measured test data

given ln reference [U are presented i:r graphical and tabular form.

4.3.3 Crack Patterns

The crack patterns for all specimens at ultimate are shown in

Flgures 4.L5 to 4.23.
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C}IAPTER 5

DISCUSSION OF TEST RESUUTS

5.1 INTRODUCTION

In thts chapter, the behavior of each connection tested i¡r this

oçertmental program ts dtscussed. The test results presented

prevlously wtll be used to study the effect of the load normal to the

connectlon, post-tensioning, a¡rd hollow-core slab.

The mecha¡risms of shear tra¡rsfer for each type of connecüon

¿lre presented tn this chapter. Ratronal mathematical models,

developed to predlct the ma:dmum a¡rd ulttmate shear capacity of the

connections, are presented. The rellabllity of ürese models is

established by comparlson of predicted values and orperlmental

results.

5.2 SPECIMEN BEHAVIOR

6.2,1 General

The measured loads and observed behavior of the connections

tested in this program indicate that the maximum shear capacity

depends mainly on the friction resistance along the i:nterface surfaces

at the connectlon. However, for the connections with hollow-core slab

tested under high levels of normal load, cracking of the hollow-core

floor slab and/or concrete ûll was observed at failure.

A detatled descrlptlon of tfre observed behavior for each spectmen

ls glven in the followtng sectlons.
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5.2.2 Specimen 1HD4

Specimen IHD4 consisted of two panels supporttng hollow-core

floor slab and subJected to 4 Mpa load normal to the connection.

The relatfonship between the applied shear load and the relatÍve

slip displacement between the hollow-core and the top and bottom
panels is shown ln Flgure 4.f0. The diagram i:rdicates that slip was

inittated between the hollow-core and panels in the two corners

beneath the corbel portlon of each panel, as schemattcally shown l¡r
Figure 5.r. At a shear load of 525 kN, a signtflcant reduction i:r the

stlffness of the connection \¡/as observed, as indicated by the load

versus slip curve given in FTgure 4.1. The slip continued to increase

uniformly only between the hollow-core and the top panel, as shown in
Figure 4.10.

The recorded measurements, usi:rg dial gauges z and g, i¡rdicate

that sllp occured at the t¡rterface surface between the drypack and the

top panel. No slip u¡as measured on the interface surface between the

drypack a¡rd the hollow-core.

For specimen lHD4, a ma:d.mum shear load of 550 kN was

reached prtor to untform sllp along the drypack and panel l¡rterface.

There was a considerable i:rcrease i:r slip at a constant load of 5S5

kN, whrich was recorded as the ultimate load carrying capacity of this
speclmen.

After removal of the specirnen from the testürg machtne, the top

panel was removed to examine the i:rterface slip surface, as shown in
FTgure 5.2. The observed slip surface and the load versus slip

relationship suggest that no bond was present at the drypack to panel
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l¡rterface and that reslstance to the apptled load was malnly due to
shear filctton along the tnterface.

5.2.3 Specimen 2HD8

speclmen 2HD8, slmtlar to the conffguration of spectmen lHD4,

included hollow-core slab. However, speclmen 2HDB was subJected to

a l:lgher constant load level of I MPa normal to the connecüon.

The applied shear load versus slip dist¡ibutÍon relattonship,

shown ln Figure 4.11, i¡rdicates that the slip started at the two corners

of the connectlon beneath the corbel portion of the top and bottom

panels, sfmllar to specimen 1HD4.

A gradual reductlon i¡r the stiffness of the connectlon occured at

a shear load level of approdmately 550 kN, as shown in FTgure 4.2,

and contlnued to i¡rcrease up to a ma:dmum load of gO5 kN.

Prior to the ma:dmum shear load level, at a shear load of gg5

kN, a loud cracking sound was heard and cracks became visible in the

hollow-core slab. The observed crack patterns at ultlmate are

presented tn Flgure 4.16.

The cracks ün t]:e hollow-core continued to propogate, causi¡tg

deterloration of the shear capacity of the connection, as lndicated by

the load versus slip curve shown ln Flgure 4.2. At the same üme, slip

contlnued between the drSpack a¡rd the top panel.

5.2.4 Speclmen 3HD8

specimen 3HD8 was tdentlcal to spectmen 2HDg, \Mtth hollow-

core slab and a constant load level of 8 MPa normal to the connecüon.
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The relatlonship between the applied shear load and slip

distribution for speclmen SHDB rs shown irx FTgure 4.L2, As ü1

speclmens 2HD8 and lHD4, sltp began at the two corners of the

connectlon beneatÌ¡ t.l.e corbel porEon of the panels. For specimen

3HD8, there \¡/as no slgntficant change irn the süftress of t]:e
connectlon up to a madmum shear load of BB5 kN.

At the ma¡dmum applied shea¡ load level, a loud cracking sound

was heard and vistble cracks appeared in the hollow-core slab, as

shown ire Fìgure 4.L7. Immediatedly following thfs, the capacity of the

connectlon signiffcantly decreased to 722 kN.

The slip behavtor of specimen SHDB, beyond the ma:dmum shear

load level, was different in comparlson to the other specimens tested in

this program. In specimen 3HD8, slip occured between the hollow-

core and the bottom panel at the bearing pad and concrete fìll
i:rterface surface, as shown in FTgure 4.12. The slip lncreased at a
much lower rate with a sltght decrease ln the resistance of the

connectlon, as shown i:e F-tgure 4.3. When the applied shear load had

decreased to 650 kN, the slip began to i¡rcrease at a higher rate with a
sllght i¡rcrease l:r load.

It was observed that cracks i:r the hollow-core did not continue

beyond the measured ma;dmum load. The behavior of this connecüon

at ultfmate suggests that the ultimate shear capacity of the connecüon

\ilas dependent mainly on tl¡e friction resistance of the bearing pad

and concrete fill a¡rd panel interface. It should be noted that this
behavior occured only tn one speclmen. Therefore, due to the ltmited

data, no concluslon can be made regardlng the frictton resistance of
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this interface. Addiüonal tests are recommended to lnvestigate the

frictton resistance of the concrete ffll and bearing pad interface with

the panel.

5.2.5 Spectmen 4HP4

Spectmen 411P4, slmllar to specimen lHD4, l¡rcluded hollow-core

slab and was subJected to a 4 MPa normal load. However, specimen

4IJP4 also t¡rcluded post-tensioning strands which induced ¿ul

additonal 1.2 MPa uniform prestressing normal to the connection.

In general, the behavior of specimen 4HP4 was stmllar to that of

speclmen tHD4. The presence of post-tensiontng lncreased the shear

resistance capacfty of specimen 4HP4. Slip started at the same two

corners of the connection, beneath the corbel portion of the panel, as

shown in Flgure 4.I3. The süffness of the connection began to

decrease prior to a maximum applied shear load of zo4 kN. Following

the ma:dmum shear load, sltp continued and was evenly distributed

along the dr¡pack and top panel tnterface.

At ultimate, the slip contlnued to i¡rcrease considerably at a

constant load of 660 kN. After 3 mm of sllp, at the constant shear

load of 660 kN, cracking was observed i¡r the lower portion of the

hollow-core on both sldes, as shown ln Flgure 4.18. The cracks began

on side B at t]"e bottom core of the hollow-core which \Mas only

parually fflled \Ãrith concrete. These cracks, however, did not propogate

along the length of the connectlon or affect the ultimate shear capacity

of the connectlon.
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5.2.6 Specimen 5HP8

specimen 5HP8, like specrmen 4IJ'p4, i:rcluded hollow-core slab

and post-tensionlng, but was subJected to a higher load level of g Mpa

normal to tl¡e connecüon.

Behavtor of speclmen SHPB \¡ras slmtlar to that of speclmen

2HD8, except that a l:tgher maximum shear capacity was achieved as

a result of the additonal 1.2 Mpa st¡ess due to the presence of post-

tensloning normal to the connectlon. Slip began under the corbel
portlon of t].e top panel. A g¡adual reductlon ln the stiffness of tl.e
connectlon began at a¡r applfed shear load level of appro>dmately 750

kN and contfnued up to a maximum shear load of g5z kN.

Rlor to the ma:dmum shear load, at a shear load of g50 kN,

cracks became visible i¡r the hollow-core slab. The observed crack

patterns are presented i:r Flgure 4.19.

The vislble cracks ln the hollow-core contjnued to propogate

whtle the shear capactty of the connection continued to decrease. At
the same tlme, slip occured at the drypack and top panel i:rterface.

5.2.7 Spectmen 6HP8

speclmen 6HP8 was ldentical to specimen 5Hpg, \¡¿ith hollow-

core and post-tensiontng, and subJected to a normal load level of g

MPa. It v¡as tested to conftrm the behavior for these types of
connections.

The behavior of spectmen 6HP8 was similar to that of specimens

2HD8 and 5HPB. The ma;dmum shear capacity of spectmen 6Hpg was

comparable to the capactty of SHPB and sltghtty higher than the
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capacity of 2HDB due to the presence of post-tensioning. Figure 4.14

shows that slip started typically ln the same two corners of the

connectlon for all the tested speclmens v¡ith hollow-core. Reductton of

the connection stiffness began at appro:dmately 5oo kN, as shown in
Flgure 4.6.

At an applied shear load of gg5 kN, a loud craclicng sound was

heard and cracks became vtstble i¡r the hollow-core. .{.s the cracks

propogated, the capacity of the connectlon continued to decrease. Slip

continued and was evenly dist¡ibuted along the drypack and panel

lnterface.

As tn speclmens 2HDB and 5Hpg, the shear capacity of

speclmen 6HP8 was cont¡olled by the extent of cracking in the hollow-

core slab a¡rd the concrete ffll. The crack patterns at ulümate are

shown ln Fì!þre 4.2O.

5.2.8 Spectmen 7PD4

Speclmen 7PD4 slmulated the post-tensioned connections

t¡pically used for the elevator shaft shear walls. The connectlon úas

subJected to a 4 MPa normal load level.

Figure 4.7 illustrates the relationshlp between the applied shear

load and the slip between the two panels. No slip occured until a
shear load level of 600 kN. At 670 kN, the sttffness of the connection

was reduced signlficantly. At a ma:dmum shear load of 6g0 kN, the

slip alonÉ the interface of the panel and the drypack was vislble and

several dlagonal tensfon cracks occured i¡r the drypack.

Considerable slip occured at a consta¡rt shear load of 690 kN.
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The connection at ultimate ts shown i:r Fìgure 4.2L.

5.2.9 Spectmen 8PD8

speclmen 8PD8, slmllar to specimen TpD4, was post-tensloned.

Howwer, speclmen SPDB was subJected to a hlgher load lwel of g Mpa

normal to the connection.

As i¡rdicated in Figure 4.8, slip was i¡rltiated at a shear load level

of 650 kN, but did not i¡rcrease signiflcantly until I loo kN. slip
continued to t¡rcrease considerably after a ma:dmum shear load of
1160 kN.

The connectlon continued to undergo extensive stip at ¿ul

ultlmate shear capacity of 1130 kN. The connection at ultfmate is

shown i:e FÏgure 4.22.

5.2.10 Speclmen SPDS

speclmen 9PD8 rvas identtcal to 8pDg, post-tensioned with
drypack only and subJected to an I Mpa load level normal to the

connection.

The relattonshlp between applied shear load and slip is shown in
Flgure 4.9, slip was tnttlated at 400 kN, but did not increase

slgilffcantly untll a shea¡ load of f05O kN. At thls point, the sttftress

of the connectlon reduced signiflcantly and shortly thereafter, the

ma:dmum shear load of 1167 kN was reached.

At ultimate, the slip between the drypack and the panel

l¡rcreased considerably at a constant shear load of LL25 kN. The

connectlon at ultlmate is shown ire FTgure 4,25.



5.3

5.3.1 General

These type of connectfons slmulate typical connectlons used for

the t¡rterior shear wall load-bearing panels supporting hotlow-core floor

slab. TWo different levels of load normal to the connection rvere used.

The effect of the load normal to the connection is discussed i¡r the

followtng sections.

5.3.2 l¡ad lævel of 4 MPa

The shear load versus slip response for the post-tensioned

connections tested at the 4 MPa load level normal to the connection is

shown in Flgure 5.3. Considerl¡rg the effect of an additional uniform

post-tenstoning stress of L,2 MPa, both connecüons were subJected to

a total stress of 5.2 MPa normal to the connection.

The behavior of specimen 4Hp4, with hollow-core slab, was

similar to that of speclmen 7PD4 without hollow-core. The failure \¡yas

matnly due to frictton sllp between the panel and the drypack.

Therefore, the presence of hollow-core does not affect t]le behavior or

t]:e capacity of post-tensioned connections with a total stress level of

5.2 MPa normal to the connection.

5.3.2 l¡ad Level of I MPa

The shear load versus slip response for the post-tensioned

connectlons tested at the I MPa normal load level are shown in Figure

5.4 a). Considerlng the effect of post-tensioning equivalent to ¿ur
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additional stress of 1.2 MPa, all four connections ür this category were

subJected to a total of 9.2 MPa stress normal to the connectton.

It was oçected that the high level of road normal to the

connectlon would enhance the friction resistance of the interface

surfaces. ThIs behavior ls clearly lllustrated by the high level of the

shear resistance of the specimens without hollow-core slab, 8pD8 and

9PD8. However, the behavior and capacity of speclmens SHpg and

6HP8, \Mith hollow-core slab, was signiflcantly different and the

maximum shear capacity was lower than the capacity of specimens

8PD8 and 9PD8.

The behavior past the ma:d.mum shear load capacit5r was also

signifìcantly different. Specimens SPDB and SPDS maintained constant

ultlmate shear capacities essentially equivalent to their mæd.mum

capacities. The shear capacity of specimens SHpg and 6Hpg

conti¡rued to decrease following the ma:dmum shear load.

The reduction of the ma:dmum shear capacity of the connections

\¡¡tth hollow-core slab relatlve to the connecttons without hollow-core,

at a load level of 9.2 MPa normal to the connection, could be

attributed to cracklng of the hollow-core and/or the concrete flll.

Degradatlon of the shear capacity of these connections coinclded with

the propogatton of these cracks during the test.

Ttvo important effects of the presence of hollow-core slab at high

levels of normal load are:

1. Reduced ductjlity of the connecüon, as shown in Figure 5.4a)

2. Reduced stiff¡ress of the connection, as shown i:e FÏgure 5.4b).
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5.4 EFFECT OF LOAD NORIVIAL TO TFIE CON¡IECTION

5.4.1 Post-tensioned Connections V/ith Drypack Only

The effect of the load normal to the connecüon for post-

tensioned connectlons without hollow-core is shown in FTgure 5.5.

Increase of the load normal to the connection results in ¿u1

i:rcrease in the maximum a¡rd ultimate shear capacities of the

connections. The l¡rcrease in the shear capacities v/ere also

approdmately proportlonal to the lncrease ln load normal to tlle
connectlon. This behavlor could be attributed to t]le frictlon resistance

along the slip surface whlch is known to be proportional to the normal

load. This behavlor suggests that the shear resistance of the post-

tensloned connections wtthout hollow-core was mainty provided by the

filction reslstance of the drypack and panel i¡rterface.

5.4.2 Connections With Hollow-Core Slab

The effect of the load level normal to the connecttons with

hollow-core slab, \¡dth and without post-tensioning, is shown in

Flgures 5.6 and 5.7, respectively.

In both flgures, it ls apparent that under 4 Mpa, the shear

capacity \Mas proportional to the load normal to the connection. Under

the higher load of 8 MPa, the increase f¡r the ma:dmum shear capacity

was not proportlonal to the increase ln load normal to the connectlon.

The shape of the load versus sllp curves of tJle connectlons \¡/ere quite

different for the t^ro atm"rent levels of load normal to the connections.

The difference in the behavior could be attributed to the

dtfference i:n the observed failure mechanisms of the connections. The
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load versus sltp curves for the connectlons tested at 4 MPa load level

suggest that frlctlon resistance of the dr¡ryack and panel i:nterface was

tl¡e mafn failure mecha¡rism resisttnÉ the apptted shear load. The load

versus slip curves for the connectlons tested at I MPa load lwel
suggest that the ma:dmum and ulttmate shea¡ capaclües were

controlled by the cracking mechanism of the hollow-core slab and/or

concrete ffll.

5.5 EFFECT OF POST-TENSIOMNG

The shea¡ load versus slip response of specimens wlth hollow-

core slab and subJected to a 4 MPa load level normal to the connection

are shown tn FTgure 5.8.

The i¡rcrease i¡r the ma¡dmum and ulttmate shear capacittes of

speclmen 4HP4 are proporHonal to the l¡rcrease i¡r load normal to the

connectlon wtth the addition of post-tensionürg stresses. These results

suggest that the post-tensioning effects enhance the friction resistance

of the connectlon a¡rd may be accounted for simply by adding the

effect of the applred post-tenstoning stresses to the gravity load.

The shear load versus slip response of specimens with hollow-

core slab and subJected to an 8 MPa load normal to the connection

are shown in FÏgure 5.9.

The l¡rcrease i¡r ma:dmum shear capacitles for speclmens 5HP8

and 6IIP8 was not proporttonal to the f¡rcrease l¡r load normal to the

connectlon wlth the addltlon of post-tenstoning stresses. Thls result

suggests that frtcttonal reslstance, whtch ts usually proporttonal to the
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normal load, ts not the controlltng mechanlsm for htgher levels of load

normal to the connectlon. The observed behavior tndicates tÌ¡at t]le
fatlure is cont¡olled by the resistance of the hollow-core slab which

looks ltke a weah li¡rk between the two panels.

5.6 MEC}IANISMS OF SHEAR TRANSFER

5.6.f General

The results of this ex¡lertmental program i:rdicate that t¡e
behavior and shear capacity of the connections are dependent on the

followtng parameters:

1) the level of load normal to the connection including

post-tensloning stresses

2) the strength of the concrete fill

3) the strength of the hollow-core slab

4) the width of hollow-core bearing on the bottom panel

5) the uncracked length of hollow-core and/or

concrete ffll

Based on these observatlons, the mechantsms of shear transfer of the

connections tested in this study are summarized i¡t the following

sections.

5.6.2 Interface Shear F)lction Resistance

Post-tensioned connectfons without hollow-core slab exlribfted

the same behavior and mechanism of shear transfer as the

connectlons with hollow-core subJected to 4 Mpa load normal to the
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corulectlon. The applied shear load was initially resisted by friction

along the panel a¡rd drypack i:rterface. The maximum shear load,

whlch is requlred to overcome frictlonal resistance, was accompanied

by a small amount of deformation parallel to trre applied load.

Following the mædmum load level, the ultimate shear capacity was

provided mainly by the shea¡ frictton resistance along the slip surface.

The behavior at ultimate was characterlzed by a considerable increase

f:n slip under a constant load.

Based on the above mechanism of shear transfer across €u1

i:rterface, the ma:dmum and ultimate shear capacity of the connecüons

may be determi::ed using the shear friction theory discussed in

Chapter 2:

Vt = po,A

where \t = shear friction resistance, N

F = frictlon coefllcient for drypack-panel i:rterface

on = coûrpr€ssive st¡ess normal to the connection, Mpa

4 = Etr€â of drypack-panel interface, mm'

The friction coefflcent for the drypack and panel interface may be

estlmated usi¡rg the applied shear load and the total load applied

normal to the connection. In a previous study [4], the coeflìcient for

the drypack and panel lnterface was found to be 0.7 + 0.r. Based on

the measured results of this erçerimental program, a coefTìcient of

friction of O.7 was also obtained.

(5. t¡
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5.6.3 Shear Resistance of Connections with Hollow-core

For speclmens vuith hollow-core slab, the applied shear load has

to be transferred from one wall panel to the other panel through the

hollow-core and tJ:e concrete fill. For the speclmens subJected to a
hrgher load level of 8 MPa normal to tJ:e connection, the capacity of

the hollow-core slab was found to determine t]le ma¡dmum shear

capactty of the connection.

A free body diagram of the typical connection supporting hollow-

core slab is shown ür Flgure 5.10. The normal stresses on the hollow-

core and concrete fill are mainly due to the applied load normal to the

connectlon, N, and the moment due to the shear load, v, applied

through ¿ul eccentricity of t/2, where t is the total thickness of the

connection between panels. The applied shear load, v, is assumed to

be distributed along the length of the connection as shown in Figure

5.10.

Based on the second method recommended by the pcl [ltl, the

load applied normal to the connection is distributed across the width

of the connection as shown in Figure 2.s and using the following

ex¡lressions, with b, = b, = 50 mm:

onl = 3o^ / (2 +l<r/kr)

Orr2 = Or,, kr/k,

where on2 = normal load distributed to concrete fìll, Mpa

o,,r = normal load distributed to hollow-core, MPa

on = ronnâl load applied to the wall panel, Mpa

kr = equivalent sprlng constant of "column" 1

tr, = equivalent spring constant of "column" 2

(5.2 a)

(5.2 b)
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with kr = (Ðt) / (Ðt /E), i = 1 to 4

and lq =(EtJ /Et^/E), t=4to5
t, = thickness of component I of current "column"

Er = modulus of elasticity of component i
i = 1, for the bearlng pad

I = 2, for the hollo\ü'-core

i = 3, for the concrete fill in the cores of the hollow-core

| = 4, for the drypack

I = 5, for the concrete flll between the hollow-core

Based on combi:ration of the shear and normal stresses shown

ln Figures 5. ro and 2.3, the mædmum principle tensile stress was

determined and found to be located at the centre of the connection

length. Equating the mædmum tensile principle stress due to the

critrcal combi¡ration of stresses, \¡/ith the tensile strength of the

concrete, the nomlnal shear capacity of the connection with hollow-

core slab, \, could be predicted as follows:

Yu=2/3 [4,F,,+{rF* ] (5.3)

where % = nomlnal shear capacity of the connection with- hollow-core slab, -N

4, = area of the hollor-v-core in contact \¡¿ith
the drypack, mm2

Ao, = area of the concrgte fllt in contact \¡/ith
the drypack, mmz

4, = magnifled tensile strength of the hollow-core slab
due to applied load normal to connection, MPa

Ft2 = magnifled tensile strength of concrete fìll due
to applied load normallo connectlon, MPa

u¡ith Fq =fiço",¡
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= l, for hollow-core slab

= 2, for concrete flll

= .applied load normal to surface J, MPa
based on equation (5.2)

= tensile strength of concrete for part J, Mpa

and fu = 0.616 as proposed i:r a previous study [17]

\¡vith f,' = .o*presslve strength of concrete for part J, MPa

5.6.4 Predtction of the Mædmum Shear CapacÍtv

For the type of connectlons typically used at the elevator shaft,

without hollow-core slab, the maximum shear capacity could be

predlcted using the shear frictlon mechanism proposed by equation

(5. t).

For the connections typically used for the interior shear walls

supportÍng the hollowcore slab, the maximum shear capacity could be

determf:red based on the lesser of the capacities predicted by the shear

friction model, using equation (5.t¡, and the nominal capacity of the

hollow-core, using equation (5.8).

The ma:dmum shear capacities predicted using t]le proposed

models are compared \¡/ith the experimental results, as shown irr

Figures 5.11 to 5.20 and Table 5.1.

5.6.5 Prediction of the Ultimate Shear Capacity

For the t5pe of connections typically used at the elevator shaft,

without hollow-core slab, the ultJmate shear capacity could be

predÍcted uslng the shear friction mechanism proposed by equation

J

J

0nJ
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(5.t).

For the connections typically used for the interior shear walls

supportlng the hollow-core slab, the ultfmate shear capacity could be

predtcted by assumireg a complete loss of bond between the hollow-

core slab and the concrete flll placed ln t]le cores. In spectmens

2HD8, 3HD8, 5HP8, and 6HP8, a partial loss of bond did occur during

testing as shown in Figures 4.L7, 4.18, 4.ZO and 4.2L. For

connections in actual structures, a complete loss of bond may edst

due to shrinkage and/or methods used to place the concrete fìll.

Prediction of the reduced shear capacity of connections with

partially cracked hollow-core, vp", could be made using the model for

uncracked connections given in equation (5.3). The area of hollow-core

and concrete fìll that remains uncracked should be used in equation

(5.3) to estimate the capacity of the remaining uncracked portion of

the connectJon, as shown in Table 5.2.

The nominal shear capacity of the hollow-core slab at ultimate,

assuming a complete loss of bond, could be predicted as follows:

Vr,,, = 2/3 I A"F* + {rF*, I (5.4)

where Vn,, = nomtnal shear capacity of hollow-core slab at
ultimate, N

Áo" = mlnlmum cross-sectÍonal area of the hollow-core at
ultimate, assuming a complete loss of bond, mm,
This cross-section-is locatèd at the centre oi the
hollow-core, as shown in Figure 5.21.

Ao, = âreâ of concrete fìll in contact with the
dr¡pack, mrn'

F," - tensile_ strength of hollow-core slab at ultimate,
magnifìed due to the load normal to the connecüon
which is applied to the reduced cross-sectional area of
the hollow:cbre assuming a complete loss of bond, Mpa
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Ft2 = magnifled tensile capacity of concrete fìll due
to applied load normal tó connecüon, MPa

4" = rvidtlr of contact area x E web thickness of the webs of
the hollow-core slab

For the type of hollow-core used ür this investigatÍon,

Á',, = (2x50mm) x(2x50+5x40)
4" = A\r/4

R" = fi,,6,¡a6"¡

e, = {t(fr+oJ
The above model, proposed to predict the nominal capacity of

connections supporting hollow-core slab at ultimate, is based on the

same principles as the model proposed to predict the maximum

norninal capacity of the hollow-core. However, at ultimate, the apptied

shear load is assumed to be distributed only along the width of the

webs of the hollow-core slab as shown in F-igure 5.2L. This simplifled

shear stress distribution is verifìed by a fìnite element model used to

simulate the test specimens without concrete fìll in the cores of the

hollow-core slab.

To study the effects of complete loss of bond, lt is recommended

to test additional speclmens without concrete fìll in the cores of the

hollow-core.

The ulttmate shear capacities predicted using the proposed

models are compared with the experimental results, as presented in

Flgures 6.L2 to 5.2O and i:r Table 5.2.



51

CHAPTER 6

SUMI\{ARY ATID CONCLUSIONS

6. T SUMIVTARY

The matn obJecttve of tl:ts research program ts to tnvesugate the

behavlor of t¡ptcal post-tenstoned connections for precast concrete

load-bearing shear wall panels, at va¡ious limit states, under static

shea¡ loadxrg.

Ni¡re protot¡pe speclmens were tested i¡e this research program.

The nl¡re speclmens consisted of three different Joint conffgurations as

follows:

HD series: hollow-core slab rrrith drypack only

HP series: hollow-core slab and post-tensioning

PD serles: post-tensiont¡xg with drypack onty

To ünvestl$ate the effects of gavity load, two dlfferent levels of
load normal to the connectfon \¡¡ere used.

6,2 CONCLUSIONS

Based on the observatlons made and the data obtained during

thts experimental program, the following concluslons may be drawn:

1. An ürcrease tn the level of load normal to the horizontal

connectlon i:ncreases the ma:dmum shear capaclty of the con¡¡ecuon.

2, The effect of post-tensionrng may be accounted for by addi:rg the

applled post-tenstoning stresses to the gravity load normal to the

connection.

3. For i¡rterior horizontal connectlons supporttng hollow-core slab,
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the fallure mechanism could be controlled by shear friction resistance

or by the shear capacity of the hollow-core slab. At a high level of

normal load, t]le connectton capacity is typically controlled by the

shear capaclty of t]le hollow-core slab, whúle at a lower normal load

level, the connectlon capacity ls typically controlled by shear friction.

4, For i:rterior horizontal connectlons supporting hotlow-core slab at

high levels of normal load, the stiffìress of the connection is reduced

and the ductility of the connectlon ls reduced in comparison to the

same type of connection without hollow-core slab.

5. The ma:dmum shear capacity of the connection supporüng

hollow-core slab ls governed by the lower magnitude of the capacity

predicted by the shear friction and the shear capacity of the hollow-

core slabs. The predicted values \Mere found to be in good agreement

\¡/ith the test results.

6. The ultlmate shear capacity of the connectlon supportlng hollow-

core slab ls based on complete loss of bond between the concrete fill
i¡r the cores and the precast hollow-core slab. The predicted values

\¡¡ere found to provtde a conservatlve lower bound i:r comparison with

the test results.

6.3 SUGGESTIONS FOR FURTTIER RESEARCH

Based on the o<perience gained i:r this research program, the

following are some recommendations for possible further research ill
thls area:

l. Tests should be conducted to i:rvesttgate the capacity of
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corul.ections vùlthout concrete ffll i¡r the cores of the hollow-core slab to
slmulate complete loss of the bond between the hollow-core slab and

the concrete flll.

2, Addttional speclmens simllar to specimen SHDB should be tested

to conffrm the unique slip behavior observed at the interface of the

concrete flll and the panel t¡rterface.

3. The behavior of post-tensioned horizontal connections, with and

without hollow-core slab, should be i¡rvesttgated under reversed cyclic

loadi:rg.

4. Research is needed to l¡rvestlgate the behavior of post-tensioned

connectlons supporting hollow-core slab under combined flexural,

shear, and axial loading.
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Table 2.1 Coefficients of F)lctton

?v = 1.0 for normal density concrete
?y = 0.76 for stn¡ctural loui denslt¡r concrete

Tlpe of Surface

FYiction Coefficient

ACI PCI CPCI

Cracked monoltthtc concrete

Intentlonally roughened

Not i¡rtenttonally roughened

Bearlng pad to concrete

L,4

1.0

0.6

L.4

1.0

o,4

t,25

0.9

0.5

0.4
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Table 3.1 Test Spectmens

Connectlon Conffguraüon

NormaI
toad Level
(MPa)

Spectmen
Mark

with
Hollow-core
Slab

Dr¡pack only

4

I
8

1HD4

2HD8

3HD8

Post-tensloned

4

I
I

4}JP4

5HP8

6HP8

Drypack
Only

Post-tensloned

4

8

I

7PD4

8PD8

9PD8
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Table 4.1 Concrete Strength of Panels

Specimen

1HD4

2HD8

3HD8

4HP4

5HP8

6HP8

7PD4

8PD8

9PD8

40.9

41.3

39.7

34.1

38.8

37.6

38. r

46.2

37.8

Compresstve Strength at TIme of
Testing (MPa)
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Table 4.2 Concrete Fill Strength

Speclmen

Compresslve Strengþ at TIme of Testlng

ffiËff 
strength Equivalent Cylinder

Strength (MPa)

1HD4

2HD8

SHD8

4H,P4

5HP8

6HP8

61.3

49.6

6L.7

67.5

46.2

58.6

56.7

45.1

56. r

52.3

41. I

53.3
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Table 4.3 DrSpack Strength

Specimen

Compressive St¡engfh at Ttme of Testin€ (Mpa)

Cube Strength Equivalent Cginder Strengf,h

1HD4

2HD8

3HD8

4}JP4

5HP8

6HP8

7PD4

8PD8

9PD8

L8.7

18.3

20.2

2L.4

r9.6

L7.4

L3.4

13.5

15.8

L3.7

13.4

L4.7

15.6

14.3

L2.7

9.7

9.7

r 1.5
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Table 4.4 Post-tensloning Duct Grout Strength

Specimen Compressive Strength at TIme of TestinÉ (Mpa)

4HP8

5HP8

6HP8

7PD4

8PD8

9PD8

15.8

18.1

13.5

r 1.4

L5.2

r3.8
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Table 4.5 summary of Experimental shear capacities

Joi:rt
Tlpe

Normal
Load [MPa) Speclmen

Ma¡dmum
Ioad (kN)

Ultlmate
rpad (hN)

HD

4

I
I

1HD4

2HD8

3HD8

550

905

885

535

750

675

HP

4

I
8

4HP4

5HP8

6HP8

704

957

947

660

680

880

PD

4

I
I

7PD4

8PD8

9PD8

690

r 160

I 157

680

r 130

LL25
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Table 4.6 Specimen IHD4 L.oad vs SItp Values

Applted Shear
toad [kN)

Relatlve Slio
Between Pa¡iels (mm)

0
roo
200
300
400
450
500
625
546
548
550
534
534
537
533
536
533
526

0.00
0.00
0.00
0.05
0.10
0.15
0.29
0.45
0.66
L,22
1.86
2.92
3.50
4.57
5.60
6.69
8.53

r0.52
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Table 4.7 Speclmen 2HD8 Load vs Slip Values

Applted Shear
Load (kN)

Relatlve Slio
Between Pañeh (mm)

0
100
200
300
400
500
600
700
800
850
889
893
902
844
844
844
76t
75t
734
726
7L9

0.o
0.0
0.0
0.0
0.0
0.r
0.1
o.2
o.4
o.5
0.8
0.9
L.2
5.2
5.9
6.4
9.2

10.4
r r.3
LL,7
12.O
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Table 4.8 Speclmen SHDB L¿ad vs Slip Values

Applied Shear
Load (kN)

Relative Slip
Between Pa¡ïeh (mm)

0
200
300
600
700
800
850
874
877
885
722
708
695
689
688
680
676
675
652
650
665
707
725

0.0
o.o
o.0
o.o
0.1
o.r
o.2
o.2
o.2
0.3
2.L
2.7
2.7
3.1
3.2
3.4
3.5
3.6
4.0
5.1
6.9
9.9

12.9



66

Table 4.9 Specimen 4HP4Ioad vs Slip Values

App[ed Shear
I¡ad (kN)

Relative Slio
Between Pañeh (mm)

o
r00
200
300
400
500
600
650
677
694
703
703
704
oþc
645
650
655
670
670
655
645

o.o
0.0
0.0
0.0
0.0
0.1
0.r
o.2
0.3
0.5
0.6
0.8
0.8
1.5
2.2
2.7
3.9
5.4
7.t

10.2
L2.2
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Table 4.1O Specimen SHPB toad vs Slip Values

Applied Shear
Ioad (kN)

Relative Slin
Between Pa¡iels (mm)

o
100
200
300
400
500
600
700
800
900
940
950
957
9r4
895
895
850
841
680

o.o
o.o
o.o
0.0
0.1
0.1
0.1
o.1
o.2
0.3
0.5
o.7
o.8
t.2
1.5
2.O
2.7
3.7
5.2
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Table 4.1I Spectmen 6Hp8 Load vs Slip Values

Applied Shear
road (kN)

Relative Slin
Between Pa¡iels (mm)

o
100
200
300
400
500
600
700
800
900
932
935
940
947
946
945
900
880
855

0.0
0.0
0.0
0.0
0.0
0.1
o.r
o,2
0.3
0.5
0.8
t.2
1.5
1,9
2.2
2.6
4.5
5.3
6.2
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Table 4.L2 Specimen 7PD4 toad vs Slip Values

Applled Shear
road (kN)

Relattve Slio
Between Pa¡iels (mm)

o
ro0
200
300
400
500
600
650
670
675
685
690
690
690
690
690
690
690
690
690
677
677
677
684
680
708
7L9

o.o
0.0
o.o
0.0
0.0
0.0
0.1
o.2
0.3
0.5
0.6
0.8
r.0
L.2
L.4
r.6
1.8
1.9
2.L
2.3
2,8
3.4
3.7
4.5
o.Ð
8.7

I4.O
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Table 4.13 Spectmen SPDB L¿ad vs Slip Values

Applted Shear
Load (kN)

Relative Slio
Between Pariels (mm)

o
100
200
300
400
500
550
600
650
700
750
800
850
900
950

1000
1050
1080
I r00
I 130
I 150
I 160
I 150
1145
I I4O
r 130
I 126
1r25
11r 1
1r00
1060

o.o
0.0
0.0
o.o
0.0
0.0
o.o
0.0
o.r
o.r
0.r
0.1
0.1
0.1
o,2
o.2
0.3
0.3
0.4
0.6
0.8
0.9
r.3
2,6
4.4
6.0
7.O
8.0
9.7

L2,L
L6.4
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Table 4.L4 Speclmen 9PD8 L¡ad vs Slip Values

o.o
0.0
0.0
o.0
0.1
0.1
0.1
0.1
o.2
o.2
o.2
0.3
0.4
0.9
1.1
r.3
1.5
L,7
1.9
2.8
4.0
4.8
5.9
8.1

I 1.0
13.3
L4.7

Relatlve Slin
Between Pañeh (mm)

o
ro0
200
300
400
500
600
700
800
900
950

1000
1050
1100
r r45
I 156
r 152
tL67
LL57
r 125
r 125
r 125
IIIS
1r r0
I 100
1085
1075
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Table 5.1 Ma:dmum shear capacity: Model predicttons vs
E)rperimental Results

Specimen

Hollow-
Core
Capacitv
KIÐ J

Shear
F)lction
(kl,t)

Ma:dmum
Shear
Capacitv
(k¡Û 

J

Test
Results
(kI,I)

RATIO:

Model

Results

1HD4

2HD8

3HD8

4}lP4

5HP8

6HP8

7PD4

8PD8

9PD8

725

881

88r

774

92L

92t

504

1008

1008

þÐÐ

1 160

r 160

655

I 160

1160

504

881

881

655

92L

92t

655

1160

r 160

550

905

885

704

957

947

690

I 160

LT67

o.92

o.97

1.00

0.93

0.96

o.97

0.95

1.00

r.00
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Table 5.2 ulttmate and Partially cracked shear capacity:
Model Predicttons vs-E)rperimental Resulfs r

Specimen

Parttallv
Crackeä
Predictton
tkN)

Ultimate
Capaclty
Predlction
tkl,{)

Ultimate
Test
Results
(kI,I)

RATIO:

Ult. Model

Ult. Results

1HD4

2HD8

3HD8

4}JP4

5HP8

6HP8

7PD4

8PD8

9PD8

639

851

692

670

433

549

549

47L

579

579

655

r 160

1160

535

750

675

660

680

880

680

I I3O

LL25

0.81

o.73

0.81

o.7L

0.85

0.66

0.96

1.03

r.o3
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LONGITUDINAL
WND LOAD

LONGITUDINAL
STAIR WELL
SHEAR WALLS

HOLLOW_CORE
SLABS

TRANSVERSE
INTERIOR
SHEAR WAI LS

TRANSVERSE
WND LOAD

Figure 1.1 Load-Bearing Shear Wall panel System



LONGITUDINAL

SHEAR WALL

PANEL

DRYPACK

TRANSVERSE IN-IERIOR
SHEAR WALL PANEL

DETAILS IN FIGURE 2.2

HOLLOW_CORE SLAB

F)gure 1.2 +.#it$ !",iä:.$?i: 
for rongrrudi:rar



CANTLEVER SHEAR

WALL SUBJECTED TO

WND LOADING

76

SHEAR

DEFORMATON

SHEAR FORCES

IN THE WALL

BENDING

DEFORMATON

BENDING MOMENTS
IN THE WALL

Fìgure 2.1 ca¡rülever shear walls subJected to Lateral l¡ad
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DRYPACK

CAST IN PLACE

CONCRETE FILL

CONTINUOUS
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Hollow-Core Slab
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LOCATION OF ANCHORAGE DETAIL

1OM SPIRAL NELSON STUD (t s.s mm DTAMETER)

STEEL PLATE POST-TENSIONING DUCT

F'Igure 3.4 Post-tensloning Anchorage Detail
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Ftgure 3.5 Specimen Retnforcement
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FÏgure 3.7 a) Connection Conflguration: HD Series
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Fìgure 3.7 b) Connectlon Conffguration: HP Series
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Flgure 3.7 c) Connectlon Conffguratlon: PD Series
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Figure 3.8 Drypack Consistency
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flgure 3,9 E)iÐansive Characteristtc of Post-tensionfng Duct Grout
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Specimen,\ssqmbly: Positloning of Hollow-core
on Bottom Wall Panel

Figure 3.10



Flgure 3.I1 Hollow-core Slab Inadi:rg Apparatus
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F-igure 3.12 Concrete Flll Cast tn Hollow-core Slab
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Flgure 3.13 Spectmen Assembly: Postltlonlng of Top rvvatl Panel



Figure 3.14 Post-tensioning \¡/ith Hydraulic Jack
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FOUR STRAIN

GAUGES IN

SERIES

Flgure 3.15 a) Calibrated Post-tensiontng toad Cell Detaits



Figure 3.15 b) r,ocaüon of Post-tensionrrg road cell on specimen



Figure 3.f 6 Tlrpical Measurement Statton witJl Dial Gauges
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Figure 3.19 Test-Set-up:- Appllcation of Edge post-tensioning and
tpad Normal to the Connecüon



Figure 3.20 Apparatus for Application of Normar l,oad: End with
Hydraultc Jackiñ[ System
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SIDE A

FÏgure 4.15 Specimen IHD4 Crack Pattern at Ulttmate
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Ftgure 4.16 Speclmen 2HDB Crack Pattern at Ultlmate
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Flgure 4.18 specimen 4]F...p4 crack pattern at ulttmate
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Flgure 4.fg Speclmen 5HP8 Crack Pattern at Ultlmate
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Figure 4.2O Specimen 6HPB Crack Pattern at Ultlmate
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Figure 4.21 specimen TpD4 crack pattern at ultimate



SIDE B

Fìgure 4.22 specimen SPDB crack pattern at uttimate



SIDE A

Figure 4,23 Specimen 9PDB Crack Pattern at Ultlmate
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FTgure 5.1 rlrpical location of stip for specimens with
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Figure 5.2 Interfaee Slip Surface of Specimen 1HD4
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DISTRIBUTION OF

APPLIED SHEAR

ULTIMATE

LOAD, VhU

D_Ist¡tbutlon of Shear Stress on Unbonded
Hollow-core Slab at Ultrmãt1---

Figure 5.21




