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ABSTRACT .

x ’ r b

NONLINEAR BEHAVIOUR OF PRECAST CONCRETE PANEL

WALLS .UNDER SIMULATED QﬁASI ~STATIC AND DYNAMIC

CONDITIONS OF LOCAL PANEL CQLLAPSE

o . o

Alan W. K.‘Lee -~

]

= )

Precast concrete panel walls are investigated‘for
. )
simulated quasi-static and dynamic conditions of local- panel
gollapse. A finite element procedure is employed to examine

.
[y

the nonlinear static and dynamic behaviour of a typical pre-
A\ ] ‘b '

‘cast éanel shear wall structure of the cross-wall type. = .

A

Analyses are also performed for elastic behaviour and the

rigid-cantilever approximation for static loading.

S
°

Individuel precest panels are modelled as multilevel
T .

substructures compr151ng of plane stress rectangular elements

with llnear elastlc beéhaviour. Horizontal and vertical joints

¢

v,
are represented by dlsdrete orthogonal sprlng elements w1th

- nonllnear constltutlve material relatlonshlps, whereas elastlc

bar elements are used to madel the transverse and vertical

I}
X

ties. o . B




N

. . EN . . ' ii '
' i - »
.

' The static, conditiéns of local collapse are simulated

I

by assuming individual exterior panels to fail ‘quasi-statically

. at various levels within the precast system. {To simulate = .
' i . . AR N . '

[y

. ! . : s : . . ,
. . the "dynamic force conditions of local failure, an exterior N
4 ' -

panél is assumed to collapse in a shoft duration of 'time.in
- response to a domestic gas explosion. The ﬁon;ineér‘stafic.f‘
: , , ‘
o and dynamic response of the precast system in this damaged state

Al

"+ is evaluated in terms of overall structural response; _the \‘

3

1 and vertical joints, as well as forces in the tieL. .

] / L

N magnitt@ and distribution of forces.and deformations in the|

horizon

?‘ _ In particular, the results assess the validity of the rigid-

I cantilever approximation for the design of transverse aqq veiti- .

cal ties. - R " o : .

© . i ' b
Lw \ ’

A parameter étudy is performed to eQaluate‘the in-
o ¢ .

flunce of joint design parameters, vertical tie reinforcement .

"

"details, as well as loading conditions on +the nonlinear static .

E

_and dynamic response of the precast systemy,
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: NOTATIONS * :

)

'
/ ¢ . , .

'+ force resultant to the compression force

"shear strength of welded headed sﬁud ‘

T . -
. .

- cross~-section area of tie reinforcemegt
L

“

cantilever compression force resultant

. F [ .
effective levéer arm in number of storeys,
representing the distance from tension. YT

;esultant of the tantilever N
axial and\shear force in orthogonal

spring elemernits, respectively

compression and tension force in bar .
elément or orthogonal sprlng elements- ) o
respectlvely %} . ' ’

postensioning force in vertical ties
Noe .

mechanical connectors . .

cantilever height in number of storeys

#*
¢ -
[ 3

= compre551on stiffnesses of- orthogonal .

spring é&lements in horizontal joints .

axial and shear 'stiffnesses of orthbgonal
spr&ng elements, respectlvely . {

compression and tension stiffnesses'of
bar elements ar orthogonal .spring elements)

'respectlvely . s -

[y

maximuni resistance of canEilever
[ 3

displacement degrees of freedom of
orthogonal spring elements

i)

time
panel collapse time

*

duration of idealized preeeure—time curve

2
z
o




xix,

time <of maximum prgssure

»
-

maximum force in transverse ties ) .
for static and dynamid behaviour, %

‘respectively

-

force resultant in transverse ties

= relative axial and shear displacement in

orﬁhogonal spring elements, respectively

relative compression and tension dlsplace-
ment in bar elememts or orthogonal spring
elements, respectively “

elastic and yield displacement.limits in
horizontal joints

design_load consisting of wall and floor
loads, per unit width of wall

dead and live load per unit Wldth of
wall, respectively .

gt

gap opening in fiorizontal joints for
dynamic ‘and static behaviour, respectively

shear slip in horizontal joints for

_dynamic and statid behaviour, respectively

cantilever tip(deflection for dynamic and
static behav1our, respectively

ductility facgor in welded hﬂéded stud -
mechanical connectors for dynamic and static
behaviour, respectively .
coefficient of friction between precast
concrete panels and in-situ -joint grout

«
-
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CHAPTER I
» INTRODUCTION | o

1.1 GENERAL . . R .
SnibRAL . }

v

"\" In large precast panel builaings, the basic structur-
al system resisting -the lateral load is usually constructed
Y of storey-height wall panels, connected along vertical and

horizontal joints and functioning as precast panel shear

.

’

_wa%lsz Due to the nature of ‘layge panel ‘building construc-
tion, the strength and stiffneéss characteristics of the
joiﬁts are different from those 6f the panels. This lack of
continuiﬁy through the joints provides a fundamental '

mechanism for-altering the ‘structural behaviour of precast

\\\shear wall systems, compared to monolithically cast shear

walls.

’ P

The stabi;iéy of a large pahellsystem is further

A
[

questioned when a struétural camponent fails due to an ab-
norma; load, such as a gas explosion, vehicle or aircraft
collision, impact or shock loading, etc. In the event that
the séructurg is unablerto‘redistribute the stFeSSes_away.
from the damagég area, failure may p%opaéate{ resuléing in
the'collapse of the whole structu;é, or a largelpar;'of itﬁ

This phenomenon, in which the -structural damage is dis-

14
3

““““



2

pr0portionaté to the significance of the initiatiﬁg cause,‘
4 ' .

3

is known as "progressive collapse." .

-

Following the Ronan Point accident in London [1],

'in which the partial collapse of a large panel building was

initiated by an intermnal gas explosicn, several studies
v . ) K w
have béen carried out in recent years to assess the liabil-

’

ity of ddarge panel structures to progressive\collapse:

~

1.2 PREVIQUS INVESTIGATIONS

~ . . N ,
. . ¢ »

a-Alex;nder and Hambly [2] 'deveibped a meﬁhbd‘for
the design of wall panels and slabs tq withstand the dynam-
ic loadiné from gaseous explosionsL The major aSSumptigﬁs ’
made in the dynamic analysis of\ipdivid;al walls or slab
e}gments are that reinforced eoncreté.behaves as a‘rigid—

pléstic material, and that plastic Hinges form at pdinté

of maximum moment. Equations of motion were derived based

o

-on the formation of hinge mechanisms. It was shown that a
. ' M \, ~
_ reiatively small amount of reinforcement pre:ides\substan—

tial resistance to explosions.
stafford-Smith and Rahman' [3] have used the finite
. element method to study the sequence of failure in precast
- panel shear walls. Storey-height panels were modelled as

'single elements, and various joint strengths were assumed.

The results suggest that a substantial reserve of strength




’

.

exists beyond the initial tension failure of the precast

walls.

%, - , Ty
,

The Portland Cement Association JKP@A) (41,057 has _

conducted analytical and experimental s

udies on the

. behaviour of large panel structures under abnormal loads.
By considering various panels ineffective.within a precast
wall, structures were tested statically under the simulat—
ed progressive collapse conditions. Analyses were made "
based on a rigid—-cantilever assumption for various damaged
configurations. Design charts aré avaiiable for determin-

ing the forces reéuired in the proposed tie system to

maintain structural integrity.

Muskitvitch and Harris [6],[7] invesﬁigated the

behaviour of large panel structures by means of small scale

models. A 3/32 scale 3-dimensional large panel building

was tested under simulated pr;gressive collapse conditions,
consisting‘of the removal of individual panels at different
locations within the building. The effects of. joint b
.details on the behaviour of the damaged structure were

étudied using the finite element method [8]. ‘The'analyEi—
éal results indicate that the nonlinear behaviour‘and )
proper functioning of cantilever walls are mainly governed

by three factors: the bond slip chargcteristiés of the

.transverse ties, the shear slip behaviour of the horizontal



—_ »

joints, and the degree of vertical support provided for

the cantilever walls. )

Llorente [9] investigated the effect of opening of
horizontal joints on the seismic response of;precast
panel walls wusing a finite element procedure. Elastic
'wall panels Qere modelled as substructures, whereas hori-
zontal joints were modelled.by plane stress'rectangular
elements with nonlifear material behaviour. It was con-
cluded that under seismic loadings the rocking motion may
contribute to a lessening'of ?ofc; levels.

Becker et al [10],[11],{12] presented a series of
investigations examining the seismic resistance of simple
and composite precast walls. A'finite element idealiza-
tion was used for the simg}e precast walls with Eoupling of
shear and normal behaviour in the horizontalujoints. The
seismic response of simple precas£ walls wasf}ouna to be
governed mainly by a rocking phenomenon, and shear slippage
between panels cannot be counted upon for seismic force
isolapi&n. Moreover, the seismic behaviour of composite
)/R;ecast”wallg were studied using the shear medium theory.

The results indicate that if vertical connections can be

designed to exhibit a stable elasto-plastic hysteretic

:behaviour, the walls and horizontal joints can be protected

against seismic forces by deliberately installing weak

vertical joints.

Q¥.

s e —— 73 e e
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’
.

P .Schricker and fowell [13] reported a detailed study

on tﬁ% effect of nonlinear connection géhaviour on the seismic
response of simple precast walls. Wall panels were idealiz-
ed by elastic beam elementsland also by 2-dimensional finite
eleménts. Horizontal joints were modelled by nonlinear

spriﬁé elements with various material behaviour. It was
concluded that the response can be very 'sensitive to the .

assumed strain hardening bgpaviour and joints should be de-

signed to gain strength after yielding begins,

The recent work by Pekau“ [14] examined the structur-
al integrity of precast panel walls for conditions simulat-
ing progressive collapse. The, analyses were performed by a
finité element substructuring procedure for static and%‘
seismic loadings assuming elastic qaterial behaviour. The
results inﬁicate that the distributiong of shear and axial
force in “the vertical and horizontal joints are different
from those of the rigid-cantilever mechanism of Reference

a

(51.

' ' B

.

1.3 SCOPE OF PRESENT STUDY

¢

[The PCA [5] recommends a tie reinforcement.system
.for.structural inteérity of precast panel walls. The
\analyses were made based on a rigid-cantilever model for the
critical condition where an exterior panel in a precast

, /
wall becomes ineffective, - which requires that the nonlinear



i
. 3 . - - s ‘ g
behaviour such as shear slip and opening in the joints are
insignificant.” Hence this analytical model may not be

adéquate to predict the behaviour of the damaged structure.

In related studies, the more refined finite eiement

procedure used by Pekau [14] has shown that the flexibil--

ity introduced by the joints can lead to critical force -
requirements if the structure which_are not ‘predicted by

b

the rigid-cantilever approach.

3

The foreéoing studies related to progressive collapse
have been confined to evaluations of the behaviour of the

damaged structure with elastic joint characteristics, there-

fore limiting the practical applicability of the results.

Furthermore, the investigations were carried out under static

conditions, i.e., the local panel failure was assumed to

.
gl

' take place in a quasi-static manner.‘\The only study on the
5§hamic behaviour of precast systems under local failure
conditions appears to be that of Réference'.tzj, which is
restgicted to the response of individual pénels or slabs. -
Co}resbonding studies on the overéll dynamic behaviour of X
precast systéms have not been reﬁorted po-daté. The ques-
‘tioﬁ arises as to whether thé resistance of a precast struc-

ture is the same if the abnormal loading is a dynamic one,

such as a gas explosion.




*

- It is the purpose of the present study to examine

the static and dynamic behaviocur of precast panel walls

under simulated progressive collapse conditions. A finite

} '

-

element procedﬁre is employed to examine the nonlinear :
béhaviour of'a'large precast panel building of the cross ‘
wall type. IndiQidual wall panels are represented by multi-
level substructures consisting of plane stress finife éie—

ments with linear elastic behaviour, whereas horizontal and

‘vertical joints are modelled by orthogonal spring elements

©

with nonlinear constitutive relationships. ' Transverse and

e

" vertical ties required for structural integrity are modelled

as linear elastic uniaxial sSpring elements.

The investigation reported herein is organized in
the following manner:

’ o

The modelling concept used for large panel structﬁres
is discussed in Chapter II. Here, the finite element sub-
structuring procedure used for the elastic wall péngls is
presented. The constitutive models used for the horizontal
and vertical joints, as well as the transverse and‘vertipal
ties are described in detail. Furthermore, the dimensions

and properties of the prototype structure are presented in

‘ -

a

this Chapter.

'
1

The 'nonlinear static behaviour of a l2-storey proto-

type structure is presented in Chapter III. Also, the elastic



e

°
tr

’

behaviour as’well as the rigid-cantileverm approach of
(5]

tie reinforcement details-and joint parameters on expected

>

‘performance of a'6-storey precast panel wall is presented

Reference are examined. The influence of various

in detaiii g
In Chapter IV, the nonlinear dinaﬁic behaviour of
a 64§tqrey prototype ;tructﬁre is qxaﬁined. The modellind
procedure apé dynamic fdrce conditions of local\ﬁanel fail-
‘ure associated with a typical domestic gas explosion is
hdéscribed. Aléo, the effects of various joint propertiésA

and dYnamic‘réspoh%f parameters on a precast wall are dis-

.cussed in detailt *®
' : ’

.

=

, , ‘ Finally, general conclusions and proposed design --

* - .recommendations are listed in Chapter V. - .

[N
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CHAPTER II

IDEALIZATION OF LARGE PRECAST PANEL WALLS

2.1 INTRODUCTION

Joints in large panel bgildings afe recognized as
the weak eiements; hehce, it is reasonable to assume thag
nonlinear behaviour occurs only 'in the joints. Precast
panel walls have been modelled as linear elastic 2-dimen-
sional finite elgments by many authors for static and
seismic analysis [94,[10],[13],[14. Two common dpproaches
ha&e been used for modelling the nonlinear behaviour of the

joints, either by orthogonal spring elements [13], or by

contact (or interface) elements [8],[9],[10].

Becker et al [10] modelled the horizontal joints
as rectangular finite elements usiﬂg elasto~plastic shear
behaviour with strength dependent upon the normal compressive
stress. The joint opening zas modelled by assigning Zero

strength and stiffness in tension.

-

Mueller and Becker [12] have used an elasto-plastic
model with stiffness degradation for vertical mechanical
joinés. Schricker and Powell [13] have developed Eeveral
joint elements to .model interface shear transfer, jqint
- opening and crushing behaviour of the joints for seismic

analysis.




R

. Each precast panel is modelled as a substructure compris-

PR

For the present investigation, a precast panel wall

~

is modelled aé an assembly of linear elastic panel ele-

ments connected by discrete inelastic joint elements.

ing of four—node‘piane stress recténgular finite elements’

)

with linear elastic b&haviour. A horizontal or vertical
/’

joint 'is modelled by one or more orthogonal spring ele-

-5

ments with nonlinear constitutive relations chosen to
model the actual material.behaviour. The analysis was per-
formed. using the general purpose program’ ANSR-I [27],
with panel and joint elemeﬁts’attéched as subroutines in

earlier investigations [20],[21],[22]. Furthermore, the

transverse and vertical ties required for structural inte-

grity are modelled as uniaxial spring elements with elastic

L
>

behaviour. Do,
- v

2.2 SUBSTRUCTURING OF LARGE PRECAST.PANELS

For more refined modelling of precast panel shear

.

‘walls connected by discrete joint elements, it is efficient

o

to represent each linear elastic panel element as a sub-

4

structure. The basis for panel ,substructuring gescr;bed

in detail in References : f20],[21], consists of the systema-

o

tic condénsation of internal nodes as well as nodes not

[N

incident to the joints, in each individual panel. The J
overall system is then composed of an assembly of panel

substructures which are represented in the subsequent ' o

- L
»

o

. ‘ : - k ™ o
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analysis by‘onlf the joint nodes. ro -

L
The present investigation, employed the versatile
T .. i L
panel element substructure described by Pekau‘and - ,
. J

Huttelmaier .[20]. The Qrowth scheme applied in the ’

development of a panel substructure follows/the meltllevel

i

substructurlng technlque developed by H#ttelmaier [21] \

.

" based on a serles oﬁ statlc condensatlon (see Flgure‘ﬁ ).

A

The stepw15eformatlon of panel substructures is based on
a single progregslon scheme composed of three stages: .

Stage 1 .- eng elements, as well as first and second level

elements, are created with optlonal boundary node elimina-

" tion in both end elements, as well as the 1evel 2 elements;

Staqe\j - elemegts created ib Stage 1, are assembled into

level with optipnal .node elimination; Stage: 3 - by.

] . ) -

symmetry, leyel 4 elements are created, agaln w1th optlonal

(3

boundary elimination.

A

4

Plane stress four-node rectapgular elements are
/ B’ S~
employed to model the precast panel walls. There ‘are two

L

degrees of freegﬁm at each retained boundaty node 1nc1dent
‘to the joints. A lumped mass representation [21], derlved,

by the use of a consistent lumping procedure and eipressed

L3

by'the retained degrees of freedom,’is ‘used to represent
b} ‘.
panel masses. The additional floor masses are inserted
. . ’ . . , N s

separately at each floor level. . oy O

By

PR TV
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2.3 MODELLING OF :IOIN;S IN LARGE PRECAST
PANEL BUILDINGS —

~

w
W

. : ' -

.Finite element models of horizontal angd vertical

o

. joints’were developed and attaéhgd to ANSR-I [27] by -
Pekau and Wulf [22]. These were employed in this study -

> after minor modifi®ation. A summary of the constitutive v

material relationships is provided below.

13

The joints are.modelled by nonlinear-orthogonal

spring elements placed parallel and normal to the joinE

<

sg;faces. ﬁ sériéé of such spring q}emgnts is used_to .
medel a continuous joint of the "wet" ' type. In the
. case ofja'ﬁechanical connectdr, a sin&le element is employed.
to modéi Ehe joint behaviour. Each spring element consists
‘"of a shear and axial spring, representing the shear and axial

behaviour of the joint, respectively. The incremental

4

behaviour of the element is governed-By the tanqen@ stiff-

»

nesses in the directions tangent and normal to the joint

surfaces. c e » '

i

A 2-node spring element has four degrees of freedom ,

»

and zero dimensions ip space, as shown in Figure 2.2. If

ug ahd u )\ are the shear and .axial deformation of the ele-

menty hence,.ﬁhs relationship between the element deforma-
A¢ I's -

. o~ , Y b . . ,
tions, u, and nSQ?l displacements, r, is then given by !

. - .
e . \ . .
¥ .
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Fipo
‘ u . -l 0 1 0 r,
. u 0 -1 0 1j « ry
»
1 Ts
' ’ R
or in matrix form, ‘ , -
. ua=.4ar 4

- - .
where ' K

0 @

-

o transformation matrix.

. »»
The fofce-deformation relationship for the element is

f M

|

i
I~
f=

is the element force vector, and

)

’|h;|

k is the element .force-deformation matrix.

v -~

-_Hence, the element stiffness matrix K. related to the

.displacements, r, may be expre§§ed as °

.

A is the element deformation-nodal dispiacement-

nodal
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or,

In the remainder of this Chapter, the constitutive

joints, as well as the %kransverse and vertical ties

described.

2.3.1 Constitutive Model for Horizontal Joint

Karsan and Jirsg [2%] conducted tests on the cyclic

-

e

-

o

14

.material relationships used for the vertical and horizontal

are

ﬁpéhaviour of concrete under uniaxial compressive load.’

The results indicate-that concrete deteriorates under load

level beyond the Maximum stress with further degradation

of stresses under cyclic load.

Test results by Mattock

on interface shear transfer of concrete with little or no

(17],018]

and others

reinforcement suggested that behaviour in 'shear is pre-

dominantly governed by frictidn. The hysteretic shear-slip

constént bearing force is essentially elasto-plastic.

_ behaviour of such joints under cyclic load tests with

C L8

[16]

-
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To model the widely used "plétform“‘ type horizont;l
"joihts, a trilinear ¢onstitutive model is adopted for the
compressive behaviour of the axial spring, with tensileL
stiffness reduced to zero during joint opening, as shown

in Figure.2.3.

g The compressive unloading or reloading is assumed

to follow the initial stiffness, k It should be noted

1°
that the compressive stiffness after crushing, k3, is
negative, which may cause computational problems. Therefore,
to facilitate the numerical solution of the present analysis,

a zero stiffness is used instead of a negative one. ’

, When a seriés of gpring elements is used to model a
continuous horizontal joint, opening and closing along the
joint will take place progressively. However, when only a
few spring elements are used, opening and cl?sing of the
joint can cause drastic changes in stiffness behaviour,
resulting in large unbalanced forces-during the analysis.
These large unbalanced forces may again lead to certgin
numerical instabilities. It is therefore essential to

.employ a sufficient number of spring elements when modelling

a "wet" type horizontal joint.

An elasto-plastic constitutive model is used for the
shear friction behaviour of the shear spring in the hori-

zontal joint shown in Figure 2.4. Shear strength at any

e e i Abnt i st 1 ,‘
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instént is equal to th%'normal.compressive force, F;;
multiplied by the coefficient of friction, Heo i.é;; uch.
Shear slip occurs when the shear force, FS, is greater than
or equal to the shear strength, “ch‘ "Inelastic unload-
ing 1is a§sumed to follow. the initia%~stiff£ess, ks.

»

The coupling of axial-shear behaviour in the hori-
zontal joint modél allows the shear strength to vary wiéh
thé bearing force; this produces a rélatiyely complex
shear—-slip behaviour as shown in Figure 2.5. The plastic
slip, as indicated in Figure 2.5,‘représents a measure of

the energy dissipated by the inelastic shear-slip mechanism.

1

" 2.3.2 Constitutive Model for Vertical Joint

The vertical joint element allows modelling of
mechanical connectors commonly used in North America. This
N
joint model can also be used to approximate the behaviour of

"wet" vertical joints.

Experimental tests [193,028],[33] on welded headed
stud mechanical conneétdrs subjected to monotonié& loadings
i&%;cate that the shear slip behaviour is essentially
elasto-plastic exhibiting excellent ductility prior to
‘failure, as shown in Fig. 2.6. It was shown that the shear
strength is approximately proportional to the cross-sectional
area of the studs [28],033], with values ranging from 24 kN

to 289 kN per connector (for two headed "stud anchors of



sizes ranging from 6.4 x 68.3 mm to 22.2 x 207.9 mm embedd-

ed in normal weight concrete).

An empirical formula fa} the sheér-slip relationship

of monotonically loaded connectors was suggested as [33j:

-18 u 2/5
F .= F_  (l-e )
S su
where
Fs is the shear force,
Fsu is the ultimate shear s$rength of the

connector, and

u is the slip in inches.

For a slip equal to 0.5 in. (12.7 mm), the equation yields

approximately 100% of the ultimate strength!

The constitutive model used fo: the shear behaviour

of the mechanical connector’'is shown in Figure 2.7. In-~
elastic unloading or reloaéing of the elasto-plastic model
is assumed to follow the initial elastic stiffness ks

The parameter Fy indicated in Figure 2.7, denotes the

shear\strength of the connector.

An earlier study by Pekau [24] showed that the
across-the-joint axial stiffness is of much less importance

to the integrity of the panel system. It‘was suggested

that the provision of a minimum axial stiffness (ka x 14.6 x

2

10° kN/m) will guarantee integrity of the precast system in
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the direction across the vertical joint.

L 8

The linear elastic constitutive model assumed for the
< -
axial behaviour of the axial spring is shown in Figure 2.8.

For modelling of the welded headed stud connectors, the

stiffness in tension and compression, k and kc,—respect-

t
ively, are expected to be of the same order. However, when

4

the joint model is used to represent a "wet" vyertical joint,
reduction in stiffness due to shrinkage and creep of the

joint mortar can result in. L being substantially less than

4

k.

C

2.4 MODELLING OF.TIES IN LARGE PRECAST
PANEL WALLS | i

™

When an exterior wall panel of a particular storey

Efaiis in a multipanel wall assembly, the PCA [5] recommends

"I the provision of transverse and vertical ties to ensure the

ﬁonolifhic behavipurfof~the—eantilever mechanism. Transverse
ties lie horizontally in the plane of the wall panels and
pass through the horizontal joints,whereas vertical ties are
placed within the wall pénels vertically througﬁ tubular

voids.

2.4.1 Constitutive Model for Transverse Tie

)
An effective cantilever mechanism requires high . tensile

forces to be developed in the transverse ties. These high

*

L
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tensile forces induced in the ties in turn must be trans-
ferred to the surrounding joint concrete through bond stresses,
such that the capacity of the ties can be fully utilized.
Experimental tests {5] indicate maximum debonding of the
transverse ties is in the range of 60 to 120 times that of

the tie'diameter.

-

The transverse-ties are modelled by uniaxial spring
elements., The linéar elastic constitutive model for the -
spring element, shown in g&gure 2.9, is selected to describe
the behaviour of high strength unstressed prestressing
strands. The equivalent tensile stiffnéss of the sprirng-
element, kt’ is dictated by the maximum debonding length of
'the strand. It is clear that the choice of a smaller de-

bonding length will result in a higher'tensile stiffnesse.

2.4.2 Constitutive Model for Vertical Tie

In the development of the cantilever mechanism [5],

vertical ties are provided between consecutive lifts of wall

panels to assure clamping and dowel action within the horizon- "’

tal joints. 1In addition, these ties also provide a suspen-
sion mechanism to resist tensile forces incurred in the
horizontal joints. High strength steel bars are suggesfed [5]
for use as vertical ties. To provide‘additional vertical
continuity in the wall assembly, postensioning can be intro-

duced in the high strength steel bars, - —
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The constitutive model employed for theytransvgrse
ties ig also used to represent vertical ties. When post-
ténsionéd vertical ties are used in design, the post- .
ténsioﬁing\force, Fp’ can be easily introduced as an initial
force in the spring element, as shown in Figure 2.10. The,
-equivalent tensi;e stiffﬁess, kt’ of the element is now

based on the actual development length rather than the

debonding length.

2.5 PROTQTYPE STRUCTURE

The st¥ucture selected for study consists of the
12—storey‘tross wall system Ehown in Figure 2.1ll. ‘Each solid °
precast wall panel is 2.97 x 3.67 m‘aqd\ioo mm thick. The
yall panels are constructed from normal weight concrete
(23.6 kN/m3), Young's modulus, Poisson's ratio and mass density
\are,lrespectively§ E=2.76 x 10° MPa; v = 0.17; and

3

p = 2,40 x 10 kg/m3. 200 mm precast hollow core slabs

are used for the floor and roof slabs with a dead weight of

’

2.63 x 10° MPa. : oo
\

Allowance for loads due to p;ecast wall panels,
partitions, mechénica; equipment and héllow core slabs leadg
to an equivalent distributed deads load of 43 kN/m at floor
levels. L%Qe load is specified as 1.92 kﬁ/mz, correspond-
%ng to an equivalent distributed live load of 16 kN/m. The

equivalent lumped masses assigned to the individual walls at
: X ,
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3

each floor level is 57.24 x 10~ kg at each floor level.

'?he‘effect of wind load is not consider&d in the
pfesen? investiggtion; therefore, according to the design
recomméndations of the PCA [5], the strength, U, required
to resist dead load, D, and live load, L, should be at least

-

equal to the following:

U =D + 0.5L

Accordingly, the resulting wall and floor loading to be used
in the analysis is determined as 51 kN/m at each level per
unit width of the wall. Details of the loading and lumped

mass calculations are given in Appendices A.l1 - A.3.

Since a precast hollow core slab system pfovides
questionable coupling action, each of the cross wall is .
assumed to perform as a multipanel precast wall, as shown
in Figure 2.11(b). The dimensions and properties of the
prototype wall are shmmarized in Table 2.l.x The -"Platform"

yge continuous joints are used for the horizontal joints.

See Figure 2.11(c)).. The vertical joipt bétween wall panels
employs welded headed stud connectors witﬂ two connectors
per panel. (See(Figuré“Z:li(d)). Transverse ties are
provided at the‘floor levels and passing through the horizontal

' joints. \
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‘The analytical modél adopted in the present study
is shown in Figure 2.12. Each wall is modelled as a finite
element substructure comprising of 4-~node plane stress
rectaggulaf elements. The "platform" type horizontal
joint is modelled by three orthogonal spring elements,
whereas a single orthogonal spfing element is used to repre-

sent a welded headed stud vertical connector. At floor

.levels, the equivalent stiffnesses of the uniaxial spring

elemeﬁts which represent the transverse ties are‘lumped at
the panel corners. This arrangement allows the transverse
tie stiffness préperties to be repreéented by the axial
spring of the vertical joint elements at floor levels.

2.5.1 Material Properties of Horizontal
and Vertical Joints

v

Each horizontal ﬁoint is médelled by three joint .

glements presented in Section 2.4.1. The total stiffness of

. the entire joint is divided among the three joint elements

in proportion to their tributary areas. Five parameters
are needed to describe the compressive behaviour of the model: -~

the initial elastic stiffness, k the corresponding elastic

l;
deformation limit, ug i the yielding stiffness, kz; the
corresponding yield limit, gy; and the crushing stiffness,

k3. Tensile stiffness is specified as zero to represent the

joint opéning.
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Based on'a joint grout strength of 29 x 10° MPa,

the above parameters are detemmined by an empirical equa-

tion suggested by Desayi and Krishnan [26] whfchidescribe;
the stress-strain behaviour of concrete in compression.
Shear\stifggess of the horizontal ipint, ks, is selected
.based on experimental results by Verbic and Terzic [16],

assuming a constant coefficient of friction, = 0.4.

HE

fach,headed stud mechanical co;nector is m%delled
by the ‘vertical joint element described in S?ctiéﬁ 2.4.2.
The value of the tensile stiffness parameterl kt of the
element, representing the tr;nsversé ties, will be discussed
‘in the following sectioq. The value of the éompressive
stiffness parameter kc is calculated based on the axial
stiffngsses of the head‘stud§ (2-12.7 mm diameter studs
per connector) used in the mechanicgl coﬂnectors. The shear
strength Fy and shear stiffness ,ks of the headed stud
connectors are adopted from design data aﬁa’experiméntal

results of References [19],[28],[33]. Table 2.2 Summarizes

the values of various joint paraméters for both 'the horizont-

\\//

al and: vertical joints. : \ >

2.5.2 Material Properties of Transverse ’
and Vertilcal Ties

The design of transverse and vertical tiet is based on
the design charts provided by the Portland Cement Associa-

tion ([5]. Details of the design procedure are presented in

e & s s s

. s A o en o
.
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. . /
R . . //
Appendices "A.4 and A.5. 12.7 mm-unstrgssed prestressing-’
strands are used -as transverse ties at flloor levels with a
. L/

design strength of 142.0 kN per tie.':TQe equivalent~tensile

N \\
stiffness, k is calculated based on egdebonding length

@

tl
of 60 times that of the strand diameter.

High strength stéél bars of 17.5 mm diameter with

a design strengtﬁ of 17%9.2 kN are used as vertical ties with
two bars per’panel. The bars are placed within consecutive
lifts of panels vertically through tubular voids, located
near the ends of panels, as shown in Figure 2.11(b). Tg
facilitate the construction,_the bars are\anchored at floor
levels b¥ means of threadea couplers, as ghown in Figure }
2.11(c), Detail A. In the eveﬁt of a local panel failurs,

this design detail allows the ties to remain effective

above and below the,damaged panel.

Each vertical tie is modelled by the uniaxial spring
element desqribed in Section 2.4.2, connecting the upper-
most panel to the foundation, or to the inchorage above the

p

ineffective'panel in the case of a local failure. Tt should

be noted that the dowel effect of the bars is not considered
in the presernt analysis. The value of the tensile stiffness
of ungrouted £ies’is cgalculated based on the le#gth of the
bars. Details of the calculation of s£iffnessss‘for trans-
véfse and vertical ties are presented in Appendjces A.4 and

“A.5, whereas the values of the tie stiffnesses are summarized

o

N

in Table 2.2.
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TAQ_EE_;JJ. DIMENSIONS AND PROPERTIES FOR PROTOTYPE
: WALD ( . .
DIM.ENéION/PROPERTIES . VALUE
'Overall helghﬁ\ inm - 12§storeys 35.64
- 6 ‘storeys - 17.82
overall w_j,,déh, in m 11.0
Thickness of panels, t, in m ) ~ 0.20 ,
« . _®
Height of panels, h, inm ‘ 2.97
width of,panéis, b, inm i 3.67»
Propetrties. of panels, . .
- Young's Modulus, E, .in MPa 2.76 x 107
- Poisson' s~rat10, V) 0.17 :
- -Contrete compressive strength - -
fc', in MPa 34.0
* = Unit welght of concrete),
in kN/m3 23.60 3
- Mass denslty,p, in kg/m 2.4 x 10
Equlvalent unifoym dead load per unit
w1dth of wall Wé in kN/m 43.0
Equivalent unlfdrm live lcad per unit
width of wall, WZ’ in kN/m 16.0
Design load level, W= Wd4-0 SWQ, .in kN/m 51.0
. - \
Eq¥gvalent lumped mass at\éach floor 3 ,
level, m, in kg \ 57.24 x 10 ‘
f . IS
7 % - N
. ‘s ‘ -
P b
- .
L ’ '
» K .
' L3




cal joint element.
++ Stiffness per tie. ,
+++ Design strength per tie.

" 26 .
2 b » '
TABLE 2 2 VALUES OF JOINTS AND TIES ' oo
Lo oo STIFFNESS PARAMETERS FOR PROTOTYPE WALL
< 7 JOINT/TIE ' VALUE OF PARAMETER
Horizontal joint,*
- Axial k; 60.66 x 10° xn/m
K, 14%52 x 10° kn/m
2 Tk, | « 1,00 x 1072 kN/m
" k, © ©~1.00 x 107° kN/m
- ug 2.94 x 1074 m
-4
. x 10
o qy | ? 38 m'
. - Shear‘ Es \d R ‘mx%?l.GB x 1070 kN/T
e, ]
Uf ' " 0"**'4 .
. L‘, -
Verticdl ﬁoint,** ‘ ‘
T - axial kg , 22.4 x 10% xn/m
k, 12.0 x 10° kN/m
- Shear k_ ' PR 10% x/m
-F _ 104.0 N
. Y ' : k
. Transverse tie,+ .
lkt o 2400 % 1073 xN/m
Fp o ‘
F s . 142.0" kN ?
Y .
Vertical tie,T+ '
"k, - 12 storeys 13.47 x 105 kN/m
Crt 6 storeys - 26,94 x 10° kN/m
oo Fe o - ' 224.0 kN -
- L . ' .
* Total stlffness for 3 spring elements per panel S
** gtiffness per mechanical connector.
+ Stiffness per tie, lumped at the axial spring of verti-
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FIG. 2.3 CONSTITUTIVE MODEL FGR AXIAL BEHAVIOUR
- HORIZONTAL JOINT
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FIG. 2.4 CONSTITUTIVE MODEL FOR SHEAR
- HORIZONTAL JOINT

BEHAVIOUR
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FIG. 2.5 SHEAR SﬁIP BEHAVIOUR OF SHEAR SPRING
ELEMENT :‘HORIZONTAL JOINT [22]
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FIG. 2.6 TYPICAL SHEAR-SLIP BEHAVIOUR OF HEADED
STUD CONNECTORS [ 33]

SHEAR LOAD PER CONNECTOR
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FIG. 2.9 CONSTITUTIVE MODEL FOR TRANSVERSE TIE
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charts are provided to evaluate the required capacity of the
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CHAPTER III

STATIC BEHAVIOUR

3.1 INTRODUCTION

S

Large precast panel buildings are more susceptible to
progressive collapse than traaitional monolithic concrete
struétu;es. This is due.primarily to the lack of continuity
and ductility through the joint regions. The need for
continuity in é precasSt panel building system is demonstrat-
ed by the case history of the partial collapse at Ronan

w, ] :
Point [1]. Progressive collapse is a complex phenomenon,

.and preventive mechanisms are not explicitly included in curr-

ent codes of practice. (/

Ay

The general structural integrity approach presented
by the Portland Cement Association (PCA) .[4] recommends a
structural tie system to resist abnormal loads. Design

ties in a precast 'wall based on a cantilever mechanism.

- However, in order to effectively develop the cantilever mechan-

ism, the nonlinear behaviour .such as shear slip and ppeﬁing

" in the joints are assumed'insignificant,'so that the canti-

lever portion of the panel wall behaves in a rigid manner.

Hence, this analytical model may not be adequate to predict

v

the behaviour of the damaged structure. .
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The more ;efihed finite elemen; study of the same
'problem by Pekau [14] indicates that excessive’shear force
concgntration occurs in the lower vertical connectors, which
is not predicted by the rigid-cantilever mechanism. Also,
the distributions of shear and axial force aloﬁg the vertical
joint were found to be different from.those of the rigid-
cantilever ana{xsis. The high shear force concentration in
the vertical éonnection.ghows that joints must be designed
with adequate st;ength and ductility. In the case that
connections cannot develop sufficient strength to -sustain the
excessivé shear force, the post-yielded joints require a re-
distribution'of the dinternal forces in. the structure. '
Furthermore, sincé joint openings were not allowed in the,'

analytical model, the results may not be applicable in some

cases.

The recent work by Muskitvitch and Harris [7],[8]
examined the behaviour of large panel structures under simu-
lated progressive coilapse conditions. A 3/32 scale
6-storey building was tested with panels missing at different
locations to model conditions of local failﬁre. Analyticalf
studies were also carried out on isolated cantilever walls
to parallel the tests. Precaét panels and horizontal joints
wére represented by plane sﬁress finite elements with non-
linear behavioury whereas elasto-plastic bar and slip

elements were used to model ties and the shear behaviour of

[ b =
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joint regions, respectively. It was concluded that the
nonlinear behaviour and proper ‘functioning of cantilever
walls are mainly governed by three factors: the bond slip
characteristic of the transverse ties, the shear slip behav-

iour of the horizontal joints, and the degree of vertical
- ) \

support provided for the cantilever walls.

.The purpose of this Chapter is to investigate the
static behaviour of precast panel walls (see Figure 2.11)

under simulated progressive collapse conditions. A finite

element procedure 'is used to model the linear elastic panels

.as substructures comprising plane stress rectangular elements,

connected by nonlinear orthogonal spring elements to model the i

~joint behaviour, and elastic spring elements to model the

ties. Material properties of the joints and ties are chosen

]

to approximate their behaviour in practice. Progressive

_collapse conditions are simulated by assuming that an exterior

‘panel fails quasi-statically at various levels within the

LN

precast wall., Thus, the damaged structure is subjected to

the imposed locading only in a static manner.

Consider the l2-storey prototype wall described
. B o
earlier (Figure -2.12). The multipanel wall must be designed

to resist the stresses induced by all predominant modes of

pénel failures. Results from other studies ™ 7],[14] indicate

that the most critical damaged configuration for a multi-

panel wall occurs when an exterior panel fails; this requires

M
’
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the systemlabove to behave as a cantilever. The potential
cantilever height in a damaged '12-storey wall may vary from
one to eleven panels in depth. Figure 3.1 shows a typical
damaged configuration of the'prototype wall. The dimensions
and properties of the prototype structure, as well as the

loading condition are summarized in Tables 2.1 and 2% 2.
4

The present investigétion was performed uging the
general pufpose finite element program ANSR-I [27] for
the analysis of nonlinear structures. Auxiliary subroutines
for panel and joint element were addea to the program [22]'
for the analysis of large panel structures. The solution
scheme for the nonlinear static analysis of structures uses
a Newton-Raphson iteration procedure. -In the iterative solu-
tion procedure the load is appiied in small steps and the
structure is aésumed £o respond linearly wiﬁhin each step
with.ﬁewtoﬁ~Raphson iteration. The structure tangent stiff-
ness matrix is reformed and stresses are updated at the end

of each iteration, based on the strain ;ncrement computed

for that iteration.

v

3.2 STATIC BEHAVIOUR OF A 12-STOREY
PROTOTYPE WALL

To investigate the behaviour of precdst panel walls
under progressive collapse conditions,'analyses were conduct-

ed on the l2-storey prototype wall for cantilever heights

of one to eleven panels in depth, assuming nonlinear behaviour
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}n their connections. For comparison, analyses were also
performed assuming the material properties ' of the joints

to behave %dnearly elastic. However, to provide a

meaningful comparison, joinﬁ open}ng and shear slip are
allowed in the horizontal joints of thé elastic analysis.

The results are then compared)to the rigid-cantilever approach
to assess the validity of the design model proposed by the

PcA [5]. ‘ , e

“*

The design features which have been studied for the

___ prototype structure under damaged configurations are as

follows: ' ' : -

1) Axial force distribution in vertical joints;
2) Compressive stress block;

3) Shear force distribution in vertical joints:

4) Ductility demand in vertical mechanical connectdrs;

and . - . ’

5) Coupled axial - shear behaviour in horizontal joints.
. . S

3.2.1 Axial éorce Distribution in
Vertical Joints

The distribution of axial force at floor lev%ls along
the vertical joints for cantilever height, H, of 1,3,5,7,9 and
11 storeys are shown in Figure 3.2. For cantilevers deeper

than one storey, the force distributiqn pattern is character-
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iz7é by a relatively high tensile force ‘at the uppermost -

klevel, then follpwed by an increase of ‘tensile force to a

maximum at the eleventh level. The tensile force then

starts to decrease progressively at successively lower levels

to zero, after which the force changes to compression and
increases rapidly to a maximum value at the base of the

lowest panel.

in response to the failure of an exterior panel and
subsequent loss of support for the wall panels above that
level, the damaged structure is required to redistribute

the loading from the cantilever to the remaining portioné of

- the structure. Two predominant modes of behaviour are

therefore anticipated by the cantilever assembly:

»

1) Bending action accompanied by an in-plane.

outward rotation of the panels; and

2) Shear action combined”with a downward displace-

ment along the vertical joint providing suppert.

The force distributions shown in Figure 3.2 are mainly in-
fluenced by the first mode. The overturning moment induced
by the loading on the cantilever, is resisted by the tensile
forces developed ip the transverse-ties acting in combina-

tion with the compressive forces distributed over the lower

quarter of the cantilever assembly (see Figure 3.2) forming

an internal resisting couple. For overall equilibrium of the
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—
[/ :

cantilever assembly the resultant of the transverse tie forces,

TR’ must be equal to that of the resultant compressive force,

C,-
R

-

Table 3.1 presents the resultant forces for cantilevers
of various depths. The effective lever arm, d, represents
the distance between the rgsultant force couple expressed in
terms of the number of stoleys. With the exception.qf one
storey cantilever, the data show that.as the depth of the
cantileyg;,increases'the resultant fofEe is approximately
constant for all cantilever heights (within 5%). This suggests
that as the overturning moment incfeases in-'direct prqportion
to the cantilever depth, the internal’resisting moment also
iﬂcreases, but only by extending the effective_leverﬂarm.
This provides a larger resisting couple with the resultant
force essentially constant (see Table 3.1). In practice, th;sj
behaviour is desirable since the force requirement is not |
influgnced by the cantilever depth. Furthermore, the ratio
between the effective lever arm, d, and the caﬁtilever height,
H, is appréximately the same at d/H = 0.80 for all canti-

, A

lever’heights shown in Table 3.1. ;t can also be observed
from Figure 3.2 that the tensile fo}ce region 4is limited
within the upper poftions of the cantilevers (approximately‘
6 storeys), .with relatively small correspoﬁding compressive
force regions. For design purposes, the results suggest that

the principal transverse tie reinforcement should be placed
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within the top six floor levels, regardless of the cantilever

height.

In the developmeﬁt of the rigid-cantilever actiﬁn,
Burnett and Howson [15] also observed that the transverse I
tie force decreases rapidly from the tggrof the building.

As a result,» an alternate t%e design method was suggested

which involves only the placement of transverse floor ties

at the upper four levels of interior walls.

o

For comparison, further investigatidns were perfdrmed>
for, (1) elastic behaviour based on the assumption that
all joints and ties behave elastically but allowing slip and
opening to occur in the horizonﬁal joints, and (2). the
rigid-cantilever analysis of Reference [5]. Figures 3.3
and 3.4 present the axial force distributions in the vertical
joint for cantilever assemblies of 5 and 1l .storeys, respect-
ivelf. l

For a cantilever of one storey, the forage dispributibn
is identical to that of-the corresponding inéiéétic analysis. .
However, for cantilevers de%per than one panel, the force

distribufion fol%ows the 'stress pattern typi9§lly found in
isotropic homogenéous deep beams before‘cracking: qu,canti—
lever depth of 5 storgyé, the maximum tensile force occurs
atjthe eleventh level,‘és was the case for inelastic analysis;

e -
the force then dﬁﬁreases gradually to zero followed by a large

/ ~
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constant for the inelastic case (Figure 3.5). The results
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)

compressive force at the hase of-the cantilever (see Figure

L3
~

3.3). However, as the cantilever depth increases to ' ”

o
.
[

11 storeys, there is a more pronounced deviation of the force
pattern from that of the inelastic analysis (see Figure 3.4).

The maximum tensile force .in this case is seen to occur at a

. . . L ,
lower floor level. The rigid-cantilever mechanism assunies
L) N

)

‘that the opening of the vertical‘joint is linearly related

to th; distance from the base of the cantilever; therefore,
the force distribution follows a linear-pattern with the
maximum tensilé force at the uppermost levei (see F{Qures
is

3.3 and 3.4). The resultant compressive force, CR'

iifumed to act at the base of the, cantilever throug@\i\fiij}e

point. , : -
..f' ) ‘ . r\/ .
Figures 3.5 and 3.6 show the resultapt transverse tie

e

force and the effective lever arm for varying ‘cantilever °

depths. For a cantilever of one storey, all analyses indi-

v

cate identical resultant force. However, as theé cantilever
depth increases, the elastic analysis indicates considerablé , = | g

5 4, i} ; ‘
increase in resultant force, whereas the force is approximately
A

from the rigid-cantilever analysis also.show constant force
and a gradual increase in lever arm (Figure 3.6) for'dgeper

caﬁtiﬁgyers. The effective lever arm obtained;iskcomparable )

<

for all analyses for cantilevers up to 3 stqreyé in height,

-

after which the inelastic analysis shows an approximately P -
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linear increase for deeper cantilevers (Figure 3.6). The

elastic analysis,howevgk, indicates steadily increasing force w

clearly due to the faet that the bendiné capacity of the

0
)

tantilever is increadsed by‘developizg higher’ transverse tie
N = . }

forces ‘rather than incréasing theé ‘e
- 3

the case of the rigid-cantilever analysis, the lever arm also

‘fective lever arm. In

-~

shows ah &pproximately linear increasing patterv for- effective

' lever arm. Thi§ is mainly due to the fact that a constant

triangular force pattern is assumed for the analysis with

“~ v

- the resultant compressive force acting at a single point,
L]

instead of over a finite region.

As was noted earlier, a preghst panel wall must be

.

desighed to resist the stresses induced by all potential

cantilever heights, i.e., the cantilever height may vary

‘from one to eleven storeys in depth. Hence, the maximum

transverse tie force for any level must be determined by

examining all cases for optimum design. Throughout the text,

»
the term "e%velope” will refer to the distribution of maxi-
mum force or deformation over the height of the structure,
induced by all possible cantilever heights. Figure 3.7 shows

the envelopes of the maximum transverse tie force for the
B A 4

Tt

l2-storey prototype wall. The more refined inelastft analy-

,.Sis produces a force envelope which decreases rapidly from

the top level,. The force envelope generated by the edastic

analysis shows a similar pattern for the top three levels

) »

e




«

53

ané.then increases considerablf to a maximum’(but sﬁaller
than the force at top level) at the fourth floor level,
followed by a substantial reduction toward the base. On the
other hand, the rigid-cantilever analysis indicates’ that the
tie force vequirement reduces progressively with distance
from Fhe tqp of the structure. Based on the capacity qﬁ a
;9.5 mm diameter prestressing strand, the PCA [5] reﬁommends
that.the design force for transver$e ties should not be

"“taken less than 80’ kN, as indicated by the dashed .line in

Figure 3.7. v .

1

Figure 3.7 also shows that the maximum force occurs

in the uppermost transverse tie for all three analyses, which

°

corresponds to a cantilever of one storey. The value of the

maximufi tie force obtained in this case, is equal to 115.6 kN,
N s . &

¢ still below the provided design strength of 142 kN. It can
therefore be concluded that the transverse ties designed accerd-
ing to the PCA recommendations will behave in an elastic-

[ 4

téanner throughout all storexs at design load level.T n,E‘urther-

. -Mmore, by comparing the force envelopes‘présented in Figure

3.7, it can be observed that the rigid-cantilever approach
. .
provides conservativée design forces for transverse ties belo7

- : . '

" are the d Ld

'Design load, W = Wy + 0.5 W,, where Wy ‘and W,
. /
load and live load,.respectively. .
{ N . +
’ . ﬁ) / J
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i,
the top four‘lévels, qpmpared‘to:those of the inelastic gnaly-‘
-sis. ﬁowgver,’for bpfimum ggsign the repommendéd'minimum tie
force of 80 kN hbpeérs to be relativgly inefficient, as indi-

cated by the force envelopes associated with both elastic and

inelastic analyses.

3.2.2 Compressive Stress Block

It was noted that coﬁpressive force develops near the
base of:the lowest panel in a canFiLever as;embly due to‘}he
behding mode. Assuming this compressive farce is concentrated
at the floor level in‘direct bearing and distributed over a
finite area'of the precast floor slab, it is essential to

. -« . . ’
protect this compression zone where critical stresses may
develop.‘ Expérimental study by Muskivitch an? Harris [8]
showed'that local failure occurred in the floor slktab due to
tﬁi; compressive stress, even at a stress level much less than.

the anticipatéd allowable’ bearing stress.

s .
. L . L4
Since a panel may become ineffec¢ctive attany storey,

the compressive force cén occuly néa; the base ¢of every panel

as,noteﬁ previously. The value of thié resultant compressive

forcelﬁor varying cantilever height was presented in Figgre

-3.5. For inelastic analysis, tﬂié force is seen to be

approximately constant (150 kN) for cantilever heights deeper
4

than one storey. Usimg the ACI 318-77 code provision

for bearing,  the capacity can be calculated as follows in terms




of stress

is

is
is

is

~

v 't‘\
brg = 0-85¢ £ VA /By

0.85 (0.70) (34.0 % 10°) (/2)

28.6 MPa

the capaciti reduction factor,

£

the concrete compressive strength,

*

the loaded area, and

the maximum area of the portion of the

[N
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supporting surface that is geometriéally

similar to and concentric with ‘the loaded

area. ‘ ,

-

Consequently, the bearing capacity becomes-

It is obvious that this value is mueh greater

brg = fbrg X area =

= (28.6 % 10°)10.20) (0,20)

= 1,144 kN

.-

than

the maximum compressive force/(lso\kN).' However, it was

suggested that the bearing capacity of the compressﬂon zone

can be significantly reduced by two factors [8]:

¢

3
> «
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(1) by in-plane ratation of the panel assembly under bending

)

action which considerably reduces the éffective\bearing area,’
amt (2) the preseneé of vertical shear in thi§ region. ‘Since
mechanical connectors are widely used in vertical joints, to
transfe}'the compressive force effectively from the canti-

lever to adjacent wall stacks larger bearing areas should be

provided by dry packing the lower quarter of vertical joints

at‘every storey.

_3.2ﬁ3 Shear Force Distribution in
Vertical Joints

As stated earlier, the overturning momerit dpg to the
loading on the cantilgver is mainly resisted by the bending

and shear mechanisms of .the panel assembly. The latter in-

1

duces in-plane shear forces in the vertical joints between

wall stacks, which are transferred by mechanical conne¢tions

with two connectors per storey (see Figure 2.1 (d), detail

B). . It is evident that the primary function of these
connectors is analogous to that of the coupling beams in
coupled shear walls. Figures 3.8 and 3.9 show shear force

[y

distributions in vertical joints 1 and 2 (Figure 3.1) for
cantilevers of 5 and lf storeys, respectively. The force
distribution in joint 1 produces a pattern typical of the
elastic shear distribution for coupled shear walls under

lateral loads. However, the distribution in joinf 2 adjacent

to the cantilever follows a pattern similar to the elasto-

aﬁ
- %
X
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plastic shear distribution in coupled shear walls.

’

Initially, when the loading on the cantilever is at
a }ow'leVel, the mechaﬂical conneétors behave elasticaily
expreésing the elastic shear dist;ibutions in joiqt 1 shown
‘in Figures 3.8 and 3.9. The next increment of loading
brings the connectors of the lowest panel to the elastic
limit ng = 104 kN for 2 - 12.7 x155.6 mm headed anchors).
Further loFd increment cau;gs redistributibn of forces to
successive higher{levels, until the distribution becomes
uniform along the height of the structure, with the upéerg

connectors remaining elastic (see Figures 3.8 and 3.9,

joint 2).

If} the mechanical connectors were allowed to remain
elastic throughout the loading, the shear force would follow
the distribution shown in Figures 3.10 and 3.1l1l. However,
experimental tests [33] and practical design data [28]
suggest‘the behaviour of such connectors is essentially
elaéE&lplastic with ultimate shear strength ranging from
24 kN to 289 kN per connector (headedlanphors embed&ed inn
normal weigﬂt concrete). Thus, the éxcessive shear force/
concentrations in the lower connectors of the cantilevers
presented in Figures 3.10(b) and 3.11(b) ' do not actually |,
occur in practical consideration.’ The rigid cantilever analy-
sis assumes the total applied load'from a particular level

by

in the cantilever is to be carried by the adjacent vertical
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$

shear connectors at that storey, which results in constant .

i

. shear distribution$ in joint 2 as shown in Figures 3.10 (b)

-

and 3.11(b).

Figure 3.12 shows envelopes of maximum shear force in |
wvertical joint of the l2-storey prototype wall for elastic,

inelastic and rigid cantilever behaviour.
' A
3.2.4 Dbuctility Demand in Vertical
Mechanical Connectors

The nonlinear behaviour of the mechanical connec#ors <
discussed earlier allows redistribution of forces to occur

-in the vertical joiﬁts, leading to full utilization of the
capacity. Once the connectors have reached ultimate strength, - P
inelastic shear deformations‘will take place which require
that the conﬁectors be able to sustain large deformations

withdut premature failure.

Experimental tests [33] of headed stud mechanical
connectors indicate two modes of failure, namely ductile
failure of the stud anchor and brittle failure in the concrete.
The brittle failure mode is characterized b& little or no
shear deformation prior to catastrophic failure and is
therefore to be avoided in design. Test results [19],[028],
[33] also indicate that properly design headed stud connectors

exhibited excellent ductility prior to failure.
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Figures 3.13 and 3.14 show shear deformations of the
’conﬁectors in vertical joint 1 for cantilevers of 5 and
11 storeys. Experimental tests [19] indicate the elastic
shear déformétion limit of such connectors is in the order
of 0.35 mm shown in Figufes 3.13 and 3.14. These diagrams
clearly show thaﬁ considerable deformation beyond the
elastic limit occurs in all connectors except for those at
the upper two levels. Deformations of the elastic connectors
(Figures 3.;3\and 3.14) are shown’to be substantially lower
at all levels~than the corresponding inelastic connectors.
ﬁowever, elastig bepaviour is onlf valid if the connectors
can provide unusually high shear capacity which.has al-
ready shown te be unacceptable iﬁ design practice (Secﬁion

3.2.3).

' ¢

Nonlinear behaviour requires connectors be ablei"to
. ™ - L
deform and sustain la Qe(X}Elding without failure, i.e.;‘high
ductility. The maximum shear deformation in each connector,

Uoox and the elastic limit, uy, can be related through

U max

Uy

u o=

where
4 will be referred to as the ductility factor

for the connector.
¥

Based on an empirical formula suggested in Reference [33] .
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describing the sﬁear—slip behaviour of headed stud connectors
for monotonic loading (see Section 2.3.2), which gives a
maximum shear deformation of 12.8 mm at approximately 100%

of the connector4

s ultimate strength. This shear deforma-
tion corresponds to a practical ductility limit of u = 36,
considering the elastic limit of uy = 0.355 mm from Reference

[19].

The envelope of maximum ductility factors in vertical
mechanical connectors of the l12-storey prototype wall is
‘shown in Figure 3.15. The practical ductility limit is-also
indicated in the diagram. It can be seen that the dgctility
demand is met for all connectors exdept at the ldwest floor
levels. This suggests that for higher structures it is
important that mechanical connectors are properly désigned
and detailed to ensure that spfficient ductility is provided,
thereby preventing catastrophic failure.

3.2.5 Coupled Axial - Shear Behaviour.
in Horizontal Joints

The coupling of axial and shear behaviour in the
horizontal joint model (see Section 2.3.1) allows the shear
strength to vary with normal force across the joint. Thus,
shear strength at‘any instang is equal to the normal coﬁpress—
ive force multiplied by the coefficient of friction, Mg and
reduces to zero during joint openings. Experimental observa-

tions by the PCA [5] and others [7] show shear slip and
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joint opening to occur in the horizontal joints in response

to cantilever behaviour.

;1P Figure 3.16, the distributions of\aﬁia; aﬁa
shear stresses across the horizontal joints are examined at
%loor levels 11, 8, 5 and 2 for a cantilever of 11 storeys.
At the upper horizontal joints axial and shear stresses are
approximately uniform with relatively low magnitude for both
inelastic and elastic analyses. However, in the inelastic case
stress distribution varies from compression at the unsupport-
ed edge of the cantilever to joint opening near the face of
support for intermediate floor levels. Therefore, the
corresponding shear sgiess distribution is reduced to zero
near the face of the support. Similar distributions occur
in the lowest joint in the cané&lever. In contrast, the
elastic case shows substantially higher compressive stress
distribution across the entire joint at intermediate levels,

whichgvaries from compression at the supported edge to joint

opening at the free edge for the lowest level.

The distributions of maximum joint openings in hori-
zontal joints for cantiievers of 5 and 1l storeys are shown
in Figures 3.17 and 3.18. The distribution for the inelastic
case is significantly higher than the elastic case. Figure
3.19 shows envelopes of maximum‘éap in horizontal jbints for

the 12 storey prototype wall. .

e

3

Y
——
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-~ A
4 . . .
Due to the participation of the overall structure in

" resisting the unbalanced cantilever moment, vertical tensile

stresses may develqﬁ in the horizontal joints of Wall 1

(see Figure 3.l). The results show joint openings to occur
in lower horizontal joints near the exterior face of Wall 1.
Envelope; of maximum joint openings in horizontal joints of
Wall 1 for the 12 storey prototype wall are presented in
Figure'3.20. The envelopes are seen to follow the same -

pattern in both analyses but larger gap openings are predict-

ed for inelastic behaviour.

In the above analyses, no compressive yielding was
found in horizontal joints under the cantiléver actionh
which indicates the across-the-joint compressive behaviour is
linearly elastic. Howevef, shear slip was observed ig the
horizontai joints within the cantilever at all levels. The
distributi;ns of shear slip"for cantilevers of 5 and
11 storeys are shown in Figures 3.21 and 3.22. In the in-
elastic analysis, shear slip is éaximuﬁ in the lower hori-
zontal joints with relatively smaller slip for joints in the
upper portion of the cantilever, whereas ‘the elastié analysis
shows congiderably smaller slip only in the lowest joiﬂts.

Figure 3.23 shows envelopes of maximum slip in horizontal

joints for the l2-storey prototype wall.

y

The envelopes of Figures 3.19, 3.20 and 3.23 demonstrate

that vertical reinforcing is necessary across the horizontal

-

RO
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joints of the cantilever and Wall 1 (Figure 3.1l) to resist
the vertical tensile stresses, and also to provide add¥tion=

¢

al shear resistance for'élipbage. ' Ideally, vertical rein-

“  forcement may be provided by reinforcing loops projecting C'
from panel edges and interlaced by conpinuoﬁs bars through
the horizontal joints. However, such design details are’
seldom used in North Amefica because of the high“constructioq
cost involved. The PCA [5] recommends placing of contin-
uous vertical.ties between wall panels (see Figure 2;11).
When joint opening occurs, these ties are assumed to act as
tension ties, creating a clamping effect on the joiﬁt sur-
faces which consequently provides additional shear resistance
in ‘the joint. %he effectivgne;; of these ties will be -
examined in the following section.

3.3 PARAMETRIC INVESTIGATION OF A
6~STOREY PRECAST PANEL WALL

/

The investi?ation follows a parametric sch3ée which
is intended to evaluate the influence of differeﬁ;.tie
reinforcement details and joint parameters on egbected per-
formance of precast panel shear walls for conditions simulat-
ing progressive collapse (Section 3.1). Nonlinear static
behaviour of the damaged structure for loadiﬂé until ultimate’

capacity is also examined. 1In particulér, the effects of

the following are studied in detail:
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1) Mechanical connector shear strength Fy;

2) Vertical tie reinforcement and postensioning;
3) Coefficient of friction Hei and

4) Loading capacity and behaviour of cantilever at

failure.

variation of a particular parameter using a 6-storey p:e-//
» \\ //
castr panel wall. The dimensions and properties of panelyw

and joints for the basic wall are the same as those /

.-‘ ’
»

summarized in Tables 2.1 and 2.2. The resuizs are expfess-

ed in terms of magnitude and distribution of forces and

deformations in the joints; as well as forces in the ties.

LY

3.3.1 Effect of Mechanical Connector :
Shear Strength F_ ) - -
y—

. . B

In Section 3.2.3, it was noted that the shear forceA
/4Lquirement for headed stud mechanical connectors in verti-

/ cal joiﬁt 2 is uniform throughout the height of the struétufe
at design load level. This is primarily due to the fact
fhat the connector shear strength.Fy,bspecified at 104 kﬁ
(2 = 12.7 x 155.6 mm headed anchors), has been reached for
all connectors along the joint, with the exception of the '

=~ LY
uppermost level. Hence, for design purposes the connector
» s

shear strength Fy is an important parémetef.

hd \
> {

/

/

The series of structures analysed was generated by /
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- The influence of the parameter Fy on the struci':tlxre
for a cantilever of 5 storeys is shown in Figures 3.24
through 3.30, for*_\Fy = 104 KN and F_.= 146 kN (2 - 15.9 x
166.7 mm headed anchors) . In Figure 3.24, it is observed
that the shear force distfibution.in vertical joint 1 is «
not influenced greatly by the higher shear strengt-h Fy;
with elastic behaviour' throughout the joint. However, _in
Figure 3.25, the shear stren\qt\@' Fy = 146 kN :‘i.S attained
“only*at the /two~lo?vest floor l\e\{els) as compared to
| { FFY' = 104 kN, where the strength 1% reached at the. lower
four levels. As'expected, the corresponding ductility
N ' demands in connectors are reduced considerably for all levels.
as shown in Fig,ui'e 3.26. The distribution of axial force

(Figure 3.27) in the verticalujoint ‘for Fy = 146 kN was

found to be si,mila’r to that of the elastic distribution

described in Section.3.2.1. In general, the magni]:ude of .

-

joint opening and shear slip decrease at all levels for

the structure with higher slgar strength F (Figures 3.28 /

through 3.30)., | ’ .

f - f

-

o The comparlisG?of envelopes of forces and deforma- '

tions in the joints for the 6~-storey basic structure for

Al

. _F, = 104 kN and F, =146 ¥N is presented in Figures 3,31

through 3.35. The fbllowipg observations are noted:
' /Q‘ ’ ’@ﬁ:

.o &

=
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_— . T T T T LTy ““e‘_.."f”:"' y o 3 hd -
(iT‘The~£orce reqU1rement in tranSVerse‘tles increases

- with higher values of F (Figure 3. 31) It is

LY -= R TR RV

_, //. eV1dent that this 1ncrease is due to the shift in®

~
o -
-

-t force‘dlstrxbgtlon in the vertlcal joint for

ﬁiief”lhsakN' which now follows closer to thaf of
. . . ¢ ' s
t elastic pehaéiou;r»as shown in Figure 3.26. ,

R
M A
. A, . X — , R

i) The maiimum dugtility demand which occurs in the

~

-~
e

.+ « . lowest mechanical connector is decreased by '’

approximately 57% for F, = 146 kN (Figure 3.32)%

N

.(iii)‘The magnitude of maximum opening in horizontal

-

.ll - D .

joints within the cantilever reduces significantly

AN
~

for highef value of Fy, as shown in Figure 3.33.

However, in Figuare 3.34, tﬁe‘magnitude of opening.
L , ' A
in horizontal joints of Wall' 1l is shown to be
4 o i . R '
uhaffected by the variation in Fy.
- o

! -

(iv) The max1mum sl{p in horlzontal joints decreases

conSLderably at all levels for Fy = 146 kN,

(
D

except at the third floor leYel, where the slip

was found to be comparable tb that of PFy = 104 kN

[

(Figure 3.35).
>‘ )
R
It can be concluded that s ear strength parameter

o ~

Fy of mechanlcal connectors has a significant effect on

t

4

the magnitude and dlstrlbutlon of jolnt.forces‘and deforma-

~

L
L]

tions in the structure under abnormal loads.  As expected,

~ : - ~

\ 9



the ductlllty demand of these connectors is cons;derably

o8

reduqed by the use of higher shear strength Fy. - There-

»fore for structures hlgher than twelve storeys, where the

‘demand in -the lower connectors may be expected totexceed
. T 4 b \ . °
the practical design ductility. (Sectlon 3.2.4), mechanical _

connectors w1th relatlvely hlgLer deSLgn shear strength

should be employed.

~.

“3.3.2 Effect of Vertical Tie Re;hforcement
| "and Postensioning , . 8

- N

. #
The analyses described earlier (Section 3.2.5)

indicate that reinforcement is necessary ih the horizontal
joints to~provide additional resistance for shear slippage
and joint*cpenings. . , ’

- ‘ -

In this section, vertical i;?tinuity/zs provided in

two ways® (1) by vertical ties; fa

\

nd (2) by postensioned
vertical ties. Based-on the design recommendation by the

. \ . T
PCA #5], high strength steel bars of 17.5 mm diameter

(A_ = 240 mm?,

2 - .
s fg}1 = 1,035 MPa, Fy = 224 kN) are used as

vertical ties with two bars per panel (see Appendix A.5).
i - ~ .

The postensioned ties are stressed to/60% of ultimate stress

correspondlng to a force of 150 kN per tie. The modelling

Al

'4of vertlcal ties is described in Sectlon 2.5.2, whereas

'the stiffness properties'are given in Table 2.2.

W
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* The effect of vertical ties and p6sten91on1ng on i

‘the. structural performance of the 6-storey precast wall

for maximum height canti(&ver are-shown in.Figutes 3.36 -

3.39.,7§He\following,observations are noted: ,
b ‘n N . ‘ . * gr— 1
(i) The axial®force distribution for vértical

.joints 'which indicates the transverse tie force

requirements is not significantly affected by
. ' LY
the introductionf vertical ties and postension-
i ~

6) ..

,ing force (see Figure 3.

(ii) Although it was observed that the presence of

. vertical ties and po ensiéning force does not
. ‘ .
gréatlyfafiect’fhe shear'force‘distribution in

vertlcal joints, Figure 3.37 shows the ductLl;~¥

. i‘_~demand in vertical mechanlcal connectors is

more sensitive to the effect of vertical ties.

A maximum’ decrease in ductility facfor '“p at the
. ) ) . )
-lowest connector in the cantilever oﬁ 7 and’ 24

.

percent was found, respectively, for structures

~

with vertical ties and postensioning.

P
i

(iii) As expected, the provision of vertical ties.

reduces the joint opening occurring in the hodri-

zontal joints of the cantilever (Figure 3.38). In

v

the case of p@%%ensioned ties, horizontal joint
: .

openings were cpmpletely eliminated throughout the

-

structure.



~t

_}%v#*Figufe—8~39 kndlcates that the vertlcal_t;es_reduce

LY

the magnitude of shear slip in horlzdntal joints

l

for lower storeys in the cantllever. This is par—

-

ticularly evident when ties are'posteneioned.
. ( ‘

It can be concldded that joint openlngs and in-
elastlc shear deformatlons in horizontal and vertical joints

can be reduced by means of vertical ties and postensioning.'

-

However, it, appears that the provision of untensioned verti-

cal ties does not.significantly decrease the magnitude of

. ~
N

the joint deformations in the structure in response to the

cantilever' action. The use cf postensioned ties.was shown

to be more effective wWithin this contekt. Nevertheless, it
can be seen that both untensioned and posten51oned ties . .

reduce the ductlllty demand in the mechanlcal connectors

along the vertlcal joint, desirable from the de51gn view—

point. As was shown in an eatrlier section, structures higher

"than 12 storeys require ductikity factors in mechanical

connectors that exceed the practicel ductility limit. This

i

suggests that for such structures the ductility demand should

be approprlately reduced by providing either unten51oned or

1 [l

the more effective po§ten510ned vertical ties. ™

3.3.3 Effect of Coefficient of Friction Me

‘ S

- -

IF the analyses of the previoué sections a congthnt ;

coefficient of friction, = 0.4, between precast concrete

3

He

-
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panels and ]ant grgut was assumed for the horlzontal joints. .
Thls lmplles that frIctlonaI—shgan strength at any instant

“is dlrectly proportlonal to the compre531ve force acting

" across theiﬁoints. Fintel et al [4]° reperted tpat coeffi- -
gients of friction snecified by design codes yar& frpm ,.
0.2 to 0. 8. In order to lnvestlgate the sensitivity of

the 6- storey precast panel wall‘to this design parameter in

.the damaged state, the response of two wvalues of the coefflt

cient- of friction is examined. .

’ »

The influence of the coefficient friction on the
structure for the 5-storey cantilever is shown in Figures

3.40 through 3.42. It was observed that the distributions
) . Y
"of axial and shear force in the vertical joint are not

affected by yarying the coefficient of friction, and virtually

N

identical forces were obtained in both cases. However, the

5 . .
foliowing obsexrvatiens are noted:
[ &
L 4

(1) Figure 3.40 indicates that the ductility require-' - .

ment in--the-vertical mechanical econnections—is -

. i , _
slightly reduced as He is increased from 0.4 to

0.7. -

(ii) The magnitude of joint_opening is decreased sub-
stantialiy'at'all levels in the cantilewver for
He = 0.7'(see Figure 3.41). This is particularl§
, evident at the fourth level, where joint epening

is maximum.



(iiii It is apparent that the increase of He from

0.4‘to'0.7 will provide relatively higher friction-

. al resistance against shear siip.;'Figuré 3.42 shows

£ N

that the shear slip is reduced at all levels in the

‘e

»
-

cantilever for Hg-= 0.7.

- - - . o
]

‘ The results of the above comparison indicate tha

) .

the coefficient of friction,-uf, if specified within the-

3

° range 0.2 - 0.8 used in_currentldesign codes, has little
effect on the performance of the precast system under

.. .
abnormal loads.  This is particularly important for the

design of- transverse ties where the force requirement was

= R

shown to be relatively unaffected by this ﬁoint\paraméter.\

ot o )
3.3.4 Load Capacity and Behaviour of
Cantilever at Fallure . .

¢ e

The analyses described in the preceding sections

evaluate the performance under the design loading conditions
. » .
in thé damaged stateé. 'The design load level was specified

according to the strength requirement recommended by the

PCA [5] for resisting abnormal loads (see Section 2.5).
In practice, howeveg, it is important to examine the

ultimate load capacity and the mechanisif of failure of the

cabtilever, to determine.critical design features as well as

" strength reserve not indicated by the design load cond;tions;

[}

4 vy

..,'.'_‘/
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Flgure 3.43 lllustrates the load- dlsplacement

behavxour of the 5- storey cantllever for structures with
and w1thout vertical ties (unten51oned or posten51oned).

IS
TheJdashed line in Flgure 3.43 lndicates the spec1fled

‘design load level. In all cases, the mode of failure of

. the cantilever is due to shear failures of mechanical

connectors along the vertical joint 2 (see Figure/é.ll (c)).

This beheviour is in contrast with results observed in ex-

perimental tests [5],[7], where failure mode was either

-

. due to brittle shear fqildre of the vertical tie, or due
. to ductile failure of the transverse_ties. " However; shear

resistance due to the dowel effect_of vertical ties across

the horizontal joints was not considered in the present
. ¢ )
analysis. C(onsequently, the brittle shear failure of the

vertical tie in the cantilever is not, anticipated. Further-
. . .
more, continuous vertical - "wet" joints were used between
° o

the .cantilever and supﬁort in some of the experimental models

[5],[7], thus providing relatively higher strength ‘which

—— A

precludes the -mechanical shear connectorﬂfailure mode .as

indicated in the present analyses.

- '
I

Y ‘ v

- As indicated in Figute 3.43, the provision of verti-

cal ties increases theé ultimate capacity‘df the cantilever
, ~ .

by 4 and 14 percent, for structurés with unt¥nsioned and pos-'

tensioned ties,resﬁectively. The axial force distributions

T
for the vertical joint at ultimate capacity of Eﬁé\caggi-

v

T
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lever are shown in Figﬁre 3.44. The dlstrlbutlon‘ls not

’

significantly affected by the presence of vertlcal tles.

However, when tles‘are-postensioned the ‘distribution follows -

.a pattern similar to that of the strucﬁure withput vertical
1 ]

ties -at design load level (see Flgure 3.36). This indi~
cates the effectlveness of poSten51on1ng force in responseg
to cantilewer behaVLOuf. The maxlmum transverse tie force
requirement now occurs et the uppermost tie with values of
88 kN and 97 kN, for structures with and Qithout ties,.
(?espectively, which are still lees than the design strength

F. '= 142 kN)} of the ties. - - ' .
(y 42 } es. .

x
«

Figure 3. 45 shows dlstrlbutlons of shear force ln-
vertical jOlntS at ultimate capac1ty of the cantilever for
the structure withoht ties. As'the 1oad increases from the

‘design load to the ultimete load‘level, shear forces in ghe§
upper cennectors of joint l-ipcrease slightly'witﬁ essentially
elastic behaviour chroughout. On the other hand, Yieldigg in
the‘certical connectors progresses upward alonc’yertical

-

joint 2 until the ultimate‘éepacitz;gf all the dbnneccprs is

) [

. ’ ©

reached.

+ - Ductility demahd and joing deformations at this
ultimate load stage are presented in Figure 3.46 through

3.48. The following observations are noted:

-
N

o

v




“(i) Figure 3.46 indicates that vertical ties reduce
- o
ductility -requirements for mechanical connectors
at all levels. The maximum ductility factor is .

significantly reduced when postensioned ties are

provided.

(ii)lmhe computed gap openings and shear slip are

considerably lowered with the introduction of

vertical ties as shown in Figures 3.47 and 3.48.

The above analysis indicates that the ultimate
lgad capacity of the cant®lever is governed by the shear
strengthmof the mechanical connecﬁors in, the vertical
jéint. Furthermore, the results confirm the effectiveness
of postensioned‘verticalkties in improving the structural
performance of the precast system under abnormal loads. The
postensioned ties are seen to be mére effective in limiting

joint deformations at ultimate load level, as compared to

those at design load level. -

3.4 CONCLUSIONS

A l2-storey precast panel shear wall structure has
béen analyzed for conditions simulating progressive collapse.
The influence of various joint parameters and tié reinforce-
mept details, as well as loading conditions of this damaged

state, was investigated by means of a parameter study on a

N
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6-storey precast wall. Within the assumptions and the

analytical model considered, the following conclusions were

noted:

1) Tensile forces developed in transverse ties
k
are confined within the \upper six floor levels,

regardless of the cantilever height. The

v
~

rééultan; force in ﬁransverse:ties is essentially
cdhétant for cantilevers deeper than one storey,
whe?eas the effective lever arm of the internal_‘
resisting couple incréases with increasing éanfi- e
lever depth. However, the ratio between the
effective lever.arm d and the ove;all cantilevef -
B . height H ‘is approximatély consfant (d/H = 0.8).
At design load level, results indicate that trans-
verse ties which are‘deéigned-accordinq to the PCA '
\ * recommendations [5] will remain elastic.” Further-
‘ more, it was observed that the rigid-cantilever analy-
| sis produces conservative design forces for trans-
verse ties below the top four levels, as compared
to those of the nonlinear analysis. Finally, the
. ‘ recommended minimum tie force (80 kN) by the fCA (5]
‘ wéé shown to be overly conservative for design

purposes. -




2)

3)

increases with increasing cantilever depth. For

-

The. ductility demand in.mechanical connectors
structures higher than 12 storeys, results indi-
cate that the ductility demand will exceed the

practicdl ductility limit. ‘ “

Significant gap openings were observed in the
horizontal joints of the cantilever and Wall 1.
This.demonstrates that vertical reinfo;cing is
necessary across the horizontal joints to resist

the vertical tensile stfesses develéped. In -
particular, the‘magnitude of maximum gap opeﬂings’
in the horizontal joints of the cantilever ranges
from 0.31 to 0.89.mm for the«ééototype wall.

On the other hgnd, the magnitude of maximum gap a

openings:of Wall 1 ranges from 0.08 to 0.63 mm

in the horizontal joints.

y

In the horizontal joints of the cantilever, the

induced shear force exceeds the frictional re-

-

sistance between the precasﬁ concrete panels and -
the in situ joint grout. As a result, horizontal
shear slip occurs at all floor levels of the

cantilever joints, with maximum values' ranging .

from 0.07 to 0.86 mm for the'prototype wall. .

<
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The results of the paraneter studﬁ allow the follow-
ing ,¢conélusions: /oo . . -

/ ’ -

5) The nonlineaf behaviour of thé;pfécasf system is
significantly influgnced by the’design shear
strength of mechanical conneétors. It was observ-

:ed that the maghitude of nonlinear joint deforma-
tions decreases with increésing shear strength.
In particulaf} the ductility demand of mechanical

"_cpnnectors(can be effectively reduced by'introduc—'

‘ing connectors with higheér design shear .strength.

[4

6) The coefficient of §ri§tion bétween\the precast:
concrete and the grout in horizontal joints, if
specified within the .range 0.2 - 0.8 used in
current design codés, has insignificapt gffect-on :

the performance of the precast system.

- ™

7) vertical_ties reduce the magnitude of nonlinear
i ] \ ’ *
joint deformations and ductility demand in the
structure. However, postensioned vertical ties

‘were shown to be relatively more effective.

'8) Thg‘ultimape'load capacity of‘the'cantiiever ig
governed by the shear strength of the mechanical

_ connectors. The ultimate capacity of the canti-

lever can be increased by introducing vertical

ties with or without postensioning.

s
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= TABLE 3:1 SUMMARY OF RESULTANT FORCE AND EFFECTIVE
LEVER ARM FOR 12 -STOREY PROTOTYPE WALL
- NONLINEAR STATIC BEHAVIOUR
z. 4
I L :
. CANTILEVER e oo
HEJGHT IN | RESULTANT FORCE, | EECECTIIVE LEVE
o ARM IN NO. OF d/H
NO. OF | T, OR Cp (ki) STORTES . d
..STOREYS,H = { . : 5 -
) 1 115.6 . 1.00 1.00
3 . 3
)3 ' 143.9 " 2.35, 0.78
5 . 149.5 3.87 0.77
7 o 147.0 o . 5.58 , | 0-80
9 ~ 145.3, 1 7.23 .4 0.80
11 o l42.4 4 o, 887 . 0.81
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: CHAPTER IV

a

DYNAMIC BEHAVIOUR OF A 6-STOREY PRECAST
PANEL WALL

-

e

. 4.1 INTRODUCTION

¢ J

In recent years, the 1iability of largé precast panel
bulldlngs to progre531ve collapse has been a major <concern.
~ It is recognlzed that structural integrity is not inherent
* in panelized building systems due to lack of contlnulty andz
'ductility'inﬁroduced by joint regions. As a result, paneliz-
ed buildings are more susceptible to progressive collaﬁge.
Iin general, a pfogressive collapse condition may arise froﬁ
any fo?m’of abnormal load, such as gas explosions, impact
or shock loadings, earthgquake excitation, étc. To preclude
potential catastrophic failure under such conditions, it is
generially recoghized that some local damage should be per-
mitted within the structure. However, the structurelmust
be designed such that it ﬁas the ability to redistribute

the stresses away from the point of local failure, and most

- importantlyz to maintain the overall stability of the partially

__damaged structure.

The Portland Cement Association (BCA) [41,[5] has
carried out cogmprehensive studies on the behaviour of large
panel structures subjected to abnormal loads. Structural

integrity is examined .for panelized systems with various

t
s
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paheis removed to model conditions of progressive collabse.
Analyseé were made based on a rigid-cantilever approach

for the critical condition where an exterior panei’in a .
precast wall becomes ineffective. In related studies,
Muskitvitch and Harris [6]1,[7] examined the experimental
\behaviour of a 3/32-scale large.panel building under simu-
lated progressive collapse conditions. The effects of non-
linear cha;acferistics of joints and!panels on the behaviour
of partially damaged precast walls were also studied uéiné
the finite element method {[8]. The most critical aspects
of cantilever behaviour were found to He the local bond
stress transfer mechanism of the transverse ties, the shear:
slip behavioﬁr of the horizontal joints, as well as the o

adequacy of the vertical support provided for the cantilever

walls.

The recent work by Pekau [14] investigated the
structural integrity of precast panel walls for elastic

behaviour. The finite element method was employed for the

analysis with panels modelled as multi-level substructures,

-whereas joints were modelled as orthogonal spring elements.,

Aiegander and Hambly [2] developéd a method for the
design of load-bearihé‘wal%s end floor slabs to withstand
gas ékplpgions. It was ass;ﬁéd\that reinforced concrete
behaves rigid-plastically and hinge mechanisms form at yield

conditions under the effects of dynamic‘loading. Equations

.

)



- O :
of motions were derived for the individual walls and slabs
based on the assumed plastic hinge mechanisms. It was
suggested that these elements can be designed to withstand

~gas explosions by providing sufficient reinforcement.

.The foregoing experimental and analytical inve;ti—
gations, with the exception of Reference [2], have been

limited to evaluations of the static stability of the

damaged structure, i.e., the local failure was assumed to

A !
L d !

take place in a quasi-static manner. Corresponding studies
for dynamic*stability have not been reported to-date. In '
Fesponse to the dynamic effects of abnormal loads, local
failure will typically take place in a short duration of
time instead of in a quasi-static manner. 'As a result,

it is reasonable to expect that the stability of the panel-

ized system is more uncertain under the dynamic effects of

local failure.

The purpose of this Chapter is to establish a modell-

ing procedure which attempts to examine the dynamic stability

of preddst panel shear walls, when a panel becomes ineffec-
_tive after failure due to transient dynamic loadings.: To
evaluate the respcase of the structure under such condi-
tions, ‘the complete time-history of the transient lbéding
must bg known. However, owing to éhe fact that the tran-
sient loading may occur due to a wide variety of causes,

the essential characteristics of the loading may not be

~




[t
o

133

coﬁ%ideqtly predicted. The present investigation considers
. * 8

the effects of domestic gaseexplosions, since the pressure

] pulses“associateé with this type\of loading have been

reported in the literature [291,{30].

The finite elemeﬁt procedure is employed for tﬁe

nonlinear dynamic analysis of a 6-storey precast shear wall

Cad

~ structure (Figure 4.2). The analytical.model employed for

this xnvestlgatlon is descrlbed in Section 2. 5 whereas' .
the dimensions and propertles of the prototype wall are
summarized in Tables 2.1 and 2.2. The cbpditions for local
failﬁre are simulated by assuming that a panel collapses in @ _
a’ short duration of éime in response to a &qmestic gds
explosion. The investigation was peffprmed:hsing the general

purpose finite element program ANSR-I [27] modified as-

described in an earlier study by Pekau and Wulf . [22]:

a
yd A

4.2 DOMESTIC GAS EXPLOSIONS IN LARGE . " :
' PANEL STRUCTURES . SN

Following the inguiry of the Ronan Point incident [1],
comprehensive studies have, been reported in the llterature[29],
[30] regarding evaluations of pressure pulses associated

with domestic gas explosions. The British Building Regula-

¢ J
tions [31] adopted the requirement that structural ele-

ments must be designed to resist a pressure of 34 kN/m?'

from any directioﬁ} for buildings over four storeys in height.

-
.
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Figure 4.1(a) shows typical pressure~time\curves'for

' gaséous reactions associated with large and small venting \
aﬁeasl The dashed line indicated in Figure 4.1(a) repre-
sents presgure that would.build up if no relief occurred.
Thé hmkimum ﬁ;essure that might be reached in‘a domestic

explosion is affected by a large number of variables [29],

QQEEB incyudes the characteristics of thergas mixture and

- '

2 \ 2z
. and the venting area. A theoretical maximum pressure of up

the enclosure, the internal‘layaut, the veﬁt release pressure,
» . B N

- . to 700 kN/m2 may be reaphed'iﬁhig; gaseous reaction takes
place in a closed compartment under adiabetic conditionsT[BOJ.
\This‘considerably,exgeeds‘ﬁhe pressure to Which ddmestiq

structures can be designed. On the basis of tests, Rashbash

[29] Hand others [30] suggested empirical formulae for

- determining the &aiimum pressure dgveloped in a vented domestic
gas explﬂﬁion. For design purposes,'Mainstoné a[30]

» recommended tpat the.probablelmaximum pressure lies within the
pA

'

'range 25*5q'kN/m . The time taken for the maximum pressﬁre
Vto build up is in the order”of 0.1 to 1.0 seconds, depending

on the apartinent size, as well as the gas composition and
. L]

L) ” *

. : R
The systéem, in which the reaction takes place, is isolated
from its surroundings as regards heat transfer.

—
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available venting, which results in essentially uniform

'//pressure over the emtire surface subjected to the explosion

at any instant of time [30].

X . ’
As discussed earlier, it is reasonable to allow local

B

1

;failure to occur within the structure under gas explosioqij
"but ensuring that overall structural stability is-maintained.
It is evident that this local failure will typically occur

in a finite time, owing to the fact that the resistance of

i

the structural element must bf.overcome by the pressure pulse

to bring it to collapse.

‘fﬂ

. ) .
For the purpose of this investigation, the pressure-

time curve associated-with an internal gas explosion is

' idealized as an equilateral triaﬂgle, assuming the explosion

-
-

takgs place'in a typical domestic room where sufficient

. Yy
@ explosion relief (venting) such as windows and doors are -

‘provided. The corrgsponding duration of the idealized

pressure-time curve- ta is taken as 0.60'seconds, wisg'time
of maximum pressure tm cof 0.30 sec., as illustrated in

Figure 4.1(b).

Y
K

Consider now the prototype structure (Figure 4.3)

. m
subjected to the abdve-mentioned gas?Fxplosion, causing the

design strength of the exterior panel to be exceededhand -

v

resulting in a local collapse.  The time at which the panel

collapses due to the explosion is dependent primarily upon

’

thé ratio of the duration of the pressure pulse, tgr to

A '
' F . [ o

e
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{

the fundament@l‘peiiod of the panel, Tl' in the lateral
direction in which the'preSSure acts. Assuming that the
pressure due/ﬁﬁ the explosion at‘any instant is ‘uniformly
disﬁribu;ed over the panel surface, the fundamental frequency,

Wy of @ panel with simply supported edges can be expressed

as [32]:
1/2 :
2 B3| 1.1
(1)1 =7 3 (_2"*’__"2‘)
12 (1-v )m’ h b
L -
.where

E = Young's modulus

v = Poiss%n's ratio, and

1’ s

m = mass density

and

"
h,b,t are respectively, the height, the
n \\ n

' width, and the thickness of

the pané&l.

For the values of the maée;ial properties and dimensions

. summarized in“Table 2.1,,ml. is calculated as 368 radians per
: L 4

i

sec. The‘éorrgsponding fundamenta; period, Tl' is given

las 2v/ml= 0.017 sec.) which results in ‘td/Tl = 35.0. For
such a large ratiofof bd ‘to Tl’ the time of maximum'respoﬂsg
of the panel.coincides with the;fime~of maximum'appliéd

pressure’ t_ [32], considering the response i® similar to

that of Oﬁ? degree elastic undamped(system (initially at rest).

S
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.

As a result; the time at which the panel collapses, tc,
will be taken to correspond to the time of maximum response,

i.e., t_ =t .
" T¢ m

) - Under normal conditions, the horizontal joints are
subjected to compressive. and shear forces due to gravity

loading. These joint forces are represented by the axial
force, Fé, and shear force, FS, in the discrete orthogonal

spring elements modelling the horizontal joints as shown

in Figure 4.3 (b). However, only insignificant forces occur

in the vertical mechanical connectors under such conditions.

Subsaduent to the gas explosion the exterior panel fails

and becomes ineffective, which is accompanied simultaneously
- ‘by a reductionéyﬁ the forces exerted on éhe surrounding
pan;ls by the- joints. The time gt whiph the joint forces
reguce to zero must “‘Therefore coincide with the time of
collépsa, tc, of the panel which in turn equalslthe time of
maximum pressure, t.r as giscussed earlier. In order to
‘simulate the effect of the duration of ldcal failure dué to
. | the explosion, the analysis of the.response of the structure
| involves' the dynamic coﬁsideration of the time dependent -
joint forces, Fa(t) and/F;(t), surrounding the ineffective
panel. -These joint forces are represented by a triangular

dynamic load function with duration equal to tar shown in

Figure 4.3(c).
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4.3 DYNAMIC BEHAVIQUR OF PROTOTYPE WALL !
WITH VARIABLE CANTILEVER g

Since a panel may become ineffective at any level,
the study was carried out on the 6-storey prototype struc-
_ture with cantilever height varying from one to five storeys
]

in depth (see Figure 4.3). In each case, the_dynamic

an;lysis was typically preceded by a static analysis of the

intact structure under gravity loading, for which the state
of stress as well as the displacement configuration of the

complete structure are obtained., These stresses and dis- f

7

placements are then used as prescribed initial conditions
. ¥ :

for the nonlinear dynamic analysis immediately to follow.

To model the force conditions of local failure due to

the gas explosion with pressfire-time curve shown in Fig

4.1(b), the forces exerted on the damaged structur y the !

collapsing panel (Figure 4.3) are assumed to décrease , {
linearly from the start of the explosion“to zero at t, ='0.3 sec.
(see Figure 4.3(c)). Under the i uence of the sudden collapse

of a panel, ‘the maximum res se of the structure is expected

to be reached in a sho time also; therefo}e, only the

undamped responsg-is considered.

nonlinear dynamic behaviour of the prototype struc-
tur€ is evaluated in terms of overall structural response,
the magnitude and distribution of forces and deformations in’
P . “

the joints, as well as forces in the ties. In particular, the |,

ry
-
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"l) Time history response of cantilever deflection;

2) Distribution o aximum force in transverse tiés;
3) Ductility demand in vertical'mechanical connec-

tors;
istribution of ﬁaximum gap opening in horizontal
joints; and
5) Distribution of maximum shear slip in horizontal
joints.

’

The results are compared with the nonlinear static

response obtained in Section 3.2. In addition, the magni-

~tude and distribution of design tie force are compared

with those obtained using the rigid-cantilever approach

proposed by the PCA {5]. T

Figqure 4.4 shows the time history response of
cantilever tip deflection,~6§, for cantilevers of 1, 3,
and 5 storeys. It can be observed that in all cases, the

maximum cantilever deflection is reached shortly after

‘the panel collapse time, t, = 0.3 sec. : . ‘

A comparison of maximum deflections between the non-

linear static and dynamic response for the damaged structure

with varying cantilever depths is presented in Table 4.1.

]

The data show that the influence of‘éynémic effects on the
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maximum deflection increases with increasing cantilever
‘height.‘ For example, the dynamic reséonse'for the
5-storey cantilever is 49% larger than that for static
‘response, whereas the corresponding increase for the
2-storey cantilever is only 16%. For design of higher
structures against progressive collapse, these results
‘suggest that it becomes increasingly more important to
consider the dynamic effects of abnorﬁal loads. The

complex time higtory response of typical vertical and

horizontal joint forces are shown in Figures 4.5 and 4.6.

Comparisons of the static and dynamic response
parametefs are summarized in Table 4.2. For design purposes,
the dynamic effects in the response of the structure.ar@)
best evaluated based on the envelopes of maximum response
with cantilever height varying from one éo five storeys,
as presented in Figures 4.7 through 4.13, and Table 4.3.

In particular, the following observations are noted:

Qi) The gnveldpe for maximum transverse tie force

(Figure 4.7)'o§tained from the dynamic analysis shows
laréer tie force requirement at most levels, éompafed
' to static and rigidkcantilever anaiysis, with -values
greater than the BOIkN minimum tie design force [5]
for only the upper two floor levels. In particular,

. ]
there is an increase of force level of 13% for the

-

uppermost tie where the force requirement is at its
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maximum. At level 5, the force obtained from the

‘dynamic analysis shows an increase of 24% and 62%,
respectively, over static and rigid—cantilevef
analyses.
; The design Strepgth envelope is also shown in
: o Figure 4.7. The di;gram shows that the force require-
r ‘ ment in transverse ties is satisfied at all floor
' levels for nonlinear dynamic behaviour, with thé

exception at the fifth level, where the force (84.7 kN)

exceeds the design strength of 80 kN (minimum tie force).

- \ (ii) ' The pséudo-static resultant from maximum force
envelopes for transverse ties with varyiﬁg cantilever .
height is shown in Figure 4.8. The diégram shows that
the resultant force increases with the height of the
cantileve?, in contrast with static and rigid-cantilever
analysis where férces are seen'?o be approximately
constant for c;ntilevers deeper thén one storey. Table
4.3 summarizes the equivalent lever arm for varying
cantilever depths. ‘It can be seen that with the except-
'ion of the l-storey cantilever, the ratio’between the
equivalent lever arm and the cantilever height ranges
from 0.76 _to 0.79 for various cantilever depfhs, which
compares Qell with the corresponding‘rat%: obtained

from the static analysis, (0.77 to 0.79).
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In Figure 4.9 the lever arm is plot£ed as a fynction

of cantilever height for the three different analyses

consiqéred. The diagram shows that the lever arms .

computed from the various analyses are in good agree-
ment for cantilevers up to five storeys in height.

These results demonstrate that, since the lever arm for

any cantilever height is nearly the same for dynamic
and static response, the dynamic increase in overturn-
ing moment is resisted by larger resultant force ip the

transverse ties.

(iii) Envelopes of dhctility dgmand in the vertical
mechanical connectors ére shown in Figure 4.10. As
indicated in the diagram{ the ductility requirement
increases approximately by an average’of 50% at all.floor

levels due to dynamic effects.

(iv) The envelopes of maximum gap openings in horizontal
joints'show much larger values at all floor levels

indicating a higher requirement for vertical continuity

when loading is dynamic (Figures 4.1l and 4.12). 1In
Figure 4.11 thé maximum gap opening in canti}ever joints
which occurs at the uppermost horizontal joint shows

én increase of 152.4% over the static response. In

Wall 1, the dynamic effects lead to an increase in

‘maximum gap opening of 336.4% at level 1 (Figure 4.12).
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(v) As is expected, the envelope values of maximum
slip in horizontal joints of the cantilever‘are sub-
stantially larger than static values at all floor
levels, with a maximum increase of 89.6% at the

. fourth level (Figure 4.13).

Based on the above observations; it is noted that
the dynamic respohse in terms of cantilever deflection
and resultant force in transverse ties increases with.the
height of the cantilever. Also, the lever arm is constant

at approximately 80% of the overall cantilever height for

cantilevers deeper than one storey, whicﬁiiggzﬂe-samé»as

that obtained from static analysis. However, the corres-
ponding resuitant of maximum forces in transverse tie§ is
generally higher with an increase of 64% for the 5 storey
cantilever (see Table 4.2). These reésults indicate that for
the design of transverse ties in highe; structures, it is
essential to include the dvnamic effects of abnormal loads.
Furthermore, it was shown that the forces in transverse ties

obtained from the rigid-cantilever analysis are consider-

aBly lower at the upper floor levels. In particular, the ‘

L4

-

tie forces in only the uppermost two floor levels exceeded >

the PCA [5] recommended minimum of 80 “kN.

! An important observation is that the maximum tie

] ] force was found to be ,129.9 kN at the uppermost level (for
i, '

a l-storey cantilever), while the design strength is 142 kN.

o

fen
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However, it was shown that at the fifth floor level the tie
force (84.7 kN) exceeds the design streng£h of 80 kN (mini-
mum tie force). Hence, it may be concluded that at/ the
design load levelf the recommended minimum tie forcevof

80 kN by the PCA [5] is not sufficient when the dynamic

collapse of a panel is considered.

Finally, it was noted in Section 4.2.4, that the

ductility demand in mechanical connections may exceed the

; practical ductility limit for structures higher than

———— e e

12 storeys under the staticlresponse. The present results
Sugggst that the practical ductility limit will be reached
in shorter structures when the dynamic collapse of a panel
is considered.

4.4 PARAMETRIC INVESTIGATION OF THE
DYNAMIC BEHAVIQUR FOR A 5-STOREY

CANTILEVER

“«

A parametric investigation is carried out to
g

examine the influence of joint parameters and dynamic

parameters on the response characteristics” of precast panel

~walls to local failure initiated by abnormal loéding.

1 , N e '
'Design load level, W = Wy + 0.5 W,, where Wy and W,

are the dead load and live load, respectively.
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The investigation was conducted on the 6~storey precast’

panel wall for a maximum height cantilever, i.e., the
lowest exterior panel was assumed to be affected by the

— . . . . . .
gas explosion as described in Section 4.2. The dimensiaons

—

and properties of panels and joints for the 6-storey pre-
cast wall are the same as those summarized in Tables 2.1

. and 2.2.

= Response characteristics are evaluated in terms of .
structural displacement, as well as the magnitude and dis-
tributi®n of joint forces and deformations. TRe investi-

'”gation follows a parametric scheme where the principal

parameters are:

1) Vertical tie reinforcement and _ _ ‘ \
posténsioning;
: |
2) ' Coefficient of friction ei ‘
3) Mechanical connector shear strength Fy; and
. ’ 4) Dynamic response parameters R/W and tc.

™ T——

= 4.4.1 Effect of Vertical Tie Reinforcement .
' and Postensionlng

To provide vertical continuity, vertical ties of
high strength steel bars are installed through lifts of

wall panels (Figure 4.2). Additional vertical continuity

\
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' was provided in one case by postensioning each bar to a
stress level equal tc 60% of its ultimate capacity.
Material properties énd modelling of the verticg& ties
are described in Section 3.5.2, whereas phe stiffness

properties are given in Table 2.2. -

'Fiéﬁf& 4.14 shows the effect of vertical ties on
the time history response 6f cantilever tip deflection

GV for tc = 0.3 sec. It can be 6bserved that the pro-

vision of postensioned vertical ties siqhificantly)
rgduces the maximum deflectiop tg a level comparable to
that of npnlinear static deflection, whereas in thg case
of untensioned ties the maximum defleétion is only reduced

“by 10.6%.

s [

The effect of vertical ties on the magnitude and

distribution of maximum joint forces and deformations are

a

// shown in Figures 4.15 through 4.19. The following obserwva-

e
[

tions are noted: .
f 13

(1) The distribution of maximum axial force in the

vertical joint is little affected by the presence -

of either u?tensioned or postensioned - ties. In

the case of postensicned ties the force at the

’ , uppermost level)is reduced by 28.4%; however, this

t
' ‘ is. compensated by larger tie forces at intermediate -

levels (Fi%pre 4.15).
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(i1) . The maximum ductility requirement (at the lowest

level in a cantilever) ih mechanical connectors is.

3
M

reduced by 17.9% and 40 7%, respectlvely, for un-

tensioned and postensioned ties (Figure 4.16).

v (iid) The effectiveness of postensioned ties in

reducing joint openipgé %n horizontal joints within .
NE A
the cantilever is shown in Figure 4.17. However, in

' . a

wall 1 comparable magnitudes of joint openings in o

N

horizontal joints are observed with and'without ties
(Figure 4.18). 1In particular, the magnitudes of

joint openings were found to be the léfgest for the

. upper horizontal ‘joints’ in the case of untensioned™

‘.“ f . et Al

ties. e

" ’ i
’ < "\

(iv) Maximum slip in horizontal joints

L 4

cantilever is considerably decreased when pos-

tensioned ties are used, as shown in Figure 4.19.

-

The computed maximum slip in the case of untension-

°

ed ties is also reduced at all floor levels but

!

7

only by an average of 15%.

o,

\
1

It can be concluded that the addition of dntension;

ed rtlcal ties has Only ‘a minor effect on computed

”response. However, the results show that the ductility

demand and joint deformations are much reduced by pos= -

tensioning.

ittt bk s ¢ amk e e oo o .
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‘of cantilever tip deflection, &

¥

¢

4.4.2 Effect of Coefficient of
Friction Heg
¥

It has been reported [4] _that the coefficient

\
of friction,. Hes between precast/?7hcrete panels and the

grout in horlzoatal jOlntS ranges from 0.2 to 0.8 in

various spec1flggtlons. The analyses reported in Section
Q . ‘

4.3 assumed u€}= 074. < \
, )

In this section, the response characteristics, -of
) ‘ . T,
the precast system for two values of the coefficient of
L
friction are examined, namely e = 0.4 and Mg = 0.7.

Figure 4.20 shows the comparison of time history resqonse

V,*for Heg = 0.4 and '

| . .

He = 0.7. It can be noted that the'deflection is identi-

cal up to a duration of about 0.35 seconds, after which
. 1

the deflection begohes slightly larger for Mg = 0.7ﬁ
: \

It can therefore be expected that for = 0.7, which

He

w

the structure will vibrate with a perlod sllghtly shorter
than for He = 0.4. If the response of the cantilever
deflection is taken to be similgr to that of one-degree

elasto-plastic undamped system (initially at rest) ‘subject-
AR Y

ed to impulsive loadings of duration to then maximum
response must .incmease due to the increase of the ratio of

t, to the period of vibration [32]. The maximum amial

-

forces at floor levels along the.vertical joints were

-
»

b .

provides hlé?er shear resistance in the horizontal joints, ,

A
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e&sentially the same for “uf = 0.4"and ug =0.7. This

149

indicates that the force requiremeht in transverse ties

is not sensitive to Wg under the dynamic effect of "~

¥ .
local failure. However, differences in joint deformations

\ ! \
were observed as presented in Figures 4.21 through 4.24.

2
The following are noted:

¥

a

(i) For ne = 0.7, the ductility demand in verti=_

cal mechanical connectors is;increased (by approxi-
. . C

mately 10%) at all levels along the height of the
cantilever'(Figure 4.21). This increase is
"attributable to the higher cantilever deflection

shown in Figure 4.20.

w

-

(ii) The computed maximum openinésin horizontal
“joints within the cantilever is also increased by
pe ) .

an average of '38% for uf

= 0.7, with exception at
the lowest joint where the value of joint opening

is seen to be lowered by abouE 33% (Figure 4.22).

However, the maqnitﬁge of joint opening in wall 1
is found to be genefally lower ?han that for
He = 0.4 (Figure 4.23). __

! >

4iii9 As indicated in Figure 4.24, the magnitude of

’

&

. , $
maximum slip in horizontal joints of the cantilever

were reduced at most levels, for e = 0.7, owiny

v

to the Fact that shear r%sisténce in the horizontal. «

=4

v
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) , joints is comparatively higher than that for

- ue = 0.4.

- ) ”»

The results presented'show that use of a coeffi-

»

ci;nt of friction higher than Mg = 0.4 in horizontal
N ' joints can result in slightly higher ductility demand in
mechanical connéctors, and also larger gap openings in
horizontal joints within the cantile&er. The-magnitude
\ of joint openings in Wall 1 and shear, slip in hbrizontal

joints within the cantilever were found to be somewhat =
. P :

lower for He = 0.70. However,'it appears that the va
i \

] of Hes if chosen within the practical range 2}2/to 0.8
. -

¢ will not #lgnificantly affect most of thecomputed

-
4 e

' response parameters. 7

-~

. . //

4.4.3 Effect of Vgrfféal Mechanical .
ConnectorShear Strength F
. — y—

] - *

- - N _
-~ The.shear strength FY of the welded headed” stud

-

-

/”fﬁéchanical connectors used in vertical joints gFigure 2.11(d))
7 is governed predominantly by.sévéral %actors, which include
the characteristics of thé studs, the coﬁnector a%gleé and
éiates, the weld’qualitf;\the embedment prop;rties, the
concrete strength and the locading history, as well ‘as th%
behaviour in combined shear-tension loading. " Practical |
design data [28] and test results [3?] indicake that

‘ 4

- ' the shear capacity of connegtors can range from .24 to 289 kN,

- ) depending on the size and number of stud anchors employed.

A VT

/‘

\
W
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The -analyses reported earli€r employed.a shear strength

Fy = 104 kN, corres

155.6 mm head

ding to the strength of 2 - '12.7 x

i

stud anchors per connector.

e
i

To evaluate the influence of the shear strength FY

3

on response characteristics of the damaged structure, the
value of Fy has been increased to 146 kN(for 2 -~ 15.9 x

166.7 mm headed anchors). For comparison, analysis was

5

also carried ‘out using Fy = 10~ kN, which represents

elastic behaviour of the connectors.

Figure 4.25 shows the time history response of
B
cantilever tip deflection, 6v' using various shear strengths;

5

namely, Fy = 104 kN, Fy = 146 kN, and Ff = 10~ kN (elastic

behaviour) ... It can be seen that for Fy = 104 kN, the
‘maximum deflection is ccnsiderably larger for Fy = l46pkN
and Fy = 10~ kN. Therefore, it can be expected that F

will significantly affect the nenlinear dynamic response

of the structure in the damaged state.

” N -~
-

The distribution of maxihum shear force in vertical
joints 1 and 2 are shown in Figures 4.26 and 4.27. In
vertical joint 1, the distribution is similar to that obtain-
ed in static analysis (Section 3.2.3) for all three cases,

"
with no yielding occurring throughout the joiﬁt. However,
‘in vertical joint 2 the shear strength is reached at most

connectors for Fy = 104 kN, except at the uppermost connec- .

‘ ' tor. For the case of Fy = 146 kN, yielding occurs in the

Bt
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,connecﬁqrs at the lower three floor levels, with the forces

in the upper connectors remaining elastic. The force dis—

5

tribution for F. = 10~ kN deviates considerably from the

Yy \
above two cases, with significantly larger shear force -

concentrated at the lowest connector in the cantilever.
The corresponding ductility factors of the mechanical .
connectors for two values of Fy are shown in Figure 4.28.-
It can be noted that ductility demand is substantially

larger for Fy = 104 kN.

*

The distributions of maximum axial force in the

"vertical joint, as well as the deformations in horizontal

.~

joints for various cases are shown in Figures 4.29 through

4.31. The followin5 are to be noted:

L3
L3

{i) The force iequirement in the uppermost transverse

tie is substantially higher (about 50%) for Fy = 104 kN,

T v
+

as compared to the other two cases. The latt%F,
however, produce relatively higher tie forces for the

intermediate floor levels as illustrated in Figure 4.29.

(ii) For Fy = 104 kN, significantly larger joint
S
\
openings are obs%rved in the horizontal joints within
the cantilever, as can be seen in Figure 4.30. 1In

Wall 1, more comparable magnitudes of joint openings

were obtained for all three cases (Figure 4.31).

s ook
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1

(iii) In Figure 4.32, it can be note% that there is a

considerable difference in the distribution of maxi-
*mum slip .in the horizon;al joints within the can£i~(
leyer for varipus values of Fy. In general, fhé
value of maximum slip obtained is much higHer at gl;
floor levels for Fy\= 104 kN.

v

J Based on the above observations, the nonliﬁear
dynamic response of the system appears to be greatly in-
fluenceq by the shear strength parameter under the effects
of abnormal loads:. For large'values for Fy, it may be i

expected that the distributions of maximum axial and shear

force in the vertical joints follow those for elastic

’

,behaviouf in shear accompanied by reduced deformations in

the‘joints. In particular, the ductility demand in the
mechanical connectors can be effectively reduced by provid-

ing relatively higher shear strength.

4?4.4 Effect of Dynamic Response

I S Parameters R/W and t

. In the previous analyses, the coilapse time tc Qf
the exterior panel associated with a typical domestic gas
explosion was established as 0.3 sec. For dynamic analysis

the value of t_ also represents the rate of decrease of

forces in the joints connecting the affected panel, modelled

\

by the triangular load-time function shown in Figure 4.3(c).

.~

o



Therefore, for design purposes the collapse time ‘tc

1is
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an

important parameter which requires careful consideration.

Furthermore, the essential response characteristics of the

cantilever are dependent primarily upon the relationship

between the ratio of the maximum resistance to the applied -

load, and the ratio of the'éollapse time to the effective

period of the structure.

*

For the following discussions, it is convenient to

1

define the parameter R as the maximum' resistance of the

cantilever, which is numerically equal to the total shear

strength of mechanical connectors in the vertical joint

adjacent. to the cantilever (Section 3.3.4).

Also, the

parameter W will refer to the lcad on the cantilever.

The

investigation presented in this section involves the varia-

tion of the ratio. R/W and the panel collapse time t
A

particular, the followfn€~cases are considered:

1) R/W=1.02 (R = 1464 kN; W = 1431 kN)
2) R/W=1.12 (R = 1044 kN; W = 936 kN)
3) R/W=1.56 (R = 1464 kN; W = 936 kN)

e’

In

It should be noted that the ratio R/W = 1.12 repre-

sents the prototype structure, where R

1044 kN corres-

ponds to the shear strength of 2 - 12.7 x 155.6 mm headed

stud anchors per mechanical connector (F

Yy

=

104 kN);

and

.




'

155

W = 936 kN is the specified design load level,+ recommended

corresponds to the strength of 2

stud anchors per connector (Fy =
t

by the PCA [5]. On the other hand, the ratio R/W = 1.02

- 15.9 x 166.7 mm headed

146 kN) and the factored

load level. Furthermore, the ratio R/W = 1,56 represents

the strength of 2 - 15.9 x 166.7 mm head stud anchors per

¥

connector and the design load level.

-

For each of the above cases, the collapse time is

varied from 0.1 to 1.0 sec. Tﬁe range of collapse time

considered here corresponds to the time taken for the maxi-

*

mum pressure to build up during a

-

typical domestic gas

explosion (Section 4.2). It can be expected that, for lagge

]

ratios of R/W, the aynamic response of the cantilever will

be.essentially elastic.

-

S

Table 4.4 contalns a summary ‘of the values of

maximum nonllnearCngf;é/response
R/W considered, which are used as

data reported.herein.

for each of the ratios of

normalizing factors in the

+Design load level, W= W, + 0.5

Tt

1

Factored load level, W 1.4 W

+ 1.7 w L]
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?igurgs 4.33 through 4.35 show the time higtory
;rFsponse of cantilever deflection, SV, for varying collapée
time and three different ratios\of R/W. It can be observed
that the parameter tc has a significant effec£ on the
response characteristics of the cantilever deflection. 1In
general, the maximum deflection increases with decreasing
collapse time. This is particularly evident for R/W = 1.02,
where it can be seen that the displacement response in-

. creases abruptly for relatively short tc (Figure 4.33).

The influence of the ratio R/W on the time history
response of cantilever deflection for tc = 0.37séc. is '
shown in Figure‘4.36. Clearly, the diagramw;gows that the
response of thé cantilever is influenced greatly by the
parameter R/W. For R/W = 1.02, the maximum deflection is
seen to be several times larger than those of R/W =.1.12
and R/W = 1.56. .

"The values of maximum response, normalized with
respect to‘the corresponding static‘response from ‘Table 4.4,
are plotted for three different values of R/W as functions

of collapse time t. in Figures 4.37 through 4.42. The

following observations are noted:
(1) In Figure 4.37, for all three ratios of R/W, the
E
normalized maximum cantilever tip deflection, dv, is
seen to be significantly affected by a variation in

the collapse time tc, particularly for tc < 0.4 sec.
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For tc = 0.1 sec., the maximum dynamic response
of cantilever deflection is 3.42, 2.15 and‘l.82 times
the corresponding static deflection, for R/W = 1.02,
R4W = 1.12 and R/W = 1.56, respectively. However,
for t_ > 0.4 sec., the dynamic effects lead to in-
creases in cantilever deflection of 52 - 70%5 20 - 30%

Joand 8 - 18%, respectively, for R/W = 1.02, R/W = 1.12

and R/W = 1.56.
' f

(ii) The influence of the collapse time t, on the
normalized maximum force in transverse ties, T ax’ “// -
is presented in Figure 4.38. For R/W = 1.02, the e -

increase in maximum tie forte due to the dynamic

effects ranges from 64% to 42% for ipcreasinq values

of to with an increase of 49% at t_ = 0.3 sec. The

variation in maximum tie force with the panel collapse T~
time is similar for R/W = 1.12 and R/W ; 1.56 with
increases of 20 - 74% (R/W = 1.12) and 11 - 69%

(R/W = 1.56) for decreasing values of tor compared

to the corresponding static response. At t_ = 0.3 sec.,

c
the increases in maximum tie force are 38 and 35%, -

\]

respectively, for R/W = 1.12 dnd R/W = 1l.56.

(iii) : As noted previously, the maximum ductility demand
in vertical mechanical connectors occurs at_the ;
lowest level of the canéilever. F%gure 4.39 shows the
normalized maximum ductility factor, u, for varying

L YN
I
e
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valugg'of tc. Foy R/W = 1.02, it is noted that |,
‘ ’
“the maximum ductility demand increases consider-

ably with values ranging from 1.95 to 5.85 times

that of the static response for decreasing values
of tc(u/ﬂ = 3.19 at t, = 0.3 sec.). The corres-
ponding increase in maximum ductility demand for
R/Wj= 1.12 varies from 26 to 251%, with an in-
crease of 67% at fc = 0.3.sec. For R/W = 1.56,
however, the increase in maximum ductility demana
ranges from 19 to 61% over the static response for
t. < 0.3 sec. (u/u = l.lé at t, = 0.3 sec.), where-

as the increase is approximately constant for

t, > 0.4 sec. (9 - 14%). .

The normalized maximum gap opéning, Gg, in
hprizontal joints of cantilever and Wall 1 for
vé}ying values of tc are p;esented in Figures 4.40
and 4.41. The diagram/shows that gap openings in
horizontal joints of the cantilever (Figure 4.40) is
substantially higher’than that of the static res-

ponse for R/W = 1.12 with an increase of 2,13 to

5.66 times the static response for decreasing values

~

of tc(Sg/ég = 3.13 at tc = 0.3 sec.). ?or R/W = 1.56,
the maximum gap opening in cantilever is seen to be
unaffected by the dynamic effects for t. 2 0.3 sec.

'(Gg/Sg = 0.52 at t, = 0.3 sec.). Furthermore, the
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v

maximum gap opening in cantilever joints for !
‘ i

[N (49
R/W = 1.02 is approximately constant (54 - 70%) for

IS

the range of ¢t considered (Sg/g; = 1.55 at

£,

%, = 0.3 sec:).

In Wall 1 (Figure 4.41) the magnitude of maximuh

v

gap opening is obsarved to be more comparable for all

Aa

three ratios of R/W. The increases at t_ = 0.3 o
are 90%, 257% and 184%, respectively for R/W = 1.02,
R/W = 1.12 and R/W = 1.56.

) For R/W = 1.56, the increase in normalized
\:Faximum slip, 65, ig gzrizoqggl joints of the
¢dantilever (Figure 4.42) is i;fluenced greétiy by;
the variation in the value of t; with substantial
increase over that of the static response
(8g/6, = 7.65 at t_ = 0.3 sec.). However, the
corresponding increase is considerably lower for
R/W = 1.12 (8/§_ = 2.08 at t_ = 0.3 sec.). On
‘the other hand, the maximum slip is approximat;ly

constant for R/W = 1.02 with values generally

' lower than that of the static response (40 to 16%).

The foregoing investigation has examined maximum
response for a precast panel wall under dynamic loading
associated with a domestic gas explosion. Once the

maximum static response is computed, the corresponding

»

v ’
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dynamic response can be estimated from the diagrams

provided with the aid of Table 4.4. '

For t, < 0.3 sec., the results indicate that the
ductility demand in vertical mechanical connectors will
substantially exceed the limit to which domestic struc-
tures can be designed. For example, the ductility demand
in the lowest mechanical connector in the cantilever is
101.7 for R/W = 1.02 at t, = 0.1 sec., which represents
an dncrease of 485% over that of the static response

-

(4. = 17.4). This considerably exceeds the practical
<
ductility limit of u = 36 for welded headed stud connec-—

tors (Section 3.2.4).

For the prototype structure {R/W = 1.12) at

tc = 0.3 sec., the dynamic effects lead to increases of

74, 115 and 151%, ‘respectively, for the maximum force in_‘
transverse ties, the cantilever deflection and the
maximum ductility demand in mechanical connectors. The

maximum transverse tie force which occurs at the fifth

floor level is equal to 84.7 kN, still below Jpe desion

-

N
strength (Fy = 142 kN). In addition, the maximum ductility

demand in mechanical connectors is 15.5, compared to the
practical ductility limit of 36. It can therefore be
concluded that for £c = (0.3 sec. ., the perfbrmance of the
prototype structure will be satisfactory. [Furthermore,

it also appears that the design valde.éf the panel collapse

R i
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RN

. R .
time t, = 0.3 sec. represents a reasonable limit for

design consideration.

i
?

-

"The studies reported herein have examined the

response characteristics of a 6-storey precast panel shear

wall structure, ‘subje.qted. to a domestic gas explosién.

Conclusions which can be nfade from the studies are as
: . .

foIlows:’ . : \

® . .
» 3
! s

i) . Under the dynamic effects 633 local panel failure,: »

the .ps'eudo-statiAc resultant from maximum force

13

envelopes for tfansverse ties increases with increas-
ing ca'.ntile‘ver depth. The correspénding lever arm .
~‘Ex:\epre"sents approximately 80% of the overall ‘ca{ntile‘ver .
heiéht for cantilevérs deeper than.one storey-(i.e.,
‘d/H = 0.8). The force requirement in t\:rénsverse t‘ies
is shown to g;e substant&lly high.er than tl\'lat of the non-
linear sif;agié ‘behaviour at all flocr level%, with ma/x;'.-v
mum inc;gé’se of 12.% to 177.2%. On the other’hand,
_ the forces produc(ad'from the 'rigid-cantilevér (57 are

)
relatively lower At the upper floor levels. In particu-

lar, it was_ shown that the tranéir.erse tie force excéeds‘
o b vy ) .

the design strength (recommended minimum tie force of

80 kN from Ref. [5]) at the fifth floor level at &

design load.
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5)

-

-

© slip was shown to be 89.6%.

-

“‘The ductlllty demand 1n mechanlcalrconnectors

- . .

incfeases with the height of the cantllever. More-

‘ ——— = PN

E over, it was shown that the max1mum ductlllty demand o

increases b?\ag average of 50% at all floor levels .

%eﬁ?o dynamlc effects. ‘ , . ® oo
. L4

Maximum gap openings in horizontal joints of the

cantilever and Wall 1 are sﬁbstantia}ly larger than.

. those of nonlinear static behaviours. The maximum gap

N

opening in cantilever joints which occurs at the

5

uppermost horizontal joint shows an increase of 152.4%,
‘ h .

whdreas in Wall 1 the dynamic effects lead to an -

increase in maximum gap opening of 336.4% at floor - -

~ -

level 1. - o - BN

As was 'expected, sjignificantly iarger horizontal

shear slip was observed at all floor levels in the

cantilever joinrs, compared with the nonlinear %Eatic

behaviour,. ' The madximum increase in horizontal shear
. ,

!
. o ’
The results of the parameter study allow the

L2

follow1ng concluSLOns : .

N

\ %
A

The shear strength parameter has a significant
effect on the nonlkinear dynamlc response' of the system.

For large values of F the magnitudes of joant

Y’ .
deformations and ductlllty demand are found to be much

..
)

,reduced. .

»



\ductlllty demand in mechanical connectors will sub-
"stantially exceed the limit to which domestic struc-

tures can be designed It was observed that for

- -
[
1 : T

The results indicate that the use of a higher s

i N # - . . .

coefficient of friction ué \can result in higher

[ R
ductlllty demand -in mechanlcal connectors. However, —— .-

- ’

it appears that the vaLue of uf 1fxchosen within

*

.-

the Qract}cal range 0.20 to 0.80 will not 51gn1f1cantly

.affect the computed requnse. - T oot

{

The provision of untensioned vertical ties ~

can have.a minor effect on the computed response. VIt
N .

was noted that the ductlllty tiemand and ]Olnt deforma— '
tlons are consxderably reduced when vert;cal ties

are postensioned.

- » - ~

For t_ <0, .3 sec.,. the results indicate that the

]

T

“tc = 0.3 sec. the periformance ‘oF the prototype wall

-

will be satisfactory.\\Flnally, the design value of
' ’ 1 . i o
‘the panel collapse time, t_ = 0.3 sec., was #§hown to

s

‘s > . s
‘be a reasonable limit for design consideration.
: — S

<« ~ R -
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TABLE 4.1 . COMPARISON OF MAXIMUM CANTILEVER DEFLECTION
' FOR NONLINEAR STA%IC AND DYNAMIC RESPONSE
. ‘- ' - 6 STOREY PROTOTYPE STRUCTURE =
:\\G&le¥fVER . ' MAXIMUM CANTILEVER : g
.| -’} HEIGHT-IN ¢  DEFLECTION (mm). N A
|- | NO.OF. . : : — §,/%,
: -, | STOREYS, H - e B
. | STOREYS #STATIC RESPONSE |DYNAMIC RESPONSE
. . , N 8’ * — ‘ ' 6'
. L v v
N . N ) . . I
o | 1. 9.89° - . 10.75. . 1.09
2 - 7.10° A - Y. 1.16
Looa 6.81 8.93 1.31
. 4 6.90 5.65 1.40
T 5 1 6.85 10.20 -] 1.a9
: ’ - N '
-
\ | a
- \b .
® .
‘ “
? . ! v -
| v
8



COMPARISON OF, MAXIMUM NONLINEAR °STATIC" AND

TABLE 4.2 .
DYNAMIC RESPONSE OF 6 STOREY PROTOTYPE WALL
- -~ 5 STOREY CANTILEVER .
R NONLINEAR RESPONSE DYNAMIC/
PARAMETER - STATIC
N STATIC DYNAMIC
Cantilever defléction, an- .
§ . in mm Tz 6.85 10.20 : 1.49.
b4 ‘ . '
Maximum force in trans- - .
verse ties, T ,in kN 6l.3 84.7 1.38
max
Maximum.ductility, . :
factor in mechanical . 9.30 15.54 1.67
connectors, u A
Maximum gap opening in
horizontal ]olnts, s _, - .
in mm g . .
§ v T,
- in cantilever 0.507 1.586 3.13
- in Wall 1 ’ 0.192 0.684 3.56
" Maximum slip in" horizon- -
tal jOlntS of cantllever,
65, 'in mm 0.539 1.121 2.08
& L4 A 1Y
~
4 ‘ B .
‘ %

-

z
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TABtE 4.3 SUMMARY OF RESULTANT FORCE AND EFFECTIVE LEVER'

] &RM FOR 6 STOREY PROTOTYPE WALL - NONLINEAR
DYNAMIC BEHAVIOUR = | o
) CANTILEVER | RESULTANT EFFECTIVE LEVER .
~ HEIGHT IN FORCE ARM IN NO. OF . d/H
‘ NO.OF : STOREYS ,d - ‘
STOREYS,H [T, OR Cp (kN) S .
| |
o IS S 244.52 1.00 : 1.00
2 ' ,224.66 1.58 0.79
.3 |- 204.27 "2.31 077
4 173.84 3.05 0.76 -
5 129.94 . 3.83 . 0.77
/M
L : Q ,
’ A Y
«
4
v Wl - o
o
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TABLE 4.4 . VALUES OF MAXIMUM NONLINEAR STATIC RESPONSES
FOR THREE DIFFERENT RATIOS OF R/W = 5 STOREY

v

le7

CANTILEVER g
. ) ’ i
. - ° | t Tt |
» PARAMETER R/W=1.02*| R/W=1.12 | R/W=1.56 i
T |
Cantilever deflectlon, 20.71 6.85 5.49 5
§., in mm - ‘
v
Maximum force in.trans- |- 133.40 61,30 54.62
verse ties, T ,in kN /f\\
~“max B i ‘
Maximum ductilify faétor| 17.38 | '9.30 . 3.72° 5
in mechanical ‘connec-
tors, u e S
Maximum.gap opening in . , K
- horizontal ]01nts, § _,
in mm, 9 , . . .
- in cantilever 3.941 0.507 0V.091 5
-_in wWall 1 0.410° 0.192 0.215
‘ )
Maximum slip in hori- . 6.913 .0.539 0.106
zontal joints,Gs, in mm
% R=1464. kN; W =1431 KkN. ~ u ~
.+ Prototype structure, R = 1044 kN; W = 936 kN. :
T R=lf1§4 kN W‘936 kN. .
' L
I
—— .\ / R )
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F;gk 4.3 FORCE CONDITIONS OF PANEL FAILURE IN 6 STOREY
/ PROTOTYPE WALL SUBJECTED TO TYPICAL GAS EXPLOSION:
| (a) TYPICAL DAMAGED CONFIGURATION AND FINITE
ELEMENT IDEALIZATION ; (b) TYPICAL JOINT FQRCES
EXERTED ON PANELS;: ' (c) JOINT FORCE-TIME FUNCTION
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DETAIL A - TYPICAL JOINT FORCES EXERTED ON PANELS
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x R/W=1.02(R= 1464 kN;W = 1431 kN)
J ) ,

-

® R/W=1.12(R=1044 kN:W= 936 kN)

O R/W=1.56(R=1464 kN;W= 936 kN)* -

FIG.

4.41

PANEL COLLAPSE TIME, t  (sec)

MAXIMUM DYNAMIC RESPONSE OF GAP OPENING IN HORIZONTAL
JOINTS OF WALL 1 FOR VARYING. PANEL COLLAPSE TIMES AND
THREE" DIFFERENT RATIOS OF R/W - 5 STOREY CANTILEVER

*
I
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FIG. 4.42
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MAXIMUM DYNAMIC RESPONSE OF SHEAR SLIP IN HORIZONTAL

JOINTS OF CANTILEVER FOR VARYING\PANEL COLLAPSE
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CHAPTER V

SUMMARY AND CONCLUSIONS

’

~

A study of precast panel wall§ has been pErforméd fér
simulated quasi-static énd dynamic conditions of local panel
collapse. A finite element procedure was employed to examine
the nonlinear static and dynamic behaviour of a l?rgé’ﬁ;;—
cast panel shear wall structure of the cross-wall type.
Individual precast panels were mogelled as multilevel finite
element substructures comprising 4rnodé plane stress rectangu-
lar elementé with linea;\elastic Behavioﬁr. Horizontal ahd
vertic;l joints were ;epresenteq byfdis;reté orthogonal
spring elements with nonlinear constitutive rélhtionships,

whereas uniaxial spring elements with elastic behaviour were_ *

used to model the transverse and vertical ties.

A l2-storey prototype wall with variable cantilever

.depths was studied for static loading. To simulate static

~

conditions for local collapse, individual exterior panels
are assumed to fail quasi-statically at various levels with-
in the precast system. For comparison, analyses were also

" performed for: ¢ )

(é) Elastic behaviour based on the assumption that all

joints remain elastic but allowing slip and gap

N

openings to occur in the horizontal joints; and
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(b) The rigid-~cantilever approacﬁ recommended for

- design by the PCA ([5].

! The. following observations were noted concerning the

nonlinear static behaviour of the prototype wall.

(L) ReéardleSS'of the number of storeys in the cantilever,
“tensile forces developed in trans&erse ties are confined
within the upper six.floor levels. For cantilevers
aeeper thanwonelstorey, the resultant force in trans-

verse ties is essentially constant, whereas the effective

lever arm increases with increasing cantilever depth. ' J

However, it was noted that the ratio between the effective
lever arm 4 and the overall cantilever height H is
approximately constant (d/H = 0.80). Eurthermore, it was
observed that the rigid-cantilever approach produces
conservative design forces fo; transverse ties below

the upper\four floor levels, compared to those of the
nonlinear behaviour. In particular; it was noted that ~

4

the transverse ties which are designed according to the

\ . PCA recommendations [5] will remain elastic at design

lbad level.

/

' (2) * The ductility demand in mechanical connectors in-
creases with increasing cantilever height. An important
observation was that the demand will exceed the practical

ductility limit for structures higher than 12 storeys.
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i
”

P

(3) Significant gap openings were observed in the horizontal
joints of the cantilever and Wall 1, demonstrating the
, necessiiy for reinforcement across the horizontal joints to

resist the vertical tensile stresses developed.

. \ ,
(4) | Horizontal shear slip occurs at all floor levels of

the cantilever joints. This implies that the resistance .,
: \ .

provided by friction between precast concrete panels and

in-situ joint grout is not adequate. to resist the induced

. shear force in the horizontal joints.

»

A parametric study was perfofmed for a 6-storey precast
panel wall for static loading. The foilowing conclusions. were .

noted:

i

(5) The nonlinear static behaviour of the precasﬁ‘system
is significantly influenced by ;he design shear strength
of mechaniéai connectors. 1In particulaf, it was éhown
'that the ductf&ity-demand in mechanical connectors can be
effectively reduced bykintroducihg connegﬁors with higher

design shear strgngth.

(6) The coefficient of friction between the precast
concrete and the in-situ joint grout in horizontal joints,
if specified within the range 0.2 - 0.8 used in current
design codes, has insignificant effect on the performance

of the érecast system.

.
A
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|
* 3

(7) Vertical ties reduce the magnitude of nonlinear

joint deformations and ductility demand in the structure.

/8

. In particular, vertical ties with postensioning were

shown to be more effective.
' .
(8) The ultimate load‘capacity of the cantilever is

[

governed by the shear capacity of the mechanical connec-

tors in the vertical joint.

<

A nonlinear éynam}c analysis has alsb\been carried out

for a 6-storey prototype wall with variible cantilever depths
£

for simulated dynamic force conditions local panel collapse.

The latter was simulated by assuming that an exterior panel

collapses in a short duration of time iq response to a

1

domestic gas explosion. The follow1ng observatlons were noted

concernlng the dynamlc effects of local panel collapse on the

prototype wall. o \
' \

A
1

¥ (- .
(9) The pseudo-static resultant from maXimuQ force
: 1

envelopes for transverse ties increases |\with increasing
B v {

-

1
cantilever depth. However, the ratio~be%ween the

. . |
effective lever arm -and overall cantilever height remains

L 3

constant at 0.80 for cantilever deeper than one’storey.
The force requirement in transverse ties (was ehown to be
substantially hiéher than that of the nonlinear static
behaviour at all floor levels (12.4 to 177. 2%) At design

load level, it was observed that the transverse tie force
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at the fifth floor level surpasses the minimum design

strength of 80 kN recommended by the "PCA [5].

(10) " The ductility demand in mechanical connectors is -~
' approximately 50% higher than® that of the nonlinear

static behaviour at all floor levels. ¢

(li) Maximum éap openings and ghean,slib in th; hori-
zontal joints of the cantilever and Wall 1 are signi-
ficantly higher than those o}‘the non%inear static
.response,'with maximum/increases of'89;6%, 152.4% and .

336.4%, for maximum shear slip, maximum gap opening

in the cantilever and Wall 1)} respectively.

o

‘The results of the parame%er study on the nonlinear '
dynamic behaviour of a 6~storey precast panel wall of

.5-storey cantilever allows the following conclusions:

(12) The results indicate that the use of a coefficient
higher than Wg = 0.4 in horizontal joints canhfesﬁlt

in slightly higher ductility demand in mechanical
L ~-3 .
connectors. - ' .

A

Y
o -

(13) " For panel collapse time tc < 0.3 sec., it was shown
‘. that the ductility demand in mechanical connectors will:
‘significantly_exceed the limit to which ,domestic struc-

tures can be designed.
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APPENDIX A

!

TLOADING CONDITIONS AND TIE DESIGN DETAILS

-

£

i
i

“A.1 LOADING CONDITIONS

5

The loading conditions for the structure shown in

' Figure 3.13 are given below:

t

LOADINGS

Floor: Live load = 1915.2 N/m? .
Partition load = 478.8 N/m?
-~ Mechamical load = 239.4 N/m2
] Slab dead load = . 2633.4 N/m?
Roof: Live load = 1915.2 N/m2
Built“up roof = 287.3 N/m?
Slab dead load = 2633.4 N/m?2
EQUIVALENT DISTRIBUTED LOAD ON PANEL - FLOOR LEVEL
bead load: = (478.8 +.239.4 +2633.4) x 8:46/1000 = 29 kN/m *
Panel self- = 23.562x2.97x0.2 = 14 kN/m
weight = : (
" Total dead load: - Wy = 29+14 = 43 kN/m ‘ .
Total live load: W, = 1915.2 x8.46/1000 = 16 kN/m

v
B L ST S B ;s maa

’/\.J‘
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A

EQUIVALENT DISTRIBUTED LOAD ON PANEL — ROOF LEVEL

(287.3 + 2633.4) x 8.46/1000 =" 25 kN/m

Dead load: =
Panel self- .
weight : = 14 kN/m

Total dead locad: Wd 25 +14 = 39 kN/m

Total live load: W

2 16 kN/m . | '

R

A.2 LOAD COMBINATION

- < NI.
When wind load is not included in the design, the
required strength, U; provided to resist dead loéd, D, and.

live load, L, should be at least equal to the following [5]:

U=D+ 0.5 1L

Accordingly, the roof and floor loads.to be ‘used in

. the analysis-are determined as follows:

39.0 + 0.5 x 16.0

[}

‘Roof load: w 47.0 kN/m

r
Floor load: }\ W 43.0 + 0.5 x 16.0.= 51.0 kN/m

£

Since the value of W isinéarly the same as Weo o
the value of Wf Qill also be used at the rodf‘level, i.e.,
the design load, W = W.. i

N ‘
- 5

B P TR Wh e ey

B v e
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A.3 LUMPED MASS AT ELOQOR LEVELS )

\

-

Based on the design load distributed at flodr levels,
the resulting lumped masses assigned to the individual walls

gt‘each floor level are as follows:

51,000.0 x11.0/9.81
3

Lumped mass at floor levels:

57.24 x 10

N.sz/m

3 kg

1]

57.24 x 10

A.4 DESIGN OF TRANSVERSE TIES

It is given that the tensile force, Fx’ in the

)

transverse tie at a particular storey is expressed as [5]:

2
o - axVVRd
‘x 2hs

where -

o is a coefficient depending on the particular

building height and cantilever depth.

The constant height of each storey, h the design floor

S’
load, W, and the unsupported length of the canfilever, Qd’

are, respectively,

hy = 2.97 m; W =51.0 kN/m;and 24 = 3.67 m.
To determine the transverse tie requirements, the

aiévalue for each storey is chosen from the design chart ([5].

*
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3

» The required transverse tie forces are as follows:

[

\ Floor LeveJ. . o . Fx (kN)
12 1.00 115.6 |

11 0.45 52.0

10 0.29 | 33.5

9 0.21 24.3

'8 0.17 19.7

7 0.14 16.2

6 0.12 13.9

Below 5 0.10 11.6

It can be noted that with the exception ‘'at the
uppermost level, the required tie force is below the
recommended minimum tie force of 80 kN [5] at all floor
levels. Accordingly, the unstressed prestressing strands

selected for use as transverse ties are given below:

Floor Level ' Transverse Tie Details
Roof 1-12.7 mm diameter—strand; As =92 mm?';
o 2 g
£q = 1r720 x 10° kN/m
11-1 1-9.5 mm diameter strand; As =51.6 mm
L El 3 2
' fpu=l,720 x 10~ kN/m ’
. N '
. [
N /K

o

P



\ . . *

\\\iZG' "
s \ . .
\

\

The désign strength of a strg;é employed as a

transverse tie is calculated as [5], ' . :

. v | pu s

For, 12.7 mm diameter strands,

F, = 0.9x1,720 x 107 x 92 x107% = 142 kN
s ' -
For 9.5 mm diameter strands,
. . 4 1
| . .. - ;; - ¥
P Fy=0.9><l,720><103><51.6><106=80kN -

The tensile stiffness pexr strand, kt' to be used in

the analysié is calculated based on the debonding length,

4

expressed as,

A_E
K = S S
t 60d
VFor d = 12.7 mm, . ' >
- / k = w.— = 24.0 kN/mm ’."‘ . ’

,{ t 60 x12.7

For d =,9.5 mm,

k, = 5L=6x200 _ 19 1 y/mn
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““A.5 DESIGN OF VERTICAL TIES s

o

The horizontal shear force-at each floor level is

9

given as [5],

. 2
. B W zd' \
X 2hS )
where . , o L o
. / . . } " * i
Qx is a coefficient%depending on the particular .

~ . . B
building height and cantilever depth.

. B 4
‘The other variables in the above equation are the same o

as-those described 'in°Section A.4. Hence, the hofizontal

=

shear force at each floor ' level is calculated as follows,

Floor Level By VX(kN) ( . o “
12 1.00 115.6 & ° “
11 ©1.20 138.8
_ 10 1.29 139.2°
9 1.33 153. 8 .
8 1.37 . 158.4
| L7 - | 1.39 - 160.7
’ 6 | 1.40 161.9
5 1.41 163.1
4 1.42 164.2 .
3 1.43 165. 4
2 1.44 166.5 .
o1 1.45° 167.7

s & MR T b




4. b o
_foree ,per tie is calculated as follows,

/ , , B L 228

' 1
a . ’ &

In addition to the above horizontal shear forces,

‘the vertical ties must also.act as tensile ties to resist

.a s wr N
any tensile forces induced by the suspension mechanism.

[y

Thu¥, by‘using two ties per panel, the reguired tensile

Tensile force per tie = Vx/2 + W Zd/2

\\‘-’Q It is clear that the hlghest tensxle force requlre—
\

i <

. me t occurs at the . first floor level hence, the requlred

force per tle-;sz ,. L .
, ¢
: Tensile force :::h%ie,= l63'7 + 51:23~67.
L ", .
T = 177.5 kN

o
n

Ol . ‘ . R
. High s4rength steel bars {d=17.5 mm,‘As= 240 mm?)are

employed‘ﬁs‘vertical ties with an ultimate tensile strength,

fgu‘a 1;035x 103 kN/mz, with two per panel. The design

strenqth of the bars is computed as [S],J

3 -6

‘i_
]
1}

ot A= 0.9%1,035x10" x240x10

Y Pu s

-*
[}

224.0 kN

4 r
Hence, the tengile stiffness per tie, is exgressed as
Y
: T . . Ps Bs . 240 x 200 a
LI .."t h N ‘h

'

.
I R e et I LR S - S e e e 4
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