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' This thesis- indicates that the use of friction type

energy absorbers in vertical connections can play an important
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role’\in the seismic response of_u concrete structures.
Study was done on a model using limited” slip bolted
joints, excited on a shaking table. By varying the slip load
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. INTRODUCTION
L 2

b3 J_
The effects of severe ground motions due to eérthquakeé

are ‘-receiving increasing attention in reinforced concrete

© . »
structures, particularly in high rise buildings. ‘;j
4 A ) 5
Energy dissipation is a key factor in the effect. of,
o, strong motion earthguakes. The energy is fed into the struc-,

ture the earthquake, and must be dissipated by'the‘

strucfﬁre. Elastic nserved, thus eneréf%
can only be dissipateg bf internal friction or inelastic de-
formétion in structural or nonstfuctural elements.

In most concrete structures it is uneconomical, and\in
large panel structures it is almoét impossible, to dissipate
kiﬁetic éneréy, caused by severe earthquate éxcitétioné,'bf
means of ductility, i.e., there is no ability of the étrucﬁure

To solve such a problem

1

to perform past the elastic limit,
- it is nécessary to develop some kind of mechanism which can

oo efficiently consume enexrgy. There are several types of such

z . mechanism. Some are based on plastic deformation -of material,

others are based on hydraulic dampers, while the method in

L]

this study .is based on friction.

N |

, Experimental and theoretical works¥have demongtrated

(i,‘2, 3, 4) Ehat the installation of energy absorbers enhances.

. . 14 -
the earthquake resistance of structures. Further -development
of the energy dissipation devices and'siuéies of applications

should leaqd to their broader use in structures and structural

components. 0 )

|
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1.1 Cast in Place Shear Walls

8 °

In multistorey buildings, shear walls can provide the
majority of the strength.required for lateral loading.
When shearaﬁalISJare subjected to wind and modaerate

arthquake loads, they present an élastic behaviour. However,
. . .
" to avoid destruction during large earthquakes, some means of
- ’ ' A
energy dissipatiop is required.
v ,

= As a génerdl rule, carefully-aesighed énd detailed
structures can providg“; g%QSuiiiponse to such large loads_
(5, 6). i

a2 Studids have shown that the addition of flanges~will
increase'the ductility, stiffness and yiélding capacity og‘a
_ shear Qall (7, 8). It was shown that: a) the addition yf
fyqnées will inbreass the cgrvafure ductility of the section;
b) thicker flanges will not affect the ductidity of the sec-

Yy "\ &
tion, but will increase the stiffness and yiéld resistance. .,

However, when shear walls utilize dg;tility«to re§ist severe
£

4
earthquakes, permanent damage is inflicted on'the structure.
[+ 4

Another way to dissiggté enerqgy is the sliding of con-
struction jcintg betw?enishear walls (6, 9). During cyclic
rloads laf;;pgifp occurs witﬂ a reduction in shear resistance
(9) . . When the reinforcement crossing the joints yields, '
Jfailure occurs. The shear stress-shear slip relat}onship for

‘a construction join%uépecimen which was subjected to a few

cycles of reverse static loading (5) is shown in Fig. 1.1.

It can be seen that the existing damage is almost irréparable.'

Sliding across plastic hinge :zones can also provide

o

A

.
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¢ large contlnuous cracks, whlch tisually occ immediately above

the foundatlon level, where tHe flexural rpinforcement in both
faces yields. This concept led to the desxgn of soft-storey
" structures (10). Additional study has shown, elastic Supér- © \\~

5: structures demand ideal elasto-plastic first storeys, which

é can cause early P-Aéf:llapse (11).
- To improve the perﬁormance of earthquake resistant ' 4
f
structures, damage has to be minimize? and the ene;gy dissi=- -1

-

pation maximized. Plastic defbrmation and permaneht damage ]

can be avoided by intr¥educing the :limited élip bolted joints ' q
o, ’ -
. . ‘ .9
4 in cast in place solid shear walls or even in the coupling

PN,

systems proposed by Gosh and Péulay (7, 8). This kind of

joint must be inserted before pouring the concrete.

1.2 Precast Panel Wall Systems

Precast panel wall syétems are widely used on construc-

1

F; tion due to sipple and fast installation procedures. ‘
Different structural wall systems are defined by the

layout of the load bearing ‘walls. There are three basic.

systems: crgss wall, long wall, and mixed wall. .Thei; char-

! »
actéristic configurations are Shown in Fig. 1.2. . H/
L

Y o A e T ~pnpe s

Parallel and perpendlcular walls can be jOlned verti-

I ‘ ‘cally to provide a large moment of inertia or flanga action

:

(5). ,

The joints are the most appropriaté‘location for con-

Shial i fo s i L S

suming energy. There are three joint locations available.

These are shown in Fig. 1.3. 1In slab to slab joints, the

ﬁprces are small, and the energy dissgpation through these )
\'\\, : ' -
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" joints cannot be considered. Horizontal joints are permanently

3 .
damaged if they slip, with the destruction of the interfaces

(F\‘ig. 1.4b). 'lfhey also may {receive alternating ..tc::ns-ién and
compression, ;:ausing‘bpening and closing off the joint, iaro—
viding a rocking motion (Fig. 1l.4c). Vertical wall to wall
joints hf:we been shown to be.the mo>stv suitable place for
energy‘dissipation (1, 2, 12) (Fig. '}.4c).

Vertical copnections méy be either "wet® or "dry".

Wet joints are made with' poured in place concrete or grout,

[

to transfer stresses at the connections, and can be reinforced

to resist the tensile stresses while the compressive stresses
are résisted by concrete (13) f(Fig. 1.5). The ke;ygd joint':s
are the most common ones (Fig. 1.5¢). Band breakage with

.subsequent dislocation of the keys is a customary failure
mode of unreinforced keyed joints., There are ésshﬁlly g
three ways of reinforced keyed joints té: fail: yielding,s«
diagonal tension,. sheariﬁg of the keys or 'crushing-of the
keys. | The jo'ints\ can present reasonable ductility.,after
yielding by the use of steel continuity, which €an be pro-

- vided by’, la;;?gd dowels, iapped loops with long#tudinal Pins,
mechanical Qplices or welds (Fig. l‘.6) .

¢

In dry connections, the connecting pieces are embedded

&\\in the panel d ] ipg the casting process, and then joihed to
‘the-adjacent pA{L }he field. Conne(;tors are eitifer welded
or bolted together. 'Tﬁree possible ways of dry conrll.ectiqn '
failure are: concreté cracking, metal failure’, or insert'

pullout. Concrete may fail due to diagonal tension.

.
F e adaaiad
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' Concrete also may fail in compression’qtzif,ihe studs,
with crushing and spalling of the concrete. In¥erts of rein-
fofcement may pull out due to lo§s of bond.

All the above failure modes can be“avoidedlbY the use:
of bolted, dry joints, provided with slots to allow slipping.

4

This claim is based op a recent stu&y by Pall et al (1, 2}
. . o ~ o .
which shows the potential of such a solution.

‘e 5 v

1.3 Proposed Mechanism 0

13

o

o

The impdrtance of”dévglopgnq\? good mechanism for con-

-~ suming energy during earthquakes without producing permanent
_*damage ‘to the styucture, has been stressed in, recent studies

(10, 11, 12, 14). _— J‘

| . The Limited élip'Bolted (1.SB). joint is one of the

-

mechanisms that has shown a reasonable hysteretic character-

a N Ty
istic for a number of reversals of loading. It consists of
steel plates with slotted holes clamped together with high

tension bolts, dissipating energy throuéh friction when the

plates slideT Figs. 1.7 to 1.9 show the details. The fdrce

»

at which the joints start to Qlip depends on the coefficient )
of friction and the clamping force ;f the bdits. \ ] ~
Dﬁrinq wind and moderateaearthquakes the joints must B
" act as rigid, prbdﬁcing a monolithic wall, ‘thus tré%iférimg
the full shear force. . ™ . A
- ‘ During severe earthquakes the jq}nté st&fﬁ to slié with

near “elasto-plastic® behaviour, while the shear walﬁs stay

inféheir elastic range. : . ;
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- 1.5 Organization of the Text . ' ‘ \
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Static and dynamic cyclic tests were conducted on
several types of connection (Fig. 1.10); studying different
laying surface‘treatments to evéluate their basic design pxro-
pertiesl Thg best behaviour was shown by heavy brake lining

PR

pads inserted between steel plates with mill scale surfaces.

.

1.4 Object of the Present Projegct l .

In theory, the response of structures to known exciting
forces can be solved. However, to have any practical value,
the basic dynamic properties requiré many details of material

~

behaviour and structural configurations that cannot be fully

N '

R

analyzed. Therefore direct experimental confirmation is de- ..

sirable. “ ) °
Thus, the object of the present study was to find the . |

opt{mnm slip force, for shear walls coupled with LSB joints, |

by use of a modéi on a shaking table, and co?pare it with

theoretical values. The eﬁergﬁ dissipafion by these joints

is é function of the slip load and the length of travel. The .

optimum solution will depend on the rig&dity and mass of theL

building ana the seismic iniensity. i ///\

‘ The mass and rigidity.of the model were held constant

and the slip load varied to determine the optimum value for

a given ground acceleration.

The thesis has been arranged in the following manner:
“In Chapter II a detailed description of the dynamic

tests and the experimental set-up are déscribed.
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- Recommendations for future studies are also made.

o rr—— YW

Chapter III deals with the'tésg procedure and the ob-

tained results. ' ' i .

-

Chapter IV ié directed towards the methods of analysis ¢

and the proposed procedﬁre for parametricostudies with a
) ﬂ‘u.
brief discussion on approximate analysis. The resultg,a;e

compared with those obtained in the tests.

Chapter V summarizes the conclusion of the investigation.
- N C
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CHAPTER 1I

DYNAMIC TESTS AND

EXPERIMENTAL SET-UP
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2.1.1 PFree Vibration Tests

".plied force is much. shorter than the natural period of the

2.1 Dynamic Tests ' i
There are three main types of dynamic tests appropriate
for experimental determinations: 1) free vibration tests,

'

2) shaking table tests, 3) forced vibration tests. fThese

are summarized in the following outline.

L)

Free vibration tests can be set up by either initial

o

- velocity or pull back tests.

o

2.1.1.1 Initial Velocity Te;ts
| ‘ Impact forces can produce initial velocit'y\ in struc~
tures. This can be generated by falling weights gr by a

swinging rod with a weighted e;xd, i.e., pendulum. Small ]

rockets (15) or explosive cartridges (16) can also provide

impulsive loads. In these tests the time durat‘xon for ap--

structure.

2.1.1.2 Pull Back Tests

s

The most common test for producing free vibration in.
N ,

the structure is the pull ?ack test. This can be done by
connecting a cable to the top of the structure. After pulling'
the cable,’ a sudden release will cause free vibratioﬂ in the
structure ai:out its static equilibrium position. The natural

frequency and the damping coefficient can be found from the

[
1Y

recotﬁed .response.

2.1.2 shaking Table Tests
" A shaking table provides a base, for the model struc-

ture, which can produce motions similar, to earthquakes.

7] & .
\ .
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of sandwich panels with aluminium extrusions incorporating

L 16 L

It is not possible to use these tables for fullscale:
structures, but they can provide a g?)od response for model
tests and structural components. This is the type.of test

. &

used in the present study.

2.1.3 Forced Vibration Tests ' \
Forced vibratlon tests on a complete building give
tﬂe most accurate information.

Forced vibration tests can be divided into three main

tyres: l) resonance tests, steady state sinusoidal excitation; -

-

2) variable frequency sinusoidal excitation; 3) transient

N\
excitations.

The most useful type is the steady-state sinusoidal

excitation. ,

— : !
2.2 Experimental Set—Up h ‘ /)
2.2.1 Description of the Model T

The model used in this study was a stapled assembly "IN

¥

LSB joints. N\

2,2.1.1 Panels . '

o -

The sandwich panels used were made up df a styrofoam
c_:\oﬂre‘\\Zin.r (50. 8mm) thick, with'a[ fram;a of 2 x 2 in. (50.8 x
50.8mm) clear white pine. The two faces of each panel were
.025 in. (.635mm) thick utilit:y aluminium, glued with epoxy
on the foam core and wood frame. ‘

The wood and the al‘uminium facing were testeé! aqcording“

to ASTM D143, E8, E238 standards (17) . The results are shown

*

in Tables 2.1 and 2.2.

-
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"White Pine .,  Modulus of Proportional Ultimate
‘ elasticity = E Limit = F Stress = F,
|
Compression 1000 ksi (7000 MPa) 45 ksi (31 MPa) | 6.5 ksi (45 MPa) od
Parallel to the :
" * grain ’
Compression 1 90 ksi (620 ¥Pa) .8 ksi (5.5 MPa) -
+Perpendiculdr to : °
\%m grain ‘
- . >/ - %
TABLE 2.1 - ©PROPERTIES OF THE WOOD USED FOR SANDWICH PANELS (17)
) L4
4 \
. *
Aluminum Yield Stress Ultimate Stress , Modulus
Fftces Fy Fg of Elasticity' (E)
Tension 22 ksi (152 MPa) 25 ksi (172 MPa)- | 10% ksi (70000 MBa)
. &
Shear 12 ksi (83 MPa) | 15 ksf (103 MPa) ( -
\
Bearing 40 ksi (276 MPa) - -
TABLE 2.2 PROPERTIES OF THE ALUMINIUM USED FOR SANDWICH PARELS (17) -
Y
/ :
/ i
3 - "
. —n

|
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2.2.1.2 Extrusions \ ~
Twc;‘types of extrusion were used, "I" type cross section
and hollow square Cross section. with eight flanges, two ua;t
each corner and perpendicular to each other. ‘Theo dimensions
of e#usions are shown in Figs. 2.1 a;nd 2.2. The aluminum
used for the extrusions was 6063-T5 produced by Alcan with
the followingn properties (17):
Ultimate tensile stress F= 22 ksi (152 Mpa)
Tensile yield stress = 16 ksi (110 MPa)

Bearing stress \ F = 46 ksi (320 Mpa) ° ,

The panels were connected to the.extrusions with stapleé

*

2.2.1.3 staples . y

~Staples used in the model were U-shaped, galvanized,
made from high étrength "g:arbon steel. Their ultimate shegju:'.'l
strength according to ASTM BS%S standard was 75 kS1 (520 MPa)
(17) . Their dimensions are shown in Fig. 2.3.
he tests on the strength of staples (17) show that

P

increasing the numbexr of staples in a row decreases the slope

. of the load ‘p’er sta‘ple. leg versus the deformation, while the

ultimate capacity remains almost the same (Fig. 2.4), so the _‘\

maximum load that was considered in calcu‘lations was 40 1lb. \
¢

(178 N) per staple leg.

Panels were connected to extrusions by using a pneu- .

matic Senco stapler gun (F:.g. 2.5), connected to 100 psi

‘

(700 KPaf pressure line.
. *~

The extrusions were approx:.mately .08 to .1 in.(2.0 to

2 4 mm) wider than the th:.ckness of the panels. A.plywood

3
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"shim, 1/8 in. (3 mm) 'thick,u was inserted in one side of the-

R}

connection to eliminate the gap between panel and extrusion

- . (Fig. 2.69 .

- The spacing of staples in each row is réiated to the-
calculated lcad per unit length at that location. ' The };ottb,m
rows had two staples per inch, the first_level, one staple
per inch; the second level, one staple per two ingﬁ; and the .

‘third level, one staple per thtee inch. All the vertical

%
. extrusions were cormected& to the panels with one staple per ‘;
three inch. < - ) ‘ .
Fig. 2.7 shows all the details and dimensions of the N
model. " | T : .
N 2 2.1.4 Limited Sln.p1 Bolted Joints
’ . The 3joints used were made of aluminium 5454~832 plates i
with slotted holes, 3/4 in. (19 mm) long. The.m‘echam.cal. . .
properties of the plate were measlsured' and the results obtained ,
' ‘are presented below: : !
R Ultimate Stress F, = 34ksi (230 MPa) R o z
- " i Y}.eld Stress Fy = 27ksi (190‘MPa|) |

The plates were welded to "#" shaped extrus:.ons, and

bolted to "I" shaped extrusions through the slots (Fig. 2.8). :

it

Brake lining pads,~1/8 in. (3 mm) thick-, were inserted be-,

tween the plates and the "I" shaped extrusions to ‘provide\-the

required friction. They were made up of as?stos fibre re-
N inforced with metallic particles. Since pads were not placed
between plates and' "#" extrusions, a gap was left. To- elimi-

nate this gap, washers with the same thickness of the pads
K
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were used. Brake lining pads were also inserted betweerg%th‘e-"”‘/

external face of 'the plates and the bolt head to give the sa{me

coefficient of friction on both faces of the plate.

2.2.1.5 Qyclic Tests on the Joints

To £ind the hysteresis loop of the proposed joints a

specimen (Fig. 2.9) was tested in an Instron universal testing

machine, Model 1125. The specimen was attached to the load

cell and the compressive or tensile loads were applied by the

moving cross head. The Instrom strain gauge extensometef was
connected directly to the servo cha;rt drive sxstem for a con-
tinuodé load/displacement record.
The slip load of a friction bolted joint assembly Ele-
)
pends on the clamping force caused by tightenin% of the nuts.

4

Tests were done on differeVnt tir‘ghtenings; using the Torgque
method and snug tight procedure. The best results were 'fou:id
by turning the nut 'in increments of 90‘ after they were
tightened by haL\d. The corresponding hysteresis loop after

2.10.

It can be seen #fat the characteristic remain‘s the

same. The slip lodd, per bolt had an average of 80' lbs. In
'the actual instalation in the model, the plates were welded
to the "#" extr\usions afﬁer the bolts‘ re tightened to the
"I" extrusions. This resulted in a resjdual slip load when
the bolts were slackened, estimated at pounds per bolts.

Actual installa?-_ion of the jcints is shown in Fig. 2.1l.

2.2.1.6 Connection Between the ilodel

e

and the Shaking Table

A steel frame with the same dimensions as the shaking

©
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' ~30-~
table 19 x 13 ft. (5800 X 3970 mm) was Weldéé to the corners
of the shaking table. The connection of the model to the

frame is shown in Fig. 2.12. ’ .

2.2.1.7 Weight of the Model

The ‘total weight of the model was 730 lbs. (330 kg).
The natural period was considered to be too low. To increase
the period of vibration apd to help ensure that onlf the fun-
damental mode appeared, two steel channel shapes, each of
340 lbs. (155 kg), were connected to the~top of the model
(Fig. 2.13%.

2.2.2 Earthquate-Facilities ¥
Pacilities to fulfill the requirements for simulating,

reading, and récording earﬁhquake response can be divided

Sl st e e w7 T

into five sub—systems. , '
1) Shaking Table

2)LHydraulic System

"3) Electronic System

4) Additional Equipment for Static Tests

5) Data Collecting System.

-

2.2.2.1 Shaking Table )
The shaking table available at Concordia University
has the dimensions of lﬁ ft. (4 m) in the direction'of motion
and 19 ft. (5.8 m) in the direction perpendicular to the
motiqn. It is capable of'E/B g (6.54 m/sec) acceleration,
25 in/sec (0.64 m/sec) maximum velocity and I3 in. (i76 mm)
m;ximum displacement (18).
The table is supported on a floor slab which is

. - _* +

B LY N N ©

* h o
} - o !
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anchored to rock (Fig. 2.14).

2.2.2.2 Hydraulic System

The hydraulic system available includeé—th;ee main

ot e AR ST

sections, a) control console, b) actuator, and c) hydraulic

pumping unit.

a) The control console provides the means to contro%
load, loading rate, displ;cement, frequency, amplitude, and
wave form imposed by the actuator, Fig. 2.15.

‘ b) Two actuators were available as a drive system,
20 kips (9. ton) and 50 kips (23 ton). Présent test was done
using the 20K actuator, which had an effective piston area
of 9.5 in.2 (6100 mp?) with a rod diameter of 2 in. (51 mm).

c) The hydraulic pumping systém had a maximum capaéity
of .10 GPM, and a maxipﬁm pressure of 3000 psi.

2.2.2.3 Electronic System for

Operating the Shaking Table

The .Gilmore Structural Loading System was used for
operating the shaking table.
The dontrol console consists of a servo amplifier, a

signal conditioner, function generator with dynamic amplitude

conditioner, rate programmer, and a digital frequency counter.

The actuator could be operated with position or load

control. Co ° -

2.2.2.4 BAdditional Equipment

for Static Tests

It is necesséry to know the stiffness of the model, for

the analysis of the results. Since the shaking table is
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situated approximately 3 ft. (.9m) ‘from the concrete wall in
' the laboratory, the middle point of the top of the model was
‘connected to the wall with a turn buckle, to transmit a
‘horizontal poih; load. The load was appi}ed by moving the
> ‘shaking table away from the wall. By ocnge&ting a dynomometer
IS to the..turn buckle, gheiappiied force was_measured. The' de-

flection on the top of the model was found with a dial gage,

and the deflection versus force curve plotted, from which the

stiffness was calculafed.

2.2.2.5 Data Collection Systems -

Different data collectibn systems were used, depenaing
, on the kind of measurement required. These measurements an
their corresponding systems are {escribed briefly below
(Fig. 2.16). - : C i

. i
, ]
. LUn "

2.2.2.5.1 Strain Measurements .

Eight strain gages were connected to the four sides of

-

the coupled walls, where the stress was a maximum. The strain J

gages were (EA-13-100 BR-lZO,'madelnflﬁtM! ). Since a dynamic 3

-reading was required, they were connected to an electronic
voltmeter made by B & K, type 2409/2416. This instrument is ﬁ .8
able to measure the peak, average absolutev and true RMS -

Vs L

values of AC voltages in the frequency range of 2-200,000 H3.
2.2,.2.5.2 Oscilloscope

. A Pektronix 7633/R7633 (Fig.'2.17) storage oscillo-

_scope was used to make the wave forms visible on a fluorescent
' -
screen. It is a solid-state instrument, especially designed

!

fox fast writing rate storage applications. The 7633 operates

’
-~

’

o ")
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~ ternal trigger signal for the time base unit.

pqsed'of a strain gage (CEA-Q6=<]125VW-350, made by zMsMa ) ‘

. Gigital Maltimeter type 3466A made by Hewlett PBckard thp). . TN

~38- ’ e
in three display modes, NONSTORE, STORE and SAVE.

"The trigger source switch allows selection of the in-

o

3 N \ ‘
The two inputs used in the tests were the displacement
L.

on top of the miodel, and the dispiacement of the\shaking table.
The phase between two motions and their chatracteristics were
obtained from the screen and a phasemeter. 5

2.2.2.5.3 Displacement Measurements (Amplitude{ !

}

The amplitudes thglshaking table and of the top of

of the model were measured\by a displacement transducer com-

connected to a,thin steel cantilever, whiqh fo}lowed;the///
motion. Forufrequenciestorefthan 2 HZ the peak value wés ’
read by the B & K, electroniq,voltmeter‘type 2409/24i6, which
was also used for the strain measurements in the panels. For

frequencies less than 2 HZ the measurements were done by a

1

The slipping of the uppermost plaée was also measured

4

~

by this procedure.

The phase angle between the top of the model and the

shaking table was’ read by the h&K, phasemetér type 2971,

o /
from it the exact relative displacement was calculated. //_,//

-
’
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3.1 Optimization

o 4
During earthquakes the buildings oscillate with an

amplitude- proportional' to the input energy. To optimize the
created response dug to seismic forces, the input energy must
be minimized, or the ehergy dissipated maximized. For a given
motion, the input energy is hainly dependent on the natural
frequency éf thewstructure. The natural frequency of a struc-
ture depends on its stiffness and mass. The overall stiff- .
ness of the coupled walls is related to the strength and
stiffness of the vertical join;s, which in the case of LSB
joints means the slip load. Thus the slip load is the major
factor afféctin"the frequency of vibration, which in turn
influences thg input energy and the energy dissipation. A
coupled wall with strong joiptgrbetween ﬁhe»two walls, creating
a solid wall has a higher stiffness than the isolated walls
with zero slip load. Thé natural period{of vibration of the

modéi are shown in Table 5.1.

Optimum
Type of |Isolated . Coupled Walls Monolithic
Wall Walls with LSB Joints Wall
Natural
_ Period , -
(Seconds) .30 .26 ‘ .15

Table 3.1 The Natural Periods of Vibrations
4
The energy dissipation in LSB joints is a function of

Slip“load and distance travelled, which will depend on the

t

responge of the building to the ground motion. Thus the
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obtimum solution is related to the intensity of the ground
motion? ' . » '

For this study compérisons Qere based on resonant
ground motion yith a constant maximum acceleration, repfesen-
ting the worst condition for a given intégsity of ground

motion.

’

. 3.2 Test Procedure s

To find the optimum value tests were performed for

different slip loads. The 8lip loads were obtained in the

f%llowing manner: a) the bolts were tightened in the manner.

described in section 2.2.1.5, giving 80 lb/bolt {360N) for

the slip load; b) the bolts were loosened,.giving an‘esti-_

mated 10 1b/bolt (45N), as was described in section 2.2.1.5;
' *

c) the pads between the joints were ?émoved, so the slip load

wa®s zZero.

)

The bed was driven by a sinusoidal force with a maxi-
mum value equal to 890 ibs (3600N) , which created a maximum
acceleration of 30.5 in/s® (77.5 cm/s2) kgbt constant for all

the tests. For each test the frequency of the sinusoidal

motion of the shaking table was adjusted £q_generate resonanée

of ‘the model. The frequency and the amplitude of the shaking

table and the top of the model were measured. Different tests

and their corresponding results are described below:

3.2.1 Test Program

Test I
Ali the bolts in LSB joints were tightened, creating

a slip load egual to 1280 1bs/storey. (5760N) , 80 1b/bolt

[ ot

e v e




s - e

/

&

. (360N) in each wall.‘_fhe static test for measurin?'the stiff-

ness of the model was carried out.
5 By moving the table away from the wall whiie the top
of the model was connected to the wall, the foree and the dis-
placement of the top of the model were measuredf

Dynamic tests were done usinq the procedures presented
eafliere Frezﬁency, amplitudes of the bed and the top of the
model and maximum stress le;el were measg;ed at fesonance.
Since there was no slip in the LSB joinﬁsNthis case can be
considered as monolithic walls.

14

Test 11

Each panel was connected by two LSB joints at the top

and bottom on both sides. The bolts at the bottom joints

were loosen@d\%n each panel creating a slip load of 720 lbs/:
.r
storey (3200N), (80 lb/bolt (360N) for tightened bolts and

10 lb/bolt (45N)° for loosened ones) in each wall.

Test III ,
\ The two bolts at the bottom joints were looeened as
well as one bolt at the top 301nts. The slip load was

400~ 1b/storey (2000N), (80 lb/bolt (360N) for tlghtened bolts

and 10 lh/bolt (45N) for loosened ones).
. ¢ 2 '

Test IV - =
©This test was déne while all the bolts in each panel
were loosened, creating a sllp load equal to 160 lbs/storey

(720N), (10 1b/bolt (45N) in each wall).

A s P aimns

S S,
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Test V (Isolated Walls)

’

All the pads between the joiﬁts were removed creating
isolated walls. . <

3.3 Test.Results and Discussion

For each of the values of the sli§ load Table 3.2 gives

the natural frequency,u the amplitudes of the bed and the top ",

" of the model, and the maximum stress level.

These values are plotted in Figs. 3.2 to 3.5. Fig.

2

3.1 shows the deflection versus force curve from static test. |
From the study of Table 3?2 and F#g. 3.2, it can be
seen that a slip load of 160 1lb (720N) provides the minimum
deflection of the model. Fig. 3.3 shows the effect of dif-
ferent slip loads on top deflections of the model with re- ¢

spect to the ‘monolithic wall.

The relationship between slip load and the maximum

<

.stress is similar and is represented in Fig. 3.4 which. shows

a slip load of 160 1b (720N).gives the optiimm result.
The effect of different slip loads with respect to rr;onolitbi\c'

wall is shown in Fig. 3.5.

c e 2

o R s a5t
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B T S .

)
.pg’/(ﬂ) T (Sic) Agop (mm) g (Psi) Aped (mm)
} I
g i
]
b 0 0.30 508 20,700 1.78
i
720 0.26 . 0.76 4,700 | 1.2
‘ 2000 0.17 1.78 13,100 0.58
3200 0.16 2.54 18,600 0.51
5700 0.15 19, 20, 000 0.43
U TABLE 3.2 - EXPERIMENTAL RESULTS
s
;
r \?
|
v
. |

To

A e TR

el

L 3 BB b > T




OV PRI ST S U N

AL e e n

DOBT 0091

Lopow dy3 jo dpysuopye(dy v - ,_ e by

N *peoT Le3uozj.doj| .

oow.m oow.n © 000 008 - 009 0o¥
i 1 i

- . x

. axe

[2

_ X ) " spLeM pajeios]

bujproyupn
’ ; Guipreo’]

b .

. ’

an3931 . »

u *uot3dl u.aé

Gy e e

S S e




-45-

) ~

SNOILOATAAA .NO OVOT dITS J0 LOodddd — z°t *bTa

0009 ' 000S
1

e

N ‘peoT d11s

000¥% 000€

1 2 1

°

0oo0c 000T
1 1

SN RN o S e 4 %

R T ™
[Te} b o N ™~

o
]
rh
—
14
Q
q
.
9]
=4

g =



.Y .

e PO 7

|

TIVM OIHLITONOW OL TIVM QEINIOL d0. NOILOFT4Ed 4O OIIVY - €°¢ “bra

*

»

0009 000§
i |

N ‘peoT dTIS

000%
1

+

000€ 0007 000T

dL|S oN

A e A

I

°

st kot ¥ €K S et ot 4 s i e

Amre e aa

o ind eae ke




! ) ’ , SESSAULS NO AVOT JI78 40 103ddd - ¥°¢€ ‘b1
j : , - .
;- i N ‘peoT dITS
|
ﬁ , 0009 0006 000% 000€ 000z . 000T
, 3 1 - 1 L [ 1 . : ]
P | |
J. . .

B diis oN;-
|

eJW ‘sTeurd UT S9SS3Ils

ny e el e

-

1 -

I
{ .
~ - .
uu - T . .
' . -
A
- - "
—_
H
'
o / . - °
?
- <~
B
o e Wa e = mar R TR P I U ORISR T I R SR ARG - - <
s




.} - B

TIYM DIHLITONOW OL TTVM AQEINIOL NI SSEMLS JO0 OIL l,m.ﬂﬁN;ﬁh. .

00089
1

0008
N

N ‘peo1 4118

000% ooo¢g
i L

w

T R MR G A pe E

-




-

-

R

0

.
B P T R S J

<

saraew

-

o

oo

o ) —\ ' o ¢
‘ .
A\
. e , .
.
T i
. .
x
e
° v
oo .
o
: a2
~. ! .
g .
& . N
-~
' r
B /\k& u
. . .
" h 4 o
é
CHAPTER IV : , -
e
ANALYSIS™ ° A
. ) .
L -
~ -
. , . .
N . . i
' * ! H LS ’ @
. a
. v
t .
C .
Q -
-
¢
o
. \ . " .
: - N . . a
- ' 2
B
e
¢ -
e
a ¥ -
.
} L ,
. o
5 B T TP
" u

o
.
1




" . ~49-

4.1  Methods.of Analysis .

. An J.mportant aspect in the analysis of a structure is
the\choice of a proper model. The propos¢d model must -con-
. - sider the paramount importance of each workixg component. The

1

miin methods of modeling the shear walls are the finite ele-
N\
ment, the frame analogy, the beam model, and the continuous

medium. * ' ) . .

' ', . The finite element method is able te handle‘static and

. " ‘; T 'dl'mamj,c behavidr‘ of shear walls in linear or nonlinear stages '

S ‘ and the method h\as been widely used (19, 20, 21). The ac-

' é‘uracy of the method relies on the flneness 0f the mesh which
affect\s the cost of analysis. 'I‘he output is in the form of’

\ stresses. . ’ |

Frame analogy method is a convenient method sihce it
. can be used easily by a standard plane frame computer and the
output is 1n the form of moments, forces and shears. INhis

method the walls and beams are represented by their centroidal -

axis, with correspondmg stiffness. The method can handle

)

. o f
dynamic behavior of structures in linear or nonlinear_ phases

i

o and has been widely used in structures (22, 23, 24).
~ ‘ \ Beam model is a simple and fast technique for hand
calculations but it cannot handle the dynamic behavior in non-

' . 9{ " . . .

-

. ‘ ) E linear stage. RN ‘ ci : ’
| . Contlnuous medium method, has been extensively used
(25, 26, 26, 2’8) in the analysis of gshear walls. The solutions

in the form of curves and tables for different kinds of

loading, are available (25, 27) for fast calculations.. This

s
’ ‘ - R ‘ N o :
. - * '] ' J / . .
e, 4 -




4.2 Proposed Model

- B - o w ewamgs

- methed is simple and effective but is not usually used for

« dynamic anélysis. v

Each of the aforementioned techniques has its own

Ve
quality and limitations and the selected method depend® on

the desired accuracy. Since the desired accuracy influences

the computer cost, this is another factor that must be con- ~

éideréd. ' | " ‘ . : "
To, ,compare the results obtained’ from the test done with N

the theoretlcal values, an- accurate analys:.s is required,

This needs a nonlinear dynamic behavior, gso there are two

techniques: availabled finite element and frame analogy method.

A study. was done (29) to show the accuracy eof frame analogy

‘method compared with the finite glefnent method using a fine

mesh. Tt;e results showed a good coincidence with frame analogy
. . , s
method. 2 - 4
1 o ; '
In another study (30) results obtajned from a test

done on a ten-storey stz;ucfural model excited by means of a-
ghakiﬁgiable shpwed that the best results of different methods

of .analysis were found by frame analogy'me'thod. Since the

. object of the present research is to. show the participation

of LSB joints, in improving the seismic resisgtance of struc-

tures, it ‘'is important that the proposed method be able to
' ' { ; :
consider it. Of most importance is the availability of an
2 - .

appropriate computer program. One using the frame -épalogy‘

xpethod was available.

\

L4
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4.3 Analysis Procedure

Most likely the step-by-step integration procedure is .
the most powerful method available for nonlinear analysis.
In this method, the.response is found for short egual time

increments At and the calculated response at the end of each

interval is considered as the initial condition for the next
P ° ~ , . '
interval. The process is continued step by step from the .

o

o

beginning of loading to any desired time.

’ At any instant of ‘time 't' the equation of dynamic
a any - dy ;

‘equilibrium can be written as: . . o 4
(M) fdr} + [C ] {df} + [K;] {dr} = (eP} a1
N . '

where {d;j, {dx) and {dr} are the increments of acceleration,
velocity And displacement, respectively,Agt the noaes} ar}
is the incremen£ in applied loading,[M]' is the ﬁass matrix.:
and fcp] ana [Kp] are the tange ues of the daméing and

. stlffness matrices for the styézzlzilzkrlts current state.
For a flnlte time step, At, the eguation (4. 1) can be wrltten

as:

a

M) (0%} # [Co] {a#) + [K] {ar) =iap), I Y-}

in which UsE} ' {Ai), {Arj and {AP} are tbe finite increments

e~

of acceleration, velotity, displacement and load respectively.:

~The tangent damping and stiffness matrices are defiged at the

beginning of time intervals. {AP} is the increment of load

o)

. {aP) = - - ] {13 Y - (4.3).

-

and is equal to: ' o .
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in which [M] is the mass matrix and AX is the increment of

the groun§ acceleration. The méthod of Drain-2D is based on

a linear variation of acceleration. T he accuracy depends on

the ratio of the time step and the period (31), and greater
accuracy.can be expected as ﬁhe integration time step is
reduced. In general, the time interval, At, should not belionger

than ‘one-tenth of the fundamental peried (32).

- 4.4 Computer Program . ‘ﬁ?

The computer program used for the theoretical-analysis
\‘ N
- was "Drain-2D" (33) developed at the University of California,

- Berkley. For step—byystep time integration of the dynamic .

o

equilibrium equations, the program consists of a series

of subroutines. The direct stiffness method is used for the
!

analysis with nodal displacements as unknown. Subroutines

for arbitrary oriented truss elements, arbit%ary oriented
’“ -
beam column elements, infill shear panel elements and semi-

)
:
i
§
]
i

. vigid connection elements are available. To represent the

“LSB joint behavior the subroutine for truss elements was mod-
ified by A.S. Pall (1). : | |

H The time history of ground'acceleration is considered

o for earthquake excitation. Lumped mass at rniodes is viewed

as structural mass.
14

4.5 Modeling Assumptions . \\J§A

-

— The following assumbtions are made for the propésed
Y |
model on the shaking table, in order to compare the experi-

o
' > ! Q . . ] \ 3 :
mental results with the ‘theoretical analysis. ~
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¢

,4‘%& The two shear walls connected with floor panels are
considered as a plane structure.

The vertical panel‘walls are considered as continuous
elastic cantilevers. .It bs assumed that the horizontal con-
nections ("#" extrusions) prevent any shear §lip§2r rocking ’
tyﬁe motion.

* The fioor‘diaphragms are considered to be infinitely
rigid iﬁ their own plane. .

Thexvq\Flcal panels are assumed to remain in their

elastic range an their correspondlng stlffness was found by

- : -~
the s 5tie test.

Only LSB joints are considered o have nonlinear be-

havior. S \ , <//ﬂ\
s [ °

The mass dependent type visco damping is assumed

-corresponding to 3% of critical damping] for elastic panel
. members. |
A single equiéélent lumped mass was placed at the top
-‘of the structufe in order to énsure the regpoﬁse in the fun- .
Aamental mode.
In the proposed modeling procedﬁre the coupled walls
are idealized as an equivalent wide column frame, in which .

the panel walls are represented by their centroidal axis with

their corresponding properties. .The two columns are gﬁupled

together at each storey by d arms connected by LSB 301nts.

0

' LSB joints are modeled a§ truss elements (1) yieldlng

in' the vertical direction in tension or compression to give
y -

- elastic-plastic behavior.




JR N

deflections obtained from the test and the ccmputer"analYSig.

. the both results. ‘ , (///

4.7 Approxiﬁate Analysis ‘ ! T

<
. =54

Sihce in the experiment the shaking table gﬁve a sinu~-
soidal motion, so the inputtacyeléfation in the computer
analysis was in sinusoidal forg. In each test the pefigé of
vibration for therinput\écceleration~was the resonant period.

The peak acceleration was the same asiinithe:tests

1
(30.5 in/sec?).

4

4.6 Results

&
|

y The study was‘conducfed for different slip ‘loads with

the corresponding natural frequency. The results. of these
studies are shown in Table 4.1 in resagct to the maximum

stresses and deflection at the top.

2

Fig. 4.1 shows the effect of different slip loads qn )

“top deflection. It can be seen that the slip load of 110 1lb

.(490N) gives the oétimum solution. Fig. 4.2 also shows the
effect of different slip load on top deflections of the model

with respect to monolithic wall.
L.

The effect of different slip load on stress le;el~is
shown in Fig. 4.3 which shows that LSB~110 1b (490N) is the
optimum. The ratio of thé stress level of jointed wall to.

monolithic wall is shown in Fid. 4.4.

Figs. 4.6 and 4.7 show the maximum stresses and top

Fl

It can be seen that there is a close agreement between

-~

Y

B

\

0

" The main reason for, the current study is to demonstrate

3

/*B ' ’ 7 ‘, v : J
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F_;_s (N) r (sEC) A, @ | o (Fs1)
’ T

0 0.26 4.19 19,720

j 400 0.23 1.98 10,590

490 0.23 0.48 4,165

580 o.fs 0.51 4,558

1220 0.14 1.07 10,390

1780 0.13 1.42 13,742

3100 0.12 2.51 19,582

5800 - 0.12 2.51 19,58£

TABLE ;.1\\- T

COMPUTER RESULTS

— .

~t
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how limited slip bolted joints can improve the seismic response

3

A

of shear wall“s.‘
The»following approximate anal&sis\ gives an ‘estimate
of the pptimum slip’load based .on limiting stress level.
For exact optimum‘solutio;x a full nonlinear analysis
is required. , ;

4.7.1 Point Load at the Top o

The two hea.vy channel shapes beams on top of the model
will be treated as a point mass at the top.

Consider the sj:mgle cantilever wall (Fig.4.7 ), split
ve:;ticailly, subjected to a point load, P, at the t;ap.y The
stress' distribution across the base Of each wall is made up

of axial stress and bending stress:

. R
axial streg.s O, = x .,
bending stress Oy =%

. where A = ?’— , cross section area of each wall and

b? . . )
S = -5-1-"-,, the elastic section mpdulus.

—Maximum stress Sy = Ca + e . is- the summation of axial and

bending stress.

The strain energy due to bending and axial forces are:

, 2
. . v .
due to bending - %
: ‘ 3 Bb = gE . . ' \ (4.4)
s ver & o )
due'&: axial U@ = —FLE (4.5)

where, V = Ah, is the volume of each wall and q, istl}emifor‘mshearflx;x

". causing slipping along the joints between the walls. 3

’
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‘\‘ r'l‘hework done against f:rictim, i.e. the energydis‘sipated

in the joints is given by: ] °
‘ ‘ ‘ -, ' ¢ \” '
h h 0" -0 u P ’
W,=2 fq "b a) x- -
f o x % dx d)s
’ ‘ ] g—i -’ 2 . ; \‘V
Mgt FE (op-op)h (4.8)
The total strain effergy is equal to: /
CU U em Y (024 302) "
a " "b" JE b7 Tal | .
. | P
But:x . ' °
0‘b = Uu -"Oa ' ’ o ) . 5 !
/
gO: - ! .
! £ ’“V' ’ 2 - . ‘ 2 e, ”,, .
‘ " Ulg HUy =g oy - 29, %t fwa) S o, @D
Kowing gh = aa& » the work done a.qainst fricti.dx (ene:gy dissipated)
is.a: , ll . v ‘ ' ) P ’ \ ) .
v L2V - \ 7
L :‘f T F.loy- ?oa)oa . (4.8)
Bquations (4.,7) and (4.8) are maximm for a limiting stress,
Gu' m: C ’ ‘. i "‘ b, L . . ’ a
. . ; ) . e B
.4 b »
BEEEAL L L, o
Forﬂegpﬁmmcaﬂitim&nwalsu;&irgamgyagﬂﬂnmmgydiésipated. ’
are: i ‘ o - oo
P ‘ ) . : - 1 -y 2. . .
‘ strain energy: Ub, +U =13 F O ‘ \ (4.10)
A\j. |




)

energy dissipated: . wf =

64~
YV
12 E .

{4.11)

This demonstrates that, the total elastic, stra:m energy is dJ.ss:Lpated
by friction in a quarter cycle.

" By using gh =Aoa,tt;§sllpfmcis: ‘
. :
< 9=y B o, CoT (4.12)
. ~s0, the slip load per stoxf?/ is: | -
JlPS = L H/ | (4.13)
“ where, n is the nurber of' flo,c;rs. - ‘, o :o‘
The roment is glven by: | o b{qﬂlﬂ .
SN ‘ . .

Ab ‘ P ‘ L
b € +oaA:b-Ab(-3- ob+o') . p

0
i
)

2

== Ab o J ’ .
-u » * oy .

’ . . 3 .

The maxamum axial force is:

- _b A ‘ )
= = = 2b 4,14
Prax =2 B % q u (4.1 )
load at first slip is: , | y
.“4 . ) .
. -
P == bq o F
e =3 . :
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4.7.2 Typical Approximate Design

L

In order to compare the optimm slip load by’éppmoxinéte analysis

. to those in the tests, the optimum slip load P, for tpe lowest stress
¢ . value*from the Figs. 3.4 and 3.5 becomes

. A=2(2 x .635 x 610) x 2 = 1550

p

P

S

.S

' This is in lclose agreement with the value

=

v

=°

1
7

2~

‘l .

3

A o,
n

(A c;)

o

optimmm 31349 load.

‘v

o

°

©

3

o

“

.

R R ' ;
MPa, lowest stress value from Fig. 3.4

N

X3 (1550 x 4,7) = 607 N . (.
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Fig. 4.7 Coupled Walls (Friction join®)
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C o .

‘5.1 Conclusions . s

°

Behavior of structures due to seismic forces is ‘re-

—

ceiving more attention not only to reduce the risk to 11fe
» but to reduce the secondary damage and economic losses.

3 It is costly tq“make tall shear walls stronq enough to

regist high sexsmlc foréés, and the alternative of energy

]

\ . -dissipating mechanisms can be economically attractlve. In

this study the use of these joints in concrete shear walls
(cast in place shear walls and precést panel wall systems)

\ . ;
have been reviewed.and it was concluded that the limited slip

bolted joint provides one of the most suitable solutions.

*
. order to understand the behavior of ‘these joints as a source

~

In.

T

of energy dissipation an experimental study was conducted. v

A ‘stapled assembly of sandwich panels'&ith al fum
extrﬁsions inéorporating LSB joints gimulated a coupled wall.
“nIn'order to increase the period of vibration’and also to
avoid any other moaes‘than the first mode a mass was added
§ -, to the top of:ohe mddel. To optimize the response of the
. structure the slip ioed‘vas varied to give the ﬁinimum stress
: level when the-table Qae resonant with thenmodel,'dnd Fhe'
| table had a predetermioed meximpm accelefeiion held coostant
S ° N for all the tests.
' 4 The experimental results were compared'WLth those of
a nonllnear timeﬁhlstory dynamic analysis using the program
"Drain—ZD"
The inputimotion usedifornthé program was the seme.ag

S that of the tests. e '

—

&
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An approxin;a:te analysis to £ind the optimum sli’Lp load
based on energy method Bas shown a good agréenient with the
results ocbtained and it was concluded that: ‘\ .

1) Comparison of the response of optimum LSB jointed
walls with monolithic and isolated walls’ has shown the effi-
ciency o'f these joints in improving the seismic response of
structur'es. l
2) Comparison betweén the l[esults found in the tests

and the computer analysis using the frame analogy method has

. shown a good agreement.

3) The simpliufied analysis to ‘establish the value of
the slip load for maximum energy dissipated v‘vith a given maxi-
mum.stre_sé level, has been shown to be in good agreement with

the test and computer analysis.

5.2 Recommendations for Future Studies

'

1) In' the present study the svopt_imization was 1 for a’
specific moduel owith a specific inpuﬁ. Tests v;ith different
rigirgities, masses, heights, and time histories are required
to prov:j.de fuller information; ' ‘

2) Optinlum sli;:: loads fior typical random e:arthquake
ground motion will d.iffér from that. established in thin/ study,
and will require further study. »

3) If possible), testihg of a full scale structure’

o

-

would lead to mo}:e realistic Tesults.

4) Effect of and control of térsional oscillat:i;ons

should be studied.

)

Vi
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