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ABSTRACT

Several structures around the worlic’i.mh.ave been designed with §féel plate shear wails'
acting ‘as the primary lateral load ;esi‘-stirigi syst‘ém,‘v It reﬁf'e"serits an inhovatii)e_ o
technique for providing high elastic s.trengt.h,' large di aplacement dactil_ity capacity, and
good energy d.issipati.on‘ propertiés in'medium and .highrise steel ;tfactures, which is of |

particular importance in areas of high seismic risk.

An experiﬁlantal 'festing programme was conducted at the Univérsity of ABrit‘iSh
Columbia on two single and one multistorey steel plate shear wall assemblies.‘. Each
slaecimeh cohsistéd of a single bay, 30 % scale model of an in’nér re’sidehtial bu_ild'ing' ‘
core with panel width to héight aspe‘c't fatios of 1:1. Each specimen employed r‘norﬁe‘ﬁt-
resisting beam colu_mn connections, and thin unstiﬁ‘.ened' infill panels with full
perirrie£er attachment to the surrounding frame. Quasi-static.vcyclic testing ‘was '
aonducted undef standard testing protocols u.sed to determine the aeiémic performance
- of ateel Structﬁres. The determinatica of the load deformation .res;‘)Qn>sé_p'ropert.iés and

resulting strain distribution in various compon.énts' were the primary objectives of ‘t'hé

testing program.

The three test specimens were tested to maximum displacement ductilities of 7 x 6y ,

6x9,,and 1.5x3, respectively. - The termination of each test was a result of local

problems and limitations of the testing setup, and did not necessarily reflect the global

il



displaéement capacity limit of each specimen. Based on accepted guidelines, each -

specimen was characterised at test termination as experiencing moderate inelastic
damage while maintaining a force resistance capacity at or near the maximum level

achieved. ihelastic damage modes included yieldirig of the infill plate followed by

column-yielding in the single storey specimens, and column yieiding in the multistorey ‘

specimen.

Simplified terjsion field analyﬁcal ymochi'els,,were' developed using a rjdmlinear frame

: 'analys‘i's program. " Numerical modelling was conducted for mvono:ton'ic and cyclic. -

loading cases, and compared with the load-deformation response characteristics
obtained from physical testing. Additional studies were conducted on one of the

models to investigate the sensitivity of the results to various model parameters..

Finally, the adequacy of existing design guidelines were aés'essed on the basis of the’

experimental and analytical results generated through this research programme.

Proposéd modifications to the existing code provisions have been identified.

i
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 CHAPTER1
o ,In-troduc'tioii
1.1 Backgi"oulid

- Since the early‘. 1980’3, work has lieen underWay in Canadato'develop the unstiffened
steel plate shear wall system as a conipetitive lateral force resisting _system for use in
steel highrise buildirig.constrlicticn, Experimental work has'shoWH steel piate_ _inear
’W.alls to exhibit d‘esirable cha‘ra:cteristics including high'eiastic stifi’ness propei'ties, large

: displacement _ductility capecities, load path reduntlaiicy;' and stable hysteresis'
behaviour. A rliumi)er of structures around the globe hai/e t)een constructed utilizing the

steel shear wall concept for all or part of their lateral resistance needs.

The Canzidian aipproach to steel pléte shear wall design, initiated through work gt the
University of Alberta, has'been to use an unstiffeneci infill panel within one or more of
the i’rame bays; over the height of the structure.‘ By using an unstiffened plate, the
designer can utilize the significant post-buckling shear capacity of the inﬁil panel,

making efficient use of the materials while minimizing fabrication expenses.

The most recent edition of the Canadian design code for steel construction (Cainadian
Standards Association, 1994) allows for the use of unstiffened steel plate shear Walls in
structural design. It provides simplified methods for their analysis and design, based on

tension field principles.
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To dat'e',‘ however, v'éry limited tes_ting in Canada and elsewhere has been conducted on .
n_ﬁedium to _lelirge.scéle. gt’e:el‘ shéaf Wallnasser-nb'lies. Most research has been done on‘.’
single panel speciméﬁs, specimens of a Qery small scale, or sp>ecimvens with stiffeﬁed

infill plates.

' The current series of research programmes described in Section 1.2, a portion of which
s preserited herein, have been designed to expand the current state of knowledge.

'Existing design methodologies are assessed, and some of their limitations established.

1.2 Overview of the Research Program

This research is a subset of a larger collaborative study established in 1994 to assess the
performance of steel pla’te. shear walls in areas of high seismic risk. The study involved
researchers from the University of British Cdlumbia, the University of Alberta and

practicing structural engineers in'industry.' Studies included quasi-static testing of

* single and multistofey steel plate shear walls, dynamic shake table experimentatidn,

numerical and analytical investigations, and a comparative design study to assess the

‘economic feasibility of the system.

The scope of research described in this thesis consists of 't.h,e" quasi-static testing
programme at the University of British Columbia on two single-storey, and one
multistdrey test specimens. The tests were conducted from J‘anuary 1996 through

September 1996 in the Structures Laboratory of the Department of ijil Engineering.
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The results of the experimental investigations, as well as comparative numerical models

are presented herein.

1.3 Scope and Objectives of this Thesis

This thesis reports the results from an experimental and analytical investigation into the

performance of unstiffened steel plate shear walls under cyclic quasi-static loading.
Two single-storey’ and one multistorey specimens were fabricated, tested and

numerically modelled to assess their behaviour under elastic and post-yield conditions.

~ In particular, the suitability of this structural system for areas of high seismic risk was
~ to be verified. Current design guidelines were assessed on the basis of the performance

" characteristics obtained for the specimens studied. This research program also served

to provide benchmark results for subsequent research on a similar multistorey specimen

using dynamic shake table methods.

~_The objective of the experimental programme was to ,Verify the structural response of

the steel shear wall specimens under industry standard testing guidelines for cyclic
seismic loading. In particular, the load-deformation properties, hysteretic behaviour,

and displacement ductility capacities of the specimens were to be established.

The goal of the analytical portion of this study was to verify current simplified
numerical modelling techniques, for accurately predicting behavioural characteristics

of steel plate shear walls. In particulér, numerical predictions of load-deformation
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relationships through all levels of the cyclic excitation were to be compared to those

obtained from physical testing. Limitations of this technique were to be identified.

Lastly, from the composite results of the experimental and analytical programmes,
areas for future study were to be established with recommendations for changes to

current design guidelines.

1.4 'Outline of Thesis

Chapter 2 presents an overview of the published results from past research into the
behaviour of steel plate shear walls. Emphasis is placed on studies focusing on the use

of unstiffened infill panels.

Chapters 3 and 4 present the procedures and results employed for the experimental
investigation of the single-storey steel shear wall panels respectively. Chapters 5 and 6

present the testing of the multistorey steel shear wall specimen. -

The simplified numerical modelling technique used for analytical studies is described in
Chapter 7. Chapter 8 presents the results of analytical modelling of the single and

mhltistorey specimens under monotonic and cyclic loading.
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A summary of the findings from this research programme are described in Chapter 9.
ConclusionS-, recommendations for future study and recommended modifications to the

design guidelines are drawn.




" CHAPTER 2
Literature Survey

2.1 Background -

Numerous buildings around. the world have been constructed vutiiizirig steel plate shear
walls as thg principal lateial load resisting system, in oh_e or m‘olr_e' directions (Journal of
Commerce, 1984;; Anon., 1989). B‘uildiillg‘s such as the‘Oliv_é View Hospitél iii Los |
Angeles, CA (Troy and Riéhaici, ,197>9‘)h'ai/e been coris.""c.ruCte“d' in active seismié iegions,‘ :
and take advantage of the reducieci inass and large ductility capacities available witii thi.s‘
system. Troy anii Richard indii:ated that a strlicture using steel shear waills'woulld
. exhibit reciticgd ii01i-structura1 damage iiue t(i a 'se.ismic'e'\l/ent, as c‘o‘mp.aréd' io a
_ COnVéntionai steel moinerit frame alternative. Howevei', tlié lack (if codiﬁed design
guidelines in most jurisdictions has discburaged the Widespread adoption of this

- structural system for building construction.

A steel plate.shea‘r wall frame is compriééd of column and beam elements augmented
by steel infill shear panels, provided'bver thé‘ height of a fraining bay. Its form is
analogous tb‘ that of a .plate girder, i/ertically cantile\}ergd from its base, with the
columns acting as ﬂénges, .the beams as stifferiers, and the infill panel as the plate giider
' iNeb. When subjected to lateral loading in the plané of ihévwall, forces are resisted
through the ﬂéxural and.coilpled zixial response of the columns énd by dia‘gonal 'tensién

field action in the infill panels anchored between the beams, which act as stiffeners.
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Steel pléte shear walls can be designed to utilize the full post-buckling shear strength of
the infill panel, when designed with no additional intermediate stiffeners and

incorporating thin infill plate thickﬁeéses.

Somé: of the potential ‘advantages of the steel plate shear wall systém over traditiénal
alternatives include reduced materiaili usage, reduced foundation fequirements, and
increased erection speeds. By using a steel cbre in place of the traditional reinforced
concrete flexural wall system in rﬁédium and higﬁ-rise steel cénstrucfion', saviﬁgs can
also be achieved by reducing the required tolerances for frame to shear wall
cor’meétions, eliminating the incompétibil_ity between steel and concrete cénstruction
trades, and allowing for increased ;)ff-site fabﬁcatioﬁ. Preliminary results of a study
assessing the cost advantage of this system for an eight storey structure designed for ‘
differeﬁt seismic zéneé are preséhted by Timler et al. (1997). Major saviﬁgs are cited

for thé steel shear 'Wallvlbuildings related to significant reductions in total construction

time compared with a conventional reinforced concrete alternative.

Differént design and analysis appréé,ches towar_ds the use of steel plate shear walls have
" been addp’téd by 'r'eseié;chel'rs,.‘pre.ict‘i:cin’g» engineers and staﬁdérds nb'odi‘es in various
‘countries. Many recommend theuse"a.‘of extensive stiffeners to prevent buckling Qf the
iﬁﬁl_i;éfeel panels under lateral load's; Xue ‘anbd Lu (1994a),ha§c.studied different liriﬁl_l :
" panel to boundary ﬁame attachménf covr;ﬁg-ﬁf!dtid‘ns.- Other variatioﬁs includé recent

work by Sugii and Yamada (1996) in which the use of infill steel panels embedded
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- within a concrete covering were studied and compared to “traditional” unstiffened steel

"plate shear wall designs.

Since the early 1980’s, an approach utilizing unstiffened thin infill panels haS been
developed by researchers at thé University of Alberta, Canada. The concept was to
achieve irnproved econolny by reducing the required level of fabncation, and allow for
~ the use of the post-buckling strength of tlle .steel plates through ‘the activation of a
tension field. This approach was validated through experimental and numerical studies>
on the behaviour of single and two panel steel shear wall assemblies (Thorburn et al.,
1983; Timler and Kulak, 1983; Tromposch and Kulak, 1987). As a result of this work,
design guidelines for unstiffened steel plale shear walls have been included as an
iAppendix to the Canadian standard for Limit States Design of Steel Structures, CAN/

CSA S16.1-M94 (Canadian Standards Association, 1994).

2.2 Review of Published Research

Several analytical and experimen’lal investigations have been conducted on steel frames
inéorpofating infill shear panels in Canada, Japan, the United States and the United'
Kingdorn. The following sectiqns outline important published results to -daté. ln
particular, this revie.w focuses on systems incorporating unstiffened infill panels, in

which the panel is permitted to buckle under applied horizontal loading.
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~ 2.2.1 Study by Takahashi et al. (1973), Japan

Takaﬁashi et al. conducted a series of experimental tests and analytical studies on the
use of thin infill panels in steel shear walls. Specimens of dimension 2100 mm by 900
mm were constructed, with plate thicknesses of 2.3 to 4.5 mm and various infill panel
stiffener configurations. All specimens used a ﬁgid frame, with the infill plates
attached using high strength bolts. Two full size, two-storey specimens ﬁom a
proposed 32 storey building design were also tested, one of which included openings
within th¢ infill panel. In some specimens, the infill panels buckled in the elastic
region, due to excessive stiffener spacing, while plastic buckling occurred in others. S-
shaped hysteresis plots of load vs. deformation were obtained. A finite element model
was developed based on the assumptions of no plate buckling, a bilinear stress-strain
relationship, and the Von Mises yield criterion. Reasonable correlation was obtained
between this model and the experimental results. The research of Takahashi et al. was
~ based on the premise that the thin infill panels should be stiffened so as to prevent

buckling under elastic stress conditions.

2.2.2 Early Studies at the University of Alberta, Canada

Research was undertaken at the University of Alberta into rational, simplified methods
to predict the behaviour of steel plate shear walls with thin unstiffened infill panels.
This research was based on the design philosophy that'the thin infill panels should be

permitted to buckle under elastic loading. . A tension field would be formed and would
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allow for the utilization of the post-buckling strength of the ﬁlates in resisting lateral

shear forces.

Thorburn et dl. (1983) put forward an vapproXilmate. numerical rﬁodelling techhique,'
inccrporating a discretized tension ﬁeldt Derivations were .based on l:eaet work
principles Vanatlons were presented for fﬁrther case spemﬁc 51mp11ﬁcat10ns to the. '

model. One example is the u'se.of a s1ngle diagonal tension brace in place of each
_pénel, with axial brace properties producing an equivalent late_ral sfciffness, to. generate

initial approximations to a steel plate shear wall design.

Timler and Kulak (1983) tested a large scele steel plate shear wall specimen consisting -
of two.syr-nmet.ric single storey panels, arraﬁged as a simply suppoﬁed beam and loaded
along the internal beam at the symmetry line. Cyclic loading to a serviceability drift
limit wae ccnducted; followed by monctopic pushover loading to failure:. Each panel of |
the test specimen was 3750 mm wide, with’e‘storey height of 2500 mm and contained
‘ an 1nf111 par.lely with a thickness of 5 mm. Failure cf the cpecimen was defined by
locali‘ze‘d. Weld tearing in a conﬁection and did not reflect the maximum displacement
ductility' ‘tAhat could be achieved Vb-y the global structural system. The results of the
e)-(perim'ent,. including the stress pattern recorded in the infill plate provided a good
‘corr_elation to the numerical model presented by Thorburn et al. (1983), although the |

pfedicted elastic stiffness of the specimen was somewhat larger than measured. A
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revised angle of incliriatioh formulation was presented, to incorporate the flexural

component of the chu'mn‘action in Thorburn et al.’s energy derivation.

Tromposph and Kulak (1987) reported the results of an experiment on a single lar’geA
scale stéél plate sheér A.Wall .spccifnen, under fully ".reVCrsec.l'cyclic lé)ading. ' Industry
~ standard bolted beam-column connections 'Were.us'ed, With_. pinnedA e.xternal'vc‘ol_umn
" supports. An axial preload was int%odUc)e-d in the columns thro'ugh“ high strength steel
bars an;:hc;red to the édlumn ends. The »conﬁguration‘c;f the specimen was similar to
‘Tirr_ller and Kulak’s, with a: Bay w1dth vqf 275"0 mm, a storey height of 22.00-mm'and _
3.25 mm thickylkins:tiffened infill plates. Hysleresis loops from the test were vs'tavble,'but
bpinched.'to én: S-éhapé. As with Timler.and Kﬁlak"s tes;t,..loéalized weld tea;ring w.as:
recorded. The test was 'ferminated upon reaching thé limits of ‘the 'hydraulic actuator.
system arvxd did not reflect the ultimate capacity of the global structufal system. A
hysteresis model was deveioped by Tromposch and Kulak, which closely approximated -
the hysteretic characteristics achieved during physical testing. Param¢tric Studiés w1th
that model suggested that significant additional energy could be dissipated by ﬁsi_né full

moment resistant beam-column connections within the steel plate shear wall frame.

2.2.3 Research at the University of Wales, United Kingdom

Roberts and Sabouri-Ghomi (1991) conducted experimental and analytical studies on
B small scale unstiffened infill shear panels. Spécimens were 300 mm high, with panel

width to height aspect fatios of 1.0 and 1.5, and used 0.54 mm (aluminum), 0.83 mm
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. (steel) arrd 1.23 mm (steel) thicki infill panels. The{panels were held within a 'boundary
frame using a oerirneter bolting system. Fuliy reversedtiuasi-static cyclic testing
'produceci‘ S-shaped tiysteresis curves, with high ductility ca'pvacities. A theoreticalv‘ '
model of the hysterétic‘ response was developed, incorporating the influence of shear
_buckl'ing.' of the, inﬁill”panel, and yielding of the pariel and boundary frame. Good

correlation was reported between experimental and analytical results.

- The results of nonlinear dynarriic analysis sttldies on‘steel shear wall systems.were

-reported by Sabouri’-Ghonii and Roberts' (1992). Steel plate shear walls were idealized
as vertical cantilevers with associated mass; stiffness and dynamic loads applied at each
storesi.' ’litie.above }iysteretic model was iricorporated. Using a finite ciifference time
: stepping. technique, the nonlinear dyiiamic response of a ‘specimen was modelled.

However, no dynamic physioal testing was conducted to validate the anaiytical results.

Other work by Roberts andv iSaboun'-Ghomi (1992) included ‘eXperimental and
analytical ‘studies on similar steel shear wall panels : which included perforations.
Sirrlilar ovle"raill hysteretic behaviour patterns were achieved. Their research led to the
develbpment vof conservative redilctiorl_ factors for Jt}ie strength and'.'stiffness of a steell ’
shear wall panel containing'openings, t)ased on an effect_iy¢ di'ameter of a hole placed’;;t

the centre of the infill plate.
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2.2.4 Research at Kansai University, Japan

- Yamada (1992) presentérl the results of an inveStigaﬁon into' the ‘ln)iel"ra'viour of sheerr
panels within composite reinforced concrete and steel boundary ﬁarnes. Research
included the rlse of thin infill steel panels, with and without concrete covering. A séries :
of 1/5 scale specimens were tested to determine the relationship between the appliéd
-shear and storey rotation angle. The shear panels were 1200 mm wide, w‘ith‘a 600 mm
storey height. Testing was ccrnducted until failure of the surrounding frames was rroted
and did not achieve failure of the infill panel. The infill panels without concrete
covering were noted to form a diagonal tension field, \;vith litrle reduction in the
strength of the specimens beyond the ultimate shear capacity of the plétes. The tension
field was indicated as acting between diagonal comers of thé panel, with a given
effectivé width. In panels With a concrete covering, a diagonal compressive 'ﬁ.e_ld»_vin_ the
concrete waé established over a given effective width, between the other pair of éorne'rs, .
in addition to the steel panel’.'s tension field. Yamada noted that the relaﬁonship
~ between the stiffnesses of the infill panel and the surrounding frame were very

important.

‘Sugii and Yamada (1996) reported results from a further study into the monotonic and
cyclic behaviour of thin unstiffened steel shear panels within composite frames. Two-
storey specimens with panel width to height ratios from 1.0 to 2.0, and plate thicknesses -

of 0.4 mm to 1.2 mm, were evaluated. Maximum resistance was achieved in the
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monotonic tests at storey sway angles of 0.02 to 0.03 radians, with some reductioﬁ in |
strehgfh reported beyond these values.b Using‘Yamada’s (1992) single effective tension
strip approach with a trilinear stress strain relationship, numerical models were created
and compared with the results from physical testing. The analytical models capture the
general trends, but missed important eleménts of the specimen behaviour, including the
peak strength, gradual yielding propertiess and strength degradation at high
displacements. Cyclic modelling appears to overestimate the “fullness” of the
hysteresis curves. Yamada’s model appears to be too simplistib to accurately reflect
steel plate shéar wall perfoﬁnance, although it could be useful as a preliminary design

tool.

2.2.5 Research at the University of Maine, USA

Caccese et al. (1993) reported the results of an investigation ihto the cyclic post-
buckled response of steel plate shear walls. The influence of t_he beam-column
connection detail and the panel thickness relétive to the panel width were of primary
concern. Experiments were conducted on five, three-storey, o’ne'quarter scalé steel
~ shear wall assemblies. Each panel was 49 inches (1245 mm) wide with a storey height
of 33 inches (838 mm). Simple shear type and full moment beam-column connection
details were used on respective specimens. Infill plate thicknesses studied were 0.076
mm, 1.87 mm and 2.65 mm. One specimen consisted of a moment frame only, with no
infill panels used. Loading consisted of a single horizontally acting actuator affixed at

the roof of the structure. No direct external vertical loading was applied. A cyclic
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loading sequence to a drift limit of 2 % was employed, followed by monotonic loading

to specimen failure or equipment limitations.

Results of .the experimental testing programme indicated that an increase in initial
elas-tic stiffness occurred with thicker‘inﬁll panels. However, no force‘deformat_ion
plots have been provided to indlicate'.the_>m.ethod.used in calculating these values, for
example, whether fangent or secant stifﬁiesées are reported. The fype o.f beam—éoiumn '
connection used was _sl‘l‘own. to havé only a minor ‘inﬂ‘uence-o_n' the vbehavioﬁr of the
specimen, with a slightly greater effe‘ctv for‘ thinner panélvs. The thickness of the 1nﬁ11 |
panel was shown to have an effect on the failure .mvodle: the thin panel yielded early
causing failure in the specimen wheri thé column fdrmed a plastic hingé, while the thick
panel never yielded, initiating failure wheﬁ the yielded column became unstable.
Hov;lever, since the steel plate shear wall system as implemented in these specimens
was highly redundant, the steel pléfe shear wall wouid still have possessed global
displacement capacity if the local instability issues could have been prevented.
Concerns about the generalized nafure of the concluéions reported from this work have _‘

been outlined in Kennedy et al. (1994) and Kulak et al. (1994).

Numerical modelling of the above specimens was conducted using a finite element
analysis and the simplified tension field strip model described in Timler and Kulak
(1983). These results are presented in Elgaaly et al. (1993). ‘In the finite element

analysbis, which used three-dimensional isoparametric doubly curved shell elements to
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. modei“ti]e intill panels, vth'e stiffness and yield streiigt}i p.arar‘neters fqr each specirhen , '.
were gonsisiently overpredicted py more than 18 %. These disciepancies were
: att.-ributed'by Elgaaly et al. to out qf true 'fabrication,‘a coarse element mesh and the
assumption of in-plarie global deform;ation only (only the plates were permitted to movs
outi of ‘plane as they blii:i(lCd). Additional modelling usirig the tension field strip
techxiique geiierally prciciuced better correlations, vfor both monotonic and cyclic results.
A trilixiéarf stress-strain relationship -was employéd for the tension ties, with parameters
selected ,tb produc_e' a best ﬁt result with the éxperimsntal daia. In fhs discussion by
_Keiinedy e}_tval. (>1994), it is suggest_ed that the need for the trilinear model resuits from
infill plates made fror_ri cold rolléd st}cél,v and that-the_ empiricai parar_ri’ete_rs develo;ied :
wi>uld need to b’e adjusted fi)i every new design (i.e. 'everynew steel sémple). Elgaaly.
etal (19‘94) state that variations in ihé strain distribution almig theiength of each stn'p
require the trilinear model. Hystérétic mocielling wa.s »c'.onduct'ed b.‘y‘implementing‘ a
syminetric _fens'ion field model, and a hysteresis material model derived from the '

trilinear stress-strain approximation.

Serisitivity\ stlidies on various model paramefers wers also csnducted.‘ The number of
strips to include in a tension field strip‘ model was varied, and found to have little
influence on the calculatéd performance, once sufficient strips were included. It was
notéd that for thin panels which yielded well before the columns, very few strips needed
to be impleinented. Moie strips were required for thick panels, since greater force:

levels'weré transferréd through ihé tension field into the columns. Varying the angle of
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- inclination of the strip elements in a range from 38 to 45 degrees did not alter the results

significantly.

2.2.6 Research 'at Lehigh University, USA -

Xue z;nd Lu (1994a) conducted an analytical study of the performance of various steel
‘plateA shear wall éonﬁgurations in a twclx;e storey structure. Model configurations
ﬁtilized thin, unstiffeﬁed infill panéls which were permitted to buckle and included
\}arious panei .attaqhment'detail_s_: full'periméte.r,‘ gir;iér only, and column only. | An
upper bbund .solution in which the ﬁiates were ‘prevented' frpm buckling was also
| studied. Moment resisting and siniple connectioné Bet\&een the girders and columns of
the shear Wa11 bay were examined. Studies within the elastic ‘and moderate damage
. ranges were of primary interest. .The analysis was conducted using a finite eiement
program; which inclﬁded a grid of four-noded shell.elements for the infill panels aﬂd
incorporated initial geometric imperfections to initiate plate buckling. The single steel

bay on either side of the steel shear wall included moment resisting connections. '

In all casés studied, the tension field action resulting from the bupkled infill plates
.domihatcd‘ the longitudinal resistgnce of the ﬁame; Xue and Lu’s results showed that
there wz;s an’.insigniﬁcan‘t chaﬁgé in thelmtlalstlfﬁless of thé frame .-tflrough a variation
in the beam to column ﬁxity.of the _ihﬁlled bay; They al:‘so“pr'esehted results indicaﬁné
th;/ a rﬁoder_ate increase in sfiffnéssid&géié%&@ith a full periméter a}t_tac:hment of the

infill banels as compared to girder attachment only. Column. qttachmént only was.
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eliminated as a viable alternative since the relative displacéﬁlent of adjacent columns’
was insufﬁcient to activate a tensibn field in. the shear pléte as efficiently as the much
largef relative beam displacemeﬂts. Using Beam at_tachrlrvlentbqnly resulted in a ‘la.rger
amplitude @omenf demand envelopev for the 1be:am members as compared- to ﬁlll
perimetér attachment. HoWever, it ﬂalso resulted in relocating the peak moment
demands for the beams inwards from the connections. Sequential buckiin'g and
yielding was achieyed upward through the stories of the structure. By separating the
- column from the infill panel, the system exhibited action closer to a shear deformation
rﬁode and less like a cantilever flexural mode, particularly th higher storeys. It was
noted that the elimination of flexural deformations in the inﬁllvpanels through pinned
beam-column j oints lead to improved load carrying capacity for the panels. Xue and Lu
concludeci that, among the variations studied, using pinned beam-column joinfs_ with
infill panels attached to the girders only was the “optimal” solution. No experimental

testing has been conducted to verify their numerical results.

Using the‘ir optimal girder only connection arrangement for the infill panels, Xue and
Lu (1994b) conducted parameﬁic studies on' the rﬁonotonic and cyclic performém’ce ofa
one-bay, one-storey steel shear wall panel. Simple shear connections béfween- the
columns and girders wéré implemented. Panel width to height ratios. of 1.0 to 2.5 were
studied. The maximum panel edge dimension to thickness ratio was varied from 300 to
900. The ratio involving panel thickness was shown to have little effect on thé elastic

and post-yield_ stiffnesses of the specimen, and 'decre‘ased the yield strength only
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slightly when thinner‘ panels were implemented; Using narrower aspect ratio"'panels
(1.e. smaller width to height ratio) produced a system}' with slightly lower elastic
stiffness, approximately equal post-yield stiffness, but a significantly lower yield
strength. Empirically derived equations were developed for response parameters
including the strength at significant yielding and the post-yield stiffness. No

experimental testing has been conducted to validate these equations.

2.2.7 Recent Studies at University of Alberta, Canada

In collaboration with the research activities at the University of British Columbia (of
which this thesis is a part), Driver (1997) conducted experimental and analytical studies
‘on a large scale, four-storey single bay steel plate shear wall assembly. Each panel was
3050 mm wide, with 1800 mm nominal storey height. Infill panel thicknesses of 4.8
mm (lower 2 storeys) and 3.4 mm (upper 2 storeys) were used. Equal iateral loads were
applied at each floor. VA uniform gravity loading over the specimen height was
~ simulated through hydraulic actuators. The specimen was subje_cted to 30 reversed
| cycles of quasi-static loading, including 20 cycles in the inelastic region.‘ All cycles
were not symmetrically fully reversed due to equipment limitations, with larger
excursions being reported in one direction. Severe local buckling at the base of each
column was noted. Failure of the specimen resulted from a fracture at the base of one

column. A large scale corner detail was also tested experimentally by Driver.
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Driver reported good correlations between the experimental résults and those obtained
from numerical modelling'using both finite element and tension ﬁeld strip model
techniques. Suggesﬁons were noted on methods to improye the t_ension field techniqué,
By including elen'l_ents‘ such as cvc.)mpresvsion struts in the comers; and vertical struts to
‘b.etter reﬂect tlllle- i"nﬁ-ll panel’s contﬁbution to. carrying the vérti’cal forc‘:es resulting from
the overtufﬁing moment. Driver presented an additional numerical method for -
- predicting the hysteretic behaviour, which correlated Awell with the experimentally

obtained results.

The dlllc_tilityv of the experimental specimen was éss_esscd in relati§n‘ to thé; current
seismic design provisions of the National Building C.Q_de»; éf Canada ,(National Res_eamﬁ v
Council of Canada,‘ 1995). The NBCC currently permits a méximum fofce reduct‘ic;n' |
facfor, R, of 4.0 under seism_ic loading, for a ductile steel plate shear wall structure.

Driver suggested that this value is conservative.
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CHAPTER 3

~ Single Panel Experimental Programme

3.1 Introduction

Two single storey specimens were constructed and tested, to obtain performance data,
and to validate 4desi'gn fassumptions prior to completion of the four-storey testing -
programme. This included testing the specimen fabrication techniqhes to be used,

evaluation of the force application and transverse bracing strategies, and a confirmation

. of the simplified analytical models used during the design phase. The testing also

allowed for sign_jﬁcant incursions into the post-buckling and post-yield regimes of the

unstiffened infill panels. . |

A description of the test specimens used is provided in Section 3.2. ‘Section 3.3

contains a description. of the ‘load applicatign and lateral suppon systems. The

-~ instrumentation and data acquisit_ion"empl'oyed during"the experiments are described in

Section 3.4. Finally, Section 3.5 summarizes the testing procedures. -

3.2 Tes't'v'Specimens

‘A total of two, single-storey- specimens were. constructed and tested, referred to as

SPSW1 and SPSW2 res’pectively. Each specimen was a 30 % scale model of an inner

residential building core, having ﬂoo’r—to-ﬂoor' and column-to-column spacingé of 900
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mm Frarrie'mémbsrs were constructed from S75X8 hot rolled steel sections, with a -
nsminal yielci strength of 300 MPa. (Actual material properties were assumed the same
as those obtained from cou}ion testing of the four-siorey specinien, described in
| Aippendi}_( A.) The infill shear panel was constructed from 16 gauge (1.5 mm) thick hot B
rolled sheet steei, with nominal strength of 225 MPa. Beam-column joints were a.ll’
fuily ﬁxed, with full flange con’tinuity. stiffeners added across the column webs. The
. .~conﬁguration of ihe twb spécimens differed _principally in the column-i)ase gussets, and ‘4 e
the addition of a second top beam on‘SPSWZ. Figure 3.1 illustrates the geometry of th.e
two specimens. A fish plate detail, as developed at the University of Alberta, was used
" to join the infill plate to the steel frame, as shown in Figure 3.2. This detail allowed for
" improved tolerances in the infill plate dimensions, and sase oi" fabrication. A 20 mm X
200 mm base plate was attached to the bottom Beam and the column section perimeter

by continuous fillet welds.

The overall design of the panel sections was done using both finite element software
and simpliﬁed tension field strip model methods. " Construction speciﬁcations,
" including materials and dimensions, were determined b.ased 01i tﬁe testing equipment
andl facilities i)roposed for the four-stt;rey éxpeiiment (described in Section 5.2). The
" intent was to tesi milltiple speciméiis in different ‘conﬁ‘g'urations and with different
techniques, iwithout altering the basic componénts of frame stiffness, infill panel
properties, and storey aspect ratio.  The oizerail panel.dinierisions-were governed by |

size limitations of the reaction frame, for the subsequent four-storey specimen. A
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FIGURE 3.1: Dimensions of the single storey test specimens:
(a) SPSW1, and (b) SPSW2

similar height restriction existed for an identical four-storey specimen tested
dynamically on the shaking table in the Earthquake Engineering Laboratory at the

University of British Columbia (Rezai, 1997). The overall strength of the specimen, as
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FIGURE 3.2: Fish plate connection detail

predicted using the tension field strip model technique, discussed in Section 7.2, was

kept within the maximum base shear capacity of the shaking table actuators (150 kN).

With these restrictions conSidéred, the design progressed using locally available
materials. Frame members consisted of the smallest hot rolled I-shaped section
commonly available from Cénadian steel mills. The plate thickness (1.5 mm) was the
thinnest available with the desired hot-rolled steel properties, including a well defined
yield plateau and subsequent strain hardening characteristics, typical of full scale plate
material. To meet the design requirements with these materials, a 1:1 panel aspect
ratio was selected. This would be ét the narrow end of tyﬁical_building bay proportions
although it is within the practical range and is also similar to‘:ratios reported in other

studies as presented in Chapter 2.

While the overall specimen design met the general design criteria suggested for steel

shear walls, the actual components chosen do not fully reflect the proportions that
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might exist in.a steel shear wall intended for commercial construction. In particular, the

column sections would likely be governed by vertical loading, stability concerns, or

code design restrictions and would thus be stiffer about both axes. Member sizes might

also be dictated by standardized sections used throughout the rest of a framing system.

The additional top beani added to SPSW2, fully welded along adjacent ﬁange tips, was
used to better anchor the tension field terminating along the top ¢dge of the plate. A~
stiffef section minimi_zéd the beam curvature and thus mofe closely simulated the effect
éf an additional shear wall infill panel ébpve, asv would be the case in multistorey
construction. The Canadia,ﬁ ';teel shear vs./all design guidelines in CAN/CSA S.16.l-’-‘
M94 (Canadian'Standérds As'soqiatipn, 1994) require that the tension field be anchored
at the extreme top and bottom of the steel shear wall and suggests that a stiff bcarp can

be used to anchor the tension field forces internally.

The SPSW1 specimen revealed some fabrication concerns, which were corrected for

subsequent specimens. One of the main concerns was related to out of plane

deformation of the infill plate due to welding distortion. At the centre of the infill panel

on SPSW1, a residual out of plane deflection after manufaéturing was measured as 26
mm. In contrast, the improved fabrication methods for subsequent specimens typically

limited this distortion to less than 5 mm.
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: 3.3 Loading Systems

‘A similar load applicatioh system was used for vaoth.S‘PSWl and SPSW2. All tests
o were‘...condu'cted ‘within a Vlself_-reacting test frame, signiﬁcanﬂy stiffer théh the

specimehs. . . -

An .M’I“S 45'8':'1‘-0 di'git.zii"servo controllér was used to operate a Cunningham HST
hydraulic éctuétof with a capacity of + 445 kN force and + 305 mm displaceﬁeqt. A
léad c.ell' aﬁd displaceﬁent sensor were integral with the actuator. The actuator was
pinned to rotate frecly in thevver.tical difection at both the reaction frarﬁé conn_eétion aﬁd .

the loéding tab jbining the Specimen. Its elevation was set to apply the horizontal load

at the mid-height lchl of the top beam, o_f the beam combination in the case of 4SPSW2.

~ Figure 3.3 shows the test setup for- the single-storey specifﬁens.

For SPSW1, a load transfer arrangement was used to alWays apply the load to the top
beam in a corﬁpressive manner. A loading plate was used on each end of the top beam,

with four, 25 mm diameter threaded rods connecting them. The threaded rods were

“installed to-carry tension forces only, when the actuator was in its f‘retract” mode. The

rods wefe’ peﬁodically tightened during the test, as the applied force level increased and

the rods stretched. L
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FIGURE 3.3: Test setup for the SPSW1 specimen

For SPSW2, a 25 mm thick loading tab was welded over the full height of the top beam
combination. It was positioned on the column flange in the plane of the column web.

Additional horizontal web stiffeners were added at this beam column joint.

For the SPSW1 test, control of the hydraulic actuators was by manually adjusting the
actuator stroke on the servo controller. The SPSW2 test employed a sine wave function

generator connected to the MTS controller setup.
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3.4 Lateral Support System

The lateral ,br&lléing system is illustrated 1n .Fjgur"e 34.1t reiied on a.“rackin'g” ytypé:modé
of vthve support aﬁﬁé, lwhich joined the cblilmh tops to a‘support.b'earm;’ via pin type
.connections in the horizontal plan:. The suppért ,arrns‘ were éach 3020.‘m1:n lohg
betwbeen pins. This system imposed some out-of plane deformation to the structure
under large specimen .displacements, | dué to the racking .behaviour. Tﬁis ‘was

considered to be within an acceptable range.

iy -
“ S Specimen

. Racking Arm
Support Frame
(stationary)

PLAN

‘ Pin '
/: Racking Arm -

. (O
Hydraulic
Actuator

/\/

ELEVATION

FIGURE 3.4: Lateral bracing system for single storey specimens
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The base plate of each specimen was fastened fo the test frame using ten 25 mm
diameter bolts, usi.ng a hand wrench. . Four bolts were arranged around each column,
with two bolts provided at the mid-length loca.tion.‘ To increase friction, the contact’

surfaces between the base plate and test frame were cleaned prior to installation.

3.5 Instrumentation and Data Acquisition

The load deformation properties were of primary interest in both experiments, and the
specimens were instrumented accordingly. The SPSW1 specimen was instrumented
with more than the usual number of uniaxial strain gauges and displacement measuring

devices, to develop an improved instrumentation strategy for subsequent tests.

The hydraulic actuater contained an integral MTS load cell and displacement
measurement sensor using a Temponsic LDT Position Sensing System, with resolutions
of 0.2 kN and 0.15 mm respectively. Additionally, a cable potentiometer with a
resolution jof 0.13 mm was used as the principal device to measure longitudinal
movement of the top-beam mid-height location, since the actuator stroke measurement
also included deformations in the testing frame and movements associated with
connection tolerances between the actuator and test frame or specimen. Due to the
nature of the control system, all displacement controlled loading in the post global yield

range was governed by the actuator’s displacement sensor.
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~ For the SPSW1 specimen, uniaxial strain gauges were located on the inner and outer

flanges of column and beam elements. Uniaxial strain ganges were also .placed nn the
infill plate in vertical and horizontal directions» at key locations. All gaugés_ were
attac_hed using M-Bond 2000 adhesive, following the manufacturer’s recomménded
sufface vpr-eparation an'd‘installation procedurés. Figure 3.5 shows the insMenfation

layout for SPSW1.

Hydraulic Actuator

- Load Disp Disp
1801 -2 o6 (01 5
05 (09

Disp D,iSp
. 4————>'

4 3

04 (08Y
o1y 10 03 (07)

- EAST ELEVATION

NOTES: ' :
Channels denoted with 'O’ recorded on computer system employing Optilog data acquisition.
Channels denoted in brackets are located on West side of specimen.

'FIGURE 3.5: Instrumentation layout for SPSW1

In total, the SPSW1 test included data acquisition from 22 channels. Th‘e,acquis}ition
systern consisted of two computer systems running simultaneously, using the applied

actuator force as a common channel for cross-reference. The first system recorded
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strain gauge data, and used an Optilog data acquisition system which contains signal
ﬁlté,fs and amplifiers. A manufacturer supplied software program (Opus ‘200) on an -

a’tta;:h_é,d PC was used for control and s‘t'orége. The second cohiputer system employed a -

PC with anaiog-to-digital converters and Labtech Notebook software. The software

- provided ‘an on-screen customized display of critical load and deflection readings in a

graphical format. All data sampling was cbnductgd ata rafs of 2 Hz.

“The SPSW2 data ’acqﬁis.iti_on syétém was similar except that only one computer was

" used -t_o-rééord foﬁr_ channels. Figure 3.6 shows the instrumentation layout for the -

SPSW2 experiment.

" . "Hydraulic Actuator o ) .
Load - Disp : - -.Disp

«—> <« g _ <>
2 . " 3
'Disp o f
»,

EAST ELEVATION

FIGURE 3.6: Instrumentation layout for SPSW2
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3.6 Testing Procedures

Both spec1mens were tested according to procedures based on those recommended in

ATC 24: Guzdelmes for Cyclic Seismic Testmg of Components of Steel Structures

(Applied Technology Council, 1992). ATC-24 is a guideline designed to produce
standardized measures of the seismic performance of steel structures when tested under
cyclic quasi-static conditions. It speciﬁes that testing is conducted in a force controlled

manner'up‘ to an observed global yield level, followed by displacement controlled

_ lo.ading at multiples of the global yield displacement. Three cycles are‘.to be comp’leted

at each level, w1th a m1n1mum of 3 load ]evels used pnor to achieving global yleld One

of these load levels should be above 75 % of the global yield force level. The’ global '
yield point, where “significant” yielding of the specimen was detected, gives the basis.

for selection of a yield deformation, 8}” , and a yield force, Qyi.' The storey drift of the

first storey, 3

b1 and the corresp'onding storey shear, 0y, were selected for all tests as |

the control parameters. While substantial judgement is involved in selecting these

: parameters,-the level of precision is considered sufﬁcient for test control use. In all

cases, the values for Sy and Qy are reported for a location at the intercept of tangent

stiffnesses to the elastic and post-yield regions of the global force deformation curves.

Seismic loading is often simulated through slow cyclic loading. While other load

:histories_. could be 'fo}llowed, it was decided that the approach of using gradually -

increasing load, as described in ATC-24, would provide the best comparative results.
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Derecho et al. (11980) suggested that using a loading history that alternates large and
small amplitude cycles is more reflective of true seismic loading, where the maximum
— Or near maximum — deformation may occur early in the loading sequence.

HoWéver, the gradually increasing model is the mpst,wideiy adopted type of '1oading

~ history, allowing for better comparisons with other experimental programmes. It

allowed for several initial low level cycles where ahy testing difficulties could be
identified, without fear of significant structural damage.' Furthérmore, knowledge of

the maximum capacity of the specimens is not needed in advance.

The SPSW1 specimen was cycled with increasing force magnitude, with one or two

cycles at each load level until an assumed global yield was reached, at 180 kN and 10

mm lateral displacefnent. Cyclic loading in the post yield r-e'gion was applied using only

one cycle per displacement increment, until 4 x 6y . After this, a cycle of = 100 KN

force was applied, followed by a pushover load to failure. A plot of the force histdry
for SPSW1 is presented as Figure 3.7(a). The displacement history is presented as .

Figure 3.7 (b). The load-deformation relationships are described in Section 4.2.1.

The SPSW2 specimen was cycled according to the ATC-ZA guideline, with an assumed
global yield occufring at 200'kN and 8 mm lateral displacement. Plots of the force and
diéplacemenf histories for SPSW2 are presented in Figure 3.8. The load-deformation

relationships are described in Section 4.3.1
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FIGURE 3.7: (a) Force and (b) displacement histories for SPSW1
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FIGURE 3.8: (a) Force and (b) displacement histories for SPSW2 -
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Chapter 4

- Discussioh of Singi}lc‘:vl.’an‘ellReslillts.

4.1 Summa#'y of Test Resuits

The resqits- of the ’s‘;ingle_’j‘)‘énevl Atgs.ts vr,e'\‘/-ea'lgd intgfcsting characteﬁstics about the

influence of the frame members and boundary conditions, the fabrication details, and

-the loading histories on ﬁhe specimen behaviour.

Results of the tests on the SPSW1 and SPSW2 specimens are presented in Sections 4.2
and 4.3 r‘esp'ectively.‘ Section 4.4 contains a relative comparison of thé performance of

the two specimens as it relates to diffe’reﬁce’s in their &esign,ahd loading histories.

4.2 SPSWI1 Test -

4.2.1 Load Deformation Charactter»ié’tnics’ ‘

The key performance characteristic of a steel platé shear wall, a§ demonstrated by the
test control proéedures, is the relationship . between the- storey shear and st_orey drift.

Figure 4.1 illustrates the hysteretic behaviour of this relationship observed during the

SPSWl test. A well deﬁned elastoplastiq envelopé is evident.

. By eXamining an isolated cycle (Figure 4.2) from this test in the post-yieid region, well.

defined segments of the hysteresis curve can be identified. During the unloading stage,
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FIGURE 4.1: Force-deformation curve for SPSW1
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a constant stiffness was evident, with only a‘, moderate deéradation of stifﬁmess from a
cycle at the preVious load level. Shortly after the specimen passed through the zero
applied sheér region, the stiffness rz;pidly degraded to approximately 30 % of 'thé‘
previous vélue, as ‘the tehéion field in the infill plate reoriented itself in thevqpposite _
direction. The stiffnéssthen incréa;séd, until the force lével approa‘ched‘_the maximﬁm
achigved'during thé previous load le§el. The stiffness theh followed the post-yield
stiffness given by the structure’s load-deflection en\./elope," The process repeated itself

through unloading and subsequent loading in the other direction.

The overall cyclic loading was applied to a maximum displacement of 4 x 8y‘ , which
coneSponds to a .storey Totation éngle of 0.05 radians. Subsequently, the pushover -
loading.achieved ajméximum dis‘pla(’:ement‘ of .7 x O Y, porresﬁonding to a Storéy
rotation angle of 0.086 radians, Before the testing was termin‘ated.b It is important .to

note that the test was stopped due to buckling of an undersized member in the lateral

bracing system, and not collapse of the speéimen itself.. i

Due to limited loading: repetition at each force or displacement level, the results
obtained may not be strictly applicable to assess seismic performance. They do,

however, reveal the inherent ability of a steel plate shear wall system to accommodate:

~ large inelastic longitudinal deformations under multiple reversed cycles.
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FIGURE 4.2: Selected cycle from force-deformation curve for SPSW1
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The maximum base shear resisted by the specimen was 205 kN. This represents a

value approximately 13 % higher than the observed global yield force level.

4.2.2 Strain Distributions

The measurements from the various strain gauges attached to the SPSW1 specimen
were -analysed to determine the strain distributions in the frame members and the infill

plate.’

From the strain gauges attached to the infill plate, near the top corner, a relationship

was observed between the applied base shear and angle of inclination of the resultant

in-plar'le. strain. As the base shear changed, the angle of inclination was affected in a

near linear relationship. This is shown in Figmfe 43 Since strain gauges were affixed
in‘ only two orthogonél difectionsL the anglevof inclination and magnitude of the
principal strains could not be detcﬁnined. However, th¢ fact that the resultant angle
shifts, indicates that the principal strain résulfants would also vary, in some

relationship.

The relationship between infill panel strains and base shear could be related to the
overail steel shear wall behaviour in general, and the flexibility of the top beam. Since

the beam was flexible enough to rotate under load, it might have caused a redistribution

of the strains to some degree. While the extent of this action is unknown, the fact that

the above relationships existed at low load levels, when beam rotation would be
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FIGURE 4.‘35 In-plane infill panel strain, top corner of SPSW1

minimal, suggests that the mechanisms involved in establishing load paths in “general”

steel shear walls are at leas't’par'tiélly r‘espon‘siblé. .-_

A relationship was also observed ‘betwe'en the applied base shear and the axial column
strains at the base of the south column (Figure 4.4)'; The axial strains induced in the
column result from the overturning moment created by the actuator at the top of the

specimeh. In the figure, the theoretical axial strain for 100 % tension field anchorage in

" the column: (from an assuméd qquiValent single brace model) hag'Been superimposed

ovér the measured strains. Some part of the stiff fish ;;late'and adjacent infill panel may
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be acting with the column, increa.singl its ne£ varea ang réquiriné a reduction in fhe
.theoretigjél strains. However, sinc.e’the measured values are close to the theoretical
épproxiniétion even without considering the fish plate action, it is appa;rént that the
column was éffective in anchoring a signiﬁcaﬁt proportion éf the tension ﬁeid. Little of

 the vertical compvonent‘ of the tension field seerﬁs to have been anchored in the bottom

beam.

1000 T
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/ column anchorage 800 - Bling

T 600 |
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400 | F N F
- F
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......................................
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FIGURE 4.4: Axial strain at base of south column, SPSW1

The ratio between the axial column strain and bending strain at the global yield

' ~ displacement 'is of significance. -Shortly after the global yield displacement was

‘ex'ceede'd,-'a plastic hinge formed at the base of the column. At the yield point,
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however, the ratio of axial strain to bending strain in the column ﬂanges‘ was
approximately 1:1. Since the axial strain condition indicated that the axial force was
approximately 50 % of the fully plastic axial capacity of the section, the moment
capacity as measured relative to the seption’s fully plastic QOent capacity would have
decreased to approximately 80l%, for the S7_5x8 section used. If the influence of shear
in the section would be cdhsidered, in addit’ion to 'the ﬂexure and axial force iﬁte_ra?:tidri,
the available moment capacity would be even further reduced. Designers must be
aware of the coﬁsequences of th1s interaction between the axial and bending forpes, and
the interaction with the column shea.r (hot studied) wﬁen'sizing the column members.
These results indicate that while the column remained eléstic at this section at the global

yield level, little reserve capacity was available prior to the formation of a plastic hinge.

4.2.3 Failure Mode

Termination of the test was governed by the imminent failure of the lateral bracing
system. The beam supporting the ends of the bracing members was inadequately sized,

and underwent distortion under the out of plane forces generated at high lateral

deformations. At this point the pushover displacement was 7.x 6y. Figure 4.5

illustrates the' overall extent of permanent damage in the SPSW1 specimen, after

“ conclusion of the experiment.
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FIGURE 4.5: Global damage in SPSW1 after testing

Some cracking of the welds at the base of the south column and gusset plates was
observed near the end of the test. The welding pattern used at this location was

carefully observed in subsequent tests.

As described in Section 3.3, the loading system provided for force application under a
compressive mode only. As a result, the top beam became badly distorted during the
test, which can be attributed to the loading method, combined with the beam’s low
flexural stiffness which could not adequately anchor the tension field without large
deformations. Patterns observed from whitewash flaking indicated that a plastic hinge

had formed near the centre of the top beam. The pattern and curvature of the beam
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indicated a torsional component to this structural damage. The beam-column joint
_ regions remained relatively square and no yielding was observed in the' connection

panel zone.

It is-important to note that the limited cyclic repetition at each load level may have
- prevented se_ismic related failure modes from -becc;ming evident. This 'would ‘include -
'damage associated with fréquent plate buckle reversals, such as plate:tearing and'
“onlding repbrted by Timler and Kulak (1983). Fatigue related mecha-nisms.w.ould not
be observed in this test due to limited testing cycles. There was .no opportunity to
assess the strength degradatioh between successive cycles at the same load level; which

might otherwise have revealed damage which could not be readily observed. |

: 4.2.4i Other Observations

One interesting observatioﬂ 'dﬁringthié test was the presence of audible plafe poppmg |
: ‘ noiseé, often described aé an “oil can efféct’?. These Were typically heard as fhe applied -
forcé passéd through‘the + 30 kN range, which is a small fraction of the‘maxi‘mum
‘applied load in each cycle. It is speculated that this coincided with thé plate buckle
reversing action, and was amplified by the large initial out of plane deformation of the

infill plate. This effect was not readily observed in subsequent tests.

Further research needs to be conducted into the cause of these noises, and under what

conditions they will occur. Otherwise, this could prove to be a cause for concern in
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commercial building construction, if this effect was to occur under normal or extreme"

loading conditions. Occupants of thé structure may not find these sounds reassuring.

4.3 SPSW2 Test

4.3.1 Load Deformation Characteristics

' The key performance charactenstlc to be deterrmned from the SPSW2 test was the

. relatlonshlp between storey shear and storey drift. In partlcular data on the stab111ty of

this relatronshrp under fully reversed cychc loa_dmgvat high displacement duct_111ty
levels was desired. Figure 4.6 illustratesfthe'hyst'er_etic behaviour of this relationship

obtained from the SPSW2 test.

By examining an isolated cycle from this' test in the'-post-yield region, several well.
deﬁned segments of the hysteres1s curve are ev1dent The bas1c form is 51m11ar to. that-
described in Sectlon 421, for the SPSWl test The overall stlffness 1mmed1ately aﬁer |
yield was approximately 1/10 of the elastrc Value.-.v The elastic - stiffness was -‘ :
approximately 50'-% higher thah for SPSW 1'"(due to“ som'e design'modiﬁcations suchas

the double top beam) but the. post y1e1d strffness in the range 1mmed1ate1y after global

yield was approx1mate1y 600 % higher than SPSWI S correspondlng value.. The

 maximum storey shear resistance of the spemmen was 260 kN, as compared to the

global yield force level of 200 kN. This is a significantly higher post-yield ‘strength'
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FIGURE 4.6: Force-deformation curve for SPSW2 A
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increase than was observed in the SPSW1 test. This maximum value corresponds to a

displacement level of 5 x 6y .

The overall cyclic loading achieved a maximum displacement of 6 ><5y ,

corresponding to a storey rotation angle of 0.056 radians. The test was terminated after
the third cycle at this level, when a fracture was observed in the south column,
propagating inwards through the outer flange and web. The crack appeared to have

initiated at or near a weld location from the triangular column gussets (Figure 4.7).

FIGURE 4.7: Damage in the South column, SPSW2 specimen

The hysteretic behaviour was quite stable over successive cycles at the same load level,

in terms of the stiffness properties. However, at higher displacement levels, a
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signiﬁcant loéd degradation was observed between the first and last cycles, with equal
maximum displacement values. This is shown in Table 4.1, where the § x 3, set of
cyclés showed a 9 % decrevase in force at the same displacement, between fhe first and
third cycles. The larger drop in the 6 x 8y load level reflects the 'increased

deterioration from the column fracture.

TABLE 4.1: Strength degradation over SPSW2 cyclic Ioadihg

Force Controlled Loading Regime

LOAD Max Force Max Force Disp! Displ Load Displacement
LEVEL Cycle 1 Cycle 3 Cycle 1 Cycle 3 Change Change
{kN) (kN) (mm) (mm) (%) (%)
A 24.8 24.8 0.63 0.63 0.00 0.00
B 70.8 70.8 1.94 1.81 0.00 -6.70
C 150.1 149.9 4.43 4.43 -0.13 0.00
D 176.4 176.4 6.14 6.4 0.00 4.23

Displacement Controlled Loading Regime

LOAD Force Force ~ Max Displ Max Displ Load Displacement
LEVEL Cycle 1 Cycle 3 Cycle 1 Cycle 3 Change Change
(kN) (kN) (mm) (mm) (%) (%)
E 223.5 _ 2231 15.12 15.12 -0.18 0.00
F 2461 239.6 23.79 23.52 -2.64 -1.13
G 253.9 240.6 31.79 31.92 -5.24 0.41
H 258 234.1 40.32 40.46 -9.26 0.35
| 251.5 219.8 48.99 49.38 -12.60 0.80
NOTES: - Displacements are "Cable Displacement” values.

Resolution of measurements are 0.35 and 0.13 for force and displacement respectively

The area bounded by the force deformation hysteresis loops is a measure of the energy
dissipated by the structure through hysteretic damage. Energy dissipation values were
calculated for each complete cycle, and are presented in Figure 4.8. This plot indicates

that very little energy is dissipated through hysteretic means until the post-yield regime,
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beginning Wi;[h cycle LE1’. | 1t also shows that over successive loading to higher
displacemeht multiples, there is a stable relati(;nship between the increase in
displacémént and energy dissipation. It caﬁ' also be observed that thé energy dissipation

- decreases between the first and third cycles at the same loading level, due to the force

" degradation noted above. -

~ Energy Dissipation (kN.m)

.~ Cycle Number

FIGURE 4.8: Hysteretic energy dissipation from SPSW2

4.3.2 Frame Behaviour

During the SPSW2 test, a significant amount of energy dissipation was observed to

occhr through sheér yielding and the formation of plastic hinges in the column
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members. Four distinct regions were identified, through visual inspection and
observation of patterns in the whitewash. These were at the top of the columns, just
below the beam-column joints, and at the bottom of the columns, above the point where
the gussets terminated. Figure 4.9 shows the inelastic column deformation immediately

below the south beam-column joint at the conclusion of the test.

FIGURE 4.9: Inelastic column deformation on SPSW2 at the south,
top joint at test completion.

Overall, the column members exhibited significant permanent deformation through the
course of the test. In fact, at the end of the experiment, this deformation resulted in the

panel taking on an “hourglass” shape, shown in Figure 4.10.
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FIGURE 4.10: “Hourglass” shape resulting from deformation of the columns
at completion of SPSW2 test.

4.3.3 Plate Behaviour

As the displacement level increased through subsequent cycles, a degree of plate
“folding” was observed at the quarter points of the infill panel. These resulted when the

plate buckles reoriented themselves due to load reversals, through the course of the
loading history. At the displacement level of 4 x 3, , plate tears were observed at

these locations. This type of plate folding and tearing has also been reported by other

researchers (Timler and Kulak, 1983; Tromposch and Kulak, 1987).

Weld cracking was observed in the fillet welds joining the fish plate to the columns, in

the top corners. The cracks were first observed after cycles at the displacement level of
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2 $<'6y , and increased in sizé With‘ further cycles. It is noted that due to the small
dimensions of material involvéd, it would be ciifﬁcult to ensure perfect wéldiﬁg in all
locations. While this may have affected Some of the local failure modes, and the load
levels at Whiéh they appeared, the errall behaviour of the specimen and weld failure

locations appeared consistent with tests conducted on larger scale specimens (Timler

and Kulak, 1983; Tromposch and Kulak, 1987; Driver, 1997).

4.4 Comparison of SPSW1 and SPSW2.

4.4.1 Frame Element Effects

As noted in Section 4.3.1, the elastic stiffness of the SPSW2 speéimen was significantly |
- higher than tﬁat of SPSW1. The addition of the stiffer double top beam provided better
anchorage for the tension ﬁeld, and permitted better activatioﬁ of the infill plate shear
résistance at smaller deformations. It also caused signiﬁcaht inelastic deformation at

the top of the columns, and not in the top beam.

The SPSW2 specimen was constructed with column gussets that extended above the
height of thé base beam. From observations, the plastic hinges which forrnéd at the
'bbotto.m of thc-‘:.columns occurred above the gusset tips. In the case of the SPSWI
épecimen, the column gussets terminated at the height of tﬁe bottom beam flange
continuity stiffeners. 'Through observation of the deformed column shape, plastic

hinges in that specimen formed immediately above this location. Based on these
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observations, it is evident that the differences observed due to the local stiffening and
strengthening would have altered the stress and strain distributions locally, in the

various structural components.

4.4.2 Loading Histories

The two single storey Specimené also differed in the load history sequence. Since the
SPSW2 specimén was tested in a repetitive cyclic manner, different types of failure
mechanisms might have become apparent. The weld cracking and plate tearing modes

are two examples.

The strength degradation observed in the SPSW2 specimen ovef multiple cycles at the
same load level, also indicates that different overall response characteristics may result,
due to the difference in load application strategies. The accumulated damage from
multiple cycles, reflected in the strength degradation, could impact the specimen’s
response at subsequent highex"v load levels. It is apparent from these load history
dependent characteristics that a steel shear wall specimen loaded under multiple
reversed cycles may exhibit.'different performance characteristics than one loaded

monotonically.
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4.4.3 Displacement Ductilities

It was noted earlier that the maximum displacement ductilities attained for the SPSW1
and SPSW2 specimens were 7 x Sy' and 6 x Sy respectively. However, the maximum

displacement of the SPSW1 specimen Was approximately 50 % 'higher than that of the
SPSW2 spéciinen, du¢ to théir differing elastic stiffnesses aﬁd yield strengths. Both

speéime‘ns showed thét éonsiderabléresponjse capacity was available in the post-yield
region. Termination of the experiments in both cases was due to local problems and

test setup limitations, and not failure of the global structural system.

These fesults were compared against an accepted simplified measure of a structure’s
reserve capacity under extreme excitation; For .this‘ comparison, a schématic
representation of a structural component capacity, suggested by FEMA-273 (Federal
Emergency Management Agency, 1996), was selected. it representé the various phases
of 1oad-defofmation response of a structure, including the deterioration 1n sﬁfﬁiess at(

very high deformation levels (Figﬁre 4.11).

By comparing the load-deformation envelopes of the SPSW1 and SPSW2 speéi;neﬂé, it
is: apparent that the specimens, wmle damaged, have not reached their the;o'retiéal
performance limits.  Normalized ‘“backbone curves” of ‘the load-defonnatibn
relationships of the t§vo specimens, using a méthod suggested by FEMA-273, have been

included in Figure 4.12. The extreme response of the two specimens each fall within th¢._
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FIGURE 4.11: Representatlon of a ductlle structure s
load- deformatlon capacmes

' middlé_ band e_f the capacity diagram; e__haracte_nsedby melastic damage but with no

~ significant loss in force resisting capacity. It is hypothesized that if the localized

problems “were corrected through strengthening, additional 'longitudinal‘deformation

could be apphed unt11 the response of the spec1mens fell w1th1n the extreme right

portlon of Flgure 4.11.
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" (b) Backbone curve generated -
from SPSW2 test

" FIGURE 4.12: Norm}alized “backbone curves” up to test termination,
. for (a) SPSW1 and (b) SPSW2
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CHAPTER 5

Multistorey Experimental Programme

5.1 Introduction

One four storey specimen was constructed and tested, to obtain data on the performance
and behaviour of a multistorey steel plate shear wall under cyclic quasi-static loading
conditions. Based on the preliminary results available from the earlier single-storey

tests, appropriate procedures were used for its construction, instrumentation and testing.

A description of the test specimen, SPSW4, is provided in Section 5.2. Sections 5.3 and
5.4 contain.descriptions of the loading and support systems used, respectively. The
instrumentation and data acquisition employed during the experiments is described in

Section 5.5. Fihally, Section 5.6 summarizes the testing procedures.
5.2 Test Specimen

A four storey épeéimen was constructéd and tested — referred to as SPSW4. The
specimen vx;as.a 30 % scale model of an inner. residential building core, with the
“specimen havipg ﬁoor-to-ﬂqor and column-to-polumn“spacing of 900 mm.. A
photo graph of the specimen and a dimensioned 'drawing are provided as Figures 5.1 and
5.2. The overall vertical dimension consisted of four storey panels, eéch with

dimensions equal to those used in the SPSW1 test. The infill plate sizes for the lower
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three storeys also remained constant. The top most infill panel was shorter, to
accommodate a deep top beam within the overall dimension, so as to maintain a

uniform floor to floor height.

FIGURE 5.1: Photograph of specimen SPSW4 within the test frame
(Tested specimen SPSW1 shown in foreground)
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FIGURE 5.2: Specimen SPSW4

Frame members were constructed from S75x8 hot rolled steel sections. The deep top
beam was constructed from a S200x34 section. The infill shear plates were constructed

frorh 16 gauge (1.5 mm) thick hot rolled sheet steel. Beam-column joints were all fully
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fixed, with flange continuity stiffeners added across the column webs. The column
sections were continuous over the full height of the specimen. A fish plate detail was
used to join the infill plate to the steel frame, as shown previously in Figure 3.2. A 20
mm x 200 mm base plate was attached to the bottom beam and around the column
sections by continuous fillet welds. Gussets at the column base were used, as illustrated

in Figure 5.3

FIGURE 5.3: Gusset detail at base of SPSW4 specimen

All column sections were obtained from the same piece of steel. Similarly, the beam
sections (except for the top beam) were all cut from another single length of steel.
Tensile coupon tests were done of the respective steel components, and are discussed in
Section 6.2 . Three of the four infill panels were cut from the same piece of sheet steel.
The second storey panel was obtained from a different piece. Coupon tests of the infill

plate material are discussed in Section 6.2. In all cases, the infill plates were oriented
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. with the long direction from the original plate — the direction of rolling —oriented in -

the horizontal direction.

During fabrication',} particﬁlar'procedures were u-s‘ed to}minimiie the residuai. olit o‘f
plane deformationb in the intill plates due to weld distortion. These deﬂections were
measured as less than 3 mm, at 9 locations oneach panel. A residual twist remained in
the specimen, however, which was easily eliminated through the laterai‘braeing system.
Measurements of the specimen were obtained, . Wheri erected in an unbraced
conﬁguration, using a plumb bob. The top of the specimen was disp_laced laterally from
the corresponding base location by up to 83 mm. Tliis approximates to a twist of 2.8“

‘degrees per metre of vertical rise.

A simulation of typicai gravity loadirig was applied to the columns lbthrough tile use of
large steel plates. A weight of .13.3 KN Was introduced at each storey level, b.yiattachirlg -
masses using specers and bolts; tiiroug}_i the bcentrie‘ of _each beam-col_iimn“'joint.f The -
spacers helped to prevent iiiteractiorl between the masses, fretnie 'merr‘ﬂ.)ers, and biiokled
i_nﬁli platesi At the first floor level, the masses were supported bsl channels, welded to
the outside of the column ﬂarige's over the floor beam height. 'The .column web was
stiffened at eéch joint to accommodate these concentrated forces, by_’ welding 50 x 50 x .
4rnm doubler piates to eatch side of the web. It is noted that this local strengthening
: vi/ould serve to effectively eliminate the possibility ofa sheér-type failure me‘eh»ariisrvn in

the joint, which may need to be considered when desigru'ng a full-scale structure.
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The addition of .th_'e‘dead load served a number of purposés. Primarily, it was used to
reflect the lbédiﬁg fe’quired on a similar specimen, for shake table testing. The quantity
of fnass‘selected reflected the requirements for adequaté shake table excitation, and a
rgpresentative amount of scal_ed vertical load that would be collected by the columns in
their assumed role.’ _The influence of the cqlumn dead loaltd co_ﬁld be siéniﬁcant since it
reduées the tehsioﬁ ‘uplift forces resulting from the épplied overturﬁing moment.
However, it would also sefve. to decrease the capacity_ of the opposfte compression

column to resist the applied moments.
5.3 Loading System

A load application system was developed for the SPSW4 test, to apply loads to each of
the four floor levels. All te'sts_ were'condﬁcted within a sel_f-reactihg test frame, |

sighiﬁcantly stiffer than the specimen. The hydraulic actuators and test frame are

"~ shown in Figure 5.1.

Four hydraulic actuators, with a rated capacity of 200 kN each, were used — one at
each floor. Each actuator setup was pinned to rotate freely in the vertical direction at .
both the test frame connection and the loading tab joining the specimen. The actuators

were set to apply the load at the mid-height level of each beam, or the top 75 mm in the

- case of the top beam.
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The loading tabs consisted of 75 xA2A57 mm thick steel flat bar, welded over the full
height of the floor beam.(the top 75 mm in the case of the deep top beam). It was
* positioned on the column flange in the plane of the column web, and secured with a
continu'ous perimeter fillet weld. A taper in the tab, to 7 mm thick, was provided at the
specimen connection end. A pin joint was used to connect the tab to the actuator,

leaving an effective length of tab of 330 mm.

The loading control for early cycles (A to F) was by an MTS 458.10 servo controller,
and attached MTS sine-wave function generator. Different force levels were applied in
each actuator, resembling the typical inverted triangular distribution for seismic loads. -
vHowever, due to the complexity of fofée controlled loading of multiple ac'a;afors',
connected through a stiff specimen; thit's approach was not feasible. Vibrations feSul'c:ing.
from feedback instability in the control system were noted. Load levels applied during
these cycleé were significantly less than what would be required to cause inelastic

damage in the specimen.

.For the cycles of interest (G to M), loading control was éccomplished through a SUN 0
- 1500 psi, 10 gpm manually operated pressure reducing valve. In this setup, the
configuration of the hydraulic hoses provided for equal hydraulic pressures to be
applied at each identical actuator. The force applied at each actuator would be
essentially equal. HoWever, variations could arise from factors including friction losses

in the hydraulic hoses and tolerances in the actuator components. Consequently, the
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instrumentation allowed for the measurement of the actual applied force at each
actuator. Other researchers, including Driver (1997), have used equal applied forces at

 each floor with good results. -

5.4 Lateral Support System

The lateral bracing systém consisted éf a series of steel}bn—steel, 4 inch vdi»arneter' rollers,
acting between support mémber’s and the specimen. Bracing was provided ét the fourth
floor, second floor, and just below the first floor. At tAheA first floor location, the rollers
were bolted through the specimen columns, using spacers, and allowed to roll along
-stiff external bracing be‘ams. At the other locatipns, the rollers. were attéched to the
bracing mémbefs, and al}bwed to roll al‘ongvthe ‘mass plates. The brac'ing syst‘ém

components are visible in Figure 5.1. -

It was noted in ~Sectioﬁ 5.2 thét the Specimen had an _ih_iﬁal degree of twist in an
unbfaced conﬁguratioh; resﬁlting from -wevlding distprtion. Aﬁcr the initial preliminary
aésembly of the sﬁecimén, mass plates.,l and bracing componénts, the braciﬁ_g members
'werc shimmed to remove the twist from fhe test sﬁcpirﬁén. Vertical alignment was
‘confirmed with a plumb bob. While this would induce some additional'stressc.s‘in the

untested 'specimen, these were assumed to be negligible due to the inherent low

torsional stiffness of the specimen.
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" The base plat_e of the specimgn Was,fanened to fhe test frame using ten 25 mm diameter
| boits, uéiﬁg a hand wreﬁch. Four bolts wefe arrangedbaround each column, with two
bolts provided at the mid-length locatiqn. The contact.surfa»ces between the base plate

and test frame were cleaned prior to installation.

5.5 Imstrumentation and Data Acquisition’

) b_*The; load .déformationproperties and the stresses induced in the Various' structural
'Qbmp'énents were ‘of primary inte'r‘e,‘st‘ in the experiment;"‘ The behaviour 'pf ‘the ﬁrst
stOrey frémé and infill panel were of -speciﬁc interestf,‘ due to the expected damage
- resulting from the greatest stor_éy shear magnitude. The spepimen was vinstrﬁmented
. ~‘acAcordi‘_ng’1y, with _displécemen‘t and étrain gauge sensors. Figure 5.4 illustfétes thé
- '..‘visc.atiorvl‘ of the‘_ inStrumeﬁtatioﬁ.' Figﬁre 5.5 provides an enlarged view of the _stfaiﬁ
- _:gaugg instmmehtation applied to the ﬁrét storey. Détails of thé devices are provided

_beldw. .

Each hydréﬁlic aétUator Qas fitted witﬁ a load cell. The lsf to 3rd floors use.d 89 kN
cabacity load cells, with a recording resolution of 0.04 kN. A 222 kN load cell With O.i
. kN résqlﬁtion was used on the 4th ﬂoor actuator. -It.is vnlotedAt-hat the common channel
| }b_etwe'en each bf the three cia:té acqui-éitvio’n computefs was the Ist storey appliéd force.

Each data acquisition system had a different resolution, with the lowest given above.
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" FIGURE 5.4: Instrumentation diagram for SPSW4
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FIGURE 5.5: Strain gauge instrumentation on the first storey, SPSW4

Cable potentiometers were used on the North column at the mid-height of each floor
beam (or 40 mm from the top for the 4th floor) to record storey longitudinal motions.

Each device had a resolution of 0.12 mm. One additional cable potentiometer was

‘installed above the first floor north column joint. Linear Variable Potentiometers

(LVPs) were arrayed along the first floor North column, to measure the deformed

pfo’ﬁle of the colurﬁn under applied loading. Each LVP had a resolution of 0.08 mm."
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Uniaxial strain gauges were located on opposing flanges of the 1st and 2nd storey south
column and 1Ist floor beam elements. Each gauge was capable of a resolution of 3
microstrain.  Strain rosettes — using a 0-45-90 degree configuration —were arrayed
on the first and second storey infill plates. Orientation of the strain rosettes is illustrated
in Figure 5.6. Most gauges were installed in a full-bridge configuration, to record in-
plane strains only. This has been identified on Figure 5.4. All gauges were attached
using M-Bond 2000 adhesive, following the manufacturer’s recommended surface

preparation and installation procedures.

FIGURE 5.6: Photograph of typical strain rosette orientation

A total of 68 independent channels were monitored and recorded during the test. Due
to the quantity and type of instrumentation employed, the data acquisition system
consisted of three computer systems running simultaneously, using the 1st floor

actuator force as a common channel.
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The first systém recorded strain gauge‘ data from a nufnber of the strain rosette
locations. It consisted of ;i PC with analog-to-digital conVerté_rs, connected to a custom
built data controller which containsAﬁlters and amplifiers for all channels. The software.
packége Lébtecﬁ Notebook was used to samplé and record‘the _data, at a frequency of 2

Hz.

The sécond .éomp'uter system employed a PC with analog-to-digital converters and
Labtech Notebook software. This was used for recording all load cell and displacement
measurements, which did not require amplification. No integral filtering was employed
in the hardware.v The software provided an on screen customized display of critical load
.and ‘deﬂeétion readings in a graphical format." All datg sampling was conducted at a
rate of 2 Hz. The information presented by this compﬁter was used bforvthe experiment

control.

Finally,‘ the third system used an Optilog data acquisition system, which contains filters -
and amplifiers, and a manufacturer supplied software program on an attached PC for
storage. This ‘setup was used for all uniaxial strain gauges, and many of the strain

rosettes. Data sampling was at arate of 2 Hz. -
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5.6 Testing Procedures

’ The'. SPSW4 specimen was tested aqcording to the guidelines presented in ATC-24

(Applied Technology Council, 1992). The methodology of ATC-24 has been described

in Section 3.6.

In testing thg specimen, cycles.Al _‘tov F3 wefe conduc_ted using very 1ow force levels
(<50 kN total base 'shear). i‘his aliowed for confirmation of festing procedures, al;d
 verification of the data acquisition system. ‘S_ome of the cycles confained .applied loads
‘ ;at‘ vari.ou_s: storey shear ratios, with the loadlappiliicat”ion controlled through a Qiné wave
. ‘functi.oﬁ generator. As notéd abové, howeve‘;,‘ it was determined thﬁt the compléxity of
férce éontrolled loadihg of four independént actuators connected by a stiff specimen
created substantial problems associated With feedback. For the cycles of interest (G1 to
M1-), a loading system of equal storey loads, controlled by a mainually adjﬁsted valve,
provided a more stable control system. Table 5.1 prévides a complete record of all
loading cycles on SPSW4, including relevant parameters. Plotsb bf the force and
dispiacement histories for SPSW4 for cycles G1 to M1- are presented in Figure 5.7.

Each Compléte cycle V(O-pbsitive-negat'ive-O) was .approximately 5 minutes in duration.
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FIGURE 5.7: (a) Force and (b) displacement histories for SPSW4,

cycles G1 to M1-
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Chapter 6

Discussion of Multistorey Results

6.1 Summary of Test Results

The experimental results from the SPSW4 test provided data on the performance of
multistorey steel plate shear walls. In particular, the results allowed for an examination
of the validity of extrapolating. single storey results to multistorey systems. While
similar overall performance characteristics were observed, the results suggest that the
practice of generalizing a multistorey steel shear wall as a number of single panels with
stiff beams, each taken in isolation, will not adequately reflect all relevant performance
characteristics. The influence of the higher overturning moment to storey shear ratio

generated in a multistorey specimen can be significant.

Results of material testing, to establish the member propérties, are presented jn Section
6.2, including the frame and infill plate cbmponents. The overéll failure mechanism of
the SPSW4 specimen is pre'sented in Section 6.3. Load-deformation relatiohships, and
localized column deformations are described in Sections 6.4 and 6.5, respectively. The
infill panel behaviour is discussed in Section 6.6. Strain gauge data is presented in
Section 6.7. Finally, the results are compared, in geﬁeral terms, to those from the single

storey specimens in Section 6.9.
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6.2 Material Tests

Ancillary fests werevéonducted on representative sampleé of .the. materials used in
constructing the SPSW4 specimen. Tests included coupon tension testing of flange and
web samples from the S75x8 members used for the columns and beams. Coupon
tension tests were also conducted on samples éf the infill plate and fish plate material,
taken in orthogonal directions. Table 6.1 presents a summary of the test results, and
cémpares them toA the nominal design values. Full resﬁlts of the ancillary testing‘

programme are presented in Appendix A.

TABLE 6.1: Summary of material properties determined from
| coupon testing. |

Strain at

G, C. ultimate .
Element (MPa) (MPa) (%)
Boundary Frame (S75x8) 380 550 10+
Infill Steel Plate , 320 - 370 - 10+ .

Fish Plate . 260 350 10+

NOTES: |

Due to scatter in test results, Young's Modulus of Elasticity assumed as E = 200 Gpa,
as suggested in Canadian Handbook for Steel Construction (Canadian Institute for
Steel Construction, 1993) . - ' :
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The rﬁatéﬁal properties for the S75x8 and infill plates both exhibitéd the desired hot-
. rolled steeli préperties, _:represent‘ative‘ of what would be found in full sized steel
elements of a commercial structuré. They also showed effective material strengths
much higher than used in the original specimen design, with the‘ianill plate having a
yield sﬁength of approximately 320 MPa, correspon(iing to over 140 % of thev nonﬁnal
value asSuméd in fhe des1gn Thi.s is .s’ig'niﬁc'ant, since the specimen' désign 6riginéll?
allowéd for the inﬁll panél' .‘to yield prior to inelastic action in the colurns. Sinc¢ the
| ,acfuél inﬁli panel would yield at é much higﬁer force level, the c§mponent experiencing
iﬁelastic action first was altered from the infill panel t;) the columns. ﬁ’l.'his vs.'aS a less
desirable inelastic response condition, as evidenced in part by the instability failure

“mode described in Séction 6.3.

While good seismic design practices often impose limits on material overstrength
factors to prevent undesired failure modes or yielding sequences, it was not practical to.
do so in this case, due to the required section dimensions and limited availability of

materials.

6.3 Failure Mechanism

| vaclic’ 'lo‘adin_g ‘'was applied to the SPSW4 specimen up to a >globalv yield level of
approximately 175 kN base Shear and 11 mm deforma_tidn at the 1st floor level. Prior to
this cycle during which the:point of “significant” yieldihg éondigion was reached,

mé.r'gin’ai yiélding’ wAa‘s,'noted from a gradual widening of :iﬁe 'loéd-defonnation.
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hysteresis curves and permanent longitudinal drift in the specimen. Prior to the start of
Cycle M1+, the specimen had acquired a drift at the fourth floor level of 4 mm to the

North, under no applived force.

During cycle M1+, the. stlffness rapldly decreased aﬁer the global yield level was
reached, such that an additional dlsplacement of approx1mately 4 mm (to 15 mm total)
was recorded at the first floor level. This resulted from a delay in the actuator response
to the manually adjusted control Vlalx‘/e, :‘and the: quick réte of stiffness reducfion in the
specimen. The load was reversed (M1-), proceeding towérds the yield level in “the
opposite direc'tioirvl.‘ It was hot possibie to control fhe actuator dispiaccment When gl_ob‘al’
buckling of the North (overturning .compressio_r'l) column occurred- at thé global yield
fcrce level. T‘h-e méjor reason for the early failurc of thc specimen was the inability to

conciuct ‘che test -under displacehlent ccntrol. When yield levels are feache‘d, a virtlially ,
flat (or even declining) load deformation relationship will not permit“ the r_equircd force

control of the actuator displacements with only manual valve operation.

During subsequent removal of the specirhen from the test frame, signiﬁcant inelastic
damage to the 1st storey column was observed resulting from the global lateral column

buckling (Figure 6.1). In conjunction with the column buckling mode, the 1st storey

infill panel also underwent inelastic buckling (Figure 6.2).
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FIGURE 6.1: North column buckled shape

The global column buckling can be attributed to inadequate lateral stiffness of the
column section, which is a result of the design limitations discussed earlier in Section
3.2. In addition, while the bracing system was considered adequate to prevent elastic

buckling, the influence of the yielded column under axial and orthogonal flexural loads
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FIGURE 6.2: Inelastic buckling of the 1st storey infill panel

on the critical global buckling load could not be readily assessed. The bracing system
may also not have possessed sufficient rigidity to ensure the degree of restraint
required. Variations between the actual load paths generated and those predicted by the
simplified analytical model used to establish bracing requirements may have

compounded these problems.

While it was not possible to test the SPSW4 specimen under the large inelastic

incursions that would be expected for severe seismic loading, valuable data was
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collected on the performance of multistorey steel plate shear walls under less severe
cyclic conditions. Performance characteristics derived from this test are applicable to

lower intensity cyclic loading, such as wind or low and moderate magnitude

. earthquakes. Current numerical analysis techniques were also verified in the structure’s

elastic region.

6.4 Load-Deformation Characteristics

One of the key performance characteristics to be determined from the SPSW4 test was.

_the relationship between the storey shear and storey drift. In particular, data indicating

these relationships for various storey levels was desired. Figure 6.3 iilﬁstrates the
hysteretic behaviour of this relationship obtgined from the SPSW4 test, at the first floor
level.  The corresponding relationships for each of the fpur storeys are presenfed iﬁ
Figliré 6.4. The different rélative stiffnesses of the stories are evident; resulting from

the influence of column axial forces generated by the overturning moment.

These load-deformation relationships show stable hysteresis patterns for each storey.
Some widening of the hysteresis is evident at higher load levels, in particular for

displacements in the North direction. When the curves are compared for storey shear

VS. storey drift in Figure 6.4, it becomes evident that the hysteresis loops are much

fuller af lower storey levels.
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'FIGURE 6.3: Force-deformation curve for the 1st floor, SPSW4
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FIGURE 6.4: Storey shear — storey drift relationships for SPSW4
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A measure of the relative energy dissipatjon for each load lefzel_ undef cyclic éonditions
was obtained‘b‘y computing the area contained within -the storey she'c;r Vs. storéy drift
curves for each storéy. Simpson’s Rule was used for this dperation, with results
presented in Table 6.2. As was observed in the single stbrey épecimens, very 1itt1é
eﬁergy is dissipated in the low force level “elastic” cycles. When the M load level —
the failuré cycie — 1is omitted, 64 % of all energy dissipation oqcurred during the L load
~level. From the energy dissipation results, it is also evident that t_h'e’ largést proportion
of energy dissipated through hysteretic action occurs in fhe Ist storey (56 % of the total,
“omitting cycle M). The second storey accounts for a little under half of this amouﬁt.
These Valueé reflect the permanent deformations and localizéd yielding Qccurring at
higher applied load levels, and fesultant force lqcations. They also confirm that the
inelastic deforn_iation mode of this multis‘to.rgy steel plate shear walli can - be

: charaCterised asa ‘,‘sdft-storey” behaviour.
6.5 Local Column Deformation

During the SPSW4 test, diéplacement-if)étrumentation :was arraygd along» thé lvst‘ storéy
colﬁmn anci at each floor level. The &aia recbr&ed sérved to quantify: 1oc;;11ized
deformations-in the ﬁrstb storey Noﬁh column, and determine the overall deformed
column profile. This helped in assés'sing"the fnechanism of column pull-in due to the
infill panel tension field that had been observed in the earliér single vstorey experiments.
Figure 6.5 illustrates the North column f)roﬁle obtained under various base shear

éonditions in Cycle L1.
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- TABLE 6.2: Energy dissipation for the SPSW4 specimen

Load Dissipated energy* by storey (kN-m) TOTAL % %
Level 1st 2nd 3rd 4th : Excluding M
G 0.054 -0.008 -0.006 0.009 0.049 0.4 1.1
H 0.120 -0.004 -0.002 0.016 0.129 1.1 2.8
| 0.250 0.020 0.025 0.032 0.327 2.8 7.0
J 0.120 0.068 0.046 0.047 0.281 24 6.0
K 0.392 0.220 0.162 0.112 0.885 7.6 19.1
L 1.680 0.582  0.459 0.253 2.974 257 . 640
M 3.157 1.868 1.250 0.656 6.931 59.9 —
TOTAL 5.772 2,745 1.933 1.126 11.577 100.0 100.0
% 49.9 23.7 16.7 9.7
Excluding M
TOTAL 2.616 0.877 0.683 0.470

% 56.3 18.9 14.7 10.1

* Area bounded by storey shear - storey drift hysteresis curves (kN.m)

It can be observed that the columns are displaced inwards by up to 4 mm from a straight
line joining the base and first storey beam-column joints, under an apblied base shear of -
150 kN (i.e. North column under overturning tension forces).'Whéh the app.lied bése |
shear _is reversed and the North column is subjécfed to ovéftﬁfning compfessjon, a
similar trend of the column pulling inWard‘sv from the line join‘ing beamJCQlumﬁ joints is

observed, but to a lesser degree .

6.6 Infill Panel Behaviour

Throughout the course of the load history, up to the column and panel buckling failure,

no significant localized damage was detected in any of the infill panels. In fact, until
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load level K, infill panel buckling in the first stbrey panelAwas not detectable by casual
observation. Even under load level L, the aihplitude of the pahel buckles remained less
than 15 mm. No visible buckling of the other three storey panels was evident. No plate

popping sounds were detected due to realignment of the infill plate buckles under load

reversal.

6.7 Strain Gauge Analysis =

6.7.1 Infill Panel Strain Distribution

‘The strain rosettes affixed to the first and second storey panels provided data related to

- the strain distributions across the re"spectiven -elements. In particular, they allowed for an

assessment of the directvic.m”and magpitudé of principal strains at yérious locations on
the infill panels. A comparisoh of these v_aiues was perf.ofmed with the predicted angle
of inclination of the activatéd tehsioﬁ» ﬁeld, and the negligible compress.ive_ resistance
assumption, described in current simplified nmneriéal 'analysis techniques. Background

on these methods is presented in Chapter 7. -

The magnitudes of the principal strains were observed to increase with an increase in -

the applied storey displacement. Th‘is is illustrated in Figure 6.6. Figure 6.7 provides a
“snapshot” of the principal strain co‘nditiohs under cycle L1+, at an applied base shear
1éve1 of 150 kN. It can b‘e‘ observed that most of th_e.p_l_'inc;ipal strain values, are less than

50 % of the nominal steel yield strain value. Significant compressive strains can also be
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observed in the infill panels, in particular at the beamLCOlumn joints undergoing a

“closing” type action.

1400 -

Pricipat Tension Strain{microstrain)

1st Storey Shear (kN)

- FIGURE 6.6: Magnitude of principle tension strains and applied base -
: o . shear relationship, cycle L ‘

The principal fension strains occurred at angles of inclination fr'orﬁ the vertical of 35 to .
40 degrees, for most of the strain rosettes. This is in line with the predicted angle of
inclination o% approxirﬁately 37 degfeeé, u‘sing the tension f;ield strip model suggested -
in CAN/CSA S$16.1-M94 (Canadian Standards Association, 1994).-1 Howe\;er, an

interesting observation is that while the angle of inclination for the r_dsettes mounted
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FIGURE 6.7: Schematic of princip_le' strains under 150 kN base shear

near the boundary frame reversed quickly between approXimatély +37 and -37 degrees,
as the specimen passed through a zero displacement position, the rosette mounted at the

centre of the 1st storey .panel indicated a more gradual:change (Figure 6.8). A steeper
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| angle of inclination (i.e. smaller angle) resulted in a lower proportion of the internal

175 175

Angle_ from Vertical (degrees)

Base Shear (kN)

FIGURE 6.8: Angle of inclination—base shear relationship

force generated by the tension field resisting the longitudinal deformation. This
behaviour leads to a lower net stiffness of the specimen, than is'predict‘ed by the

numerical models which assume a constant angle of inclination.

6.7.2 Frame Element Strains

An investigation was conducted into the relationship between the base shear applied to
the specimen and the resulting strains in the first floor beam. The axial beam strains,

given by the average strain over the section, showed a relationship with the base shear
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having two distinct fégions: under net appiied tension; and net applied compression in ’
the actu.ato.rs. (Figure 6.9). For the region when the actuators were retracting (net beam
ténsion), thé slope of the axial strain to base shear relationship is lower than for th’é | '

actuator extension region. This indicates that under actuator retraction — a “pull”

- mode — a larger proportion 6f the load path to the actuator is through the inﬁll pléte

and/or column shear. For actuator extension — a “push” mode — more of the load is

‘transferred away from the actuator through the beam. In both caées, the relative strains

at the South location (closer to the actuator) are higher, indicating that there is a

distribution of tension field anchorage forces over the length of the beam. Since strain

.gauges were only installed near the South beam-column joint and the mid-length of the :

*

beam, ‘insufﬁcient_ instrumentation‘ locations weré available to further define this
relationship. For instance, from the Beam strain data available, it is unknown whether-
the load transfer b.etween the beam énd the tension field occurs at a constant or varied
relationship over the l¢ﬂgth of the beam. Somé rigid floor actibn, preventing the lst
floof beam from deforming axially, would be present due to the mass plates. Howevéf,
while this may have reduced the axiai Stréins producéd, the masses were mounted on

channels with some flexibility and thus would not alter the underlying axial strain

- relationship observed.

Evaluation of the bending strains in the 1st floor beam reveal that there is a degree of
flexure in this member. Bending strains, defined by the difference in strain between the

top and bottom flanges, revealed higher flexure near the columns than at mid span. The )
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- FIGURE 6.9: Axial strains in first floor beam, load level L

results for load level L are presented in Figure 6.10. The magnitude of these strains are
very small, suggesting that the flexure generatéd in the beam 1s small. This supports the
use of a flexurally rigid beam assumption in Simpliﬁed numerical mode'l"s;'Wh-en an

internal panel is modelled in isolation.

Strain gaugés mounted »ovr'i ‘the south coluinn provided information on the axiél and
flexural forces introduced in thé' column under lateral loads. . The axial strain vs. base
shear curve, Figure 6.11, indic;ateé_ that a near linear relationéhip exists duringb ldéd‘leVel
L. This relationship’ils maiﬁtéinéd for load application in b;)th the actuatof_ :r‘etr'act and

extend modes. The small difference in axial column strains recorded near the top and
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- FIGURE 6.10: Bending strains in first floor beam, load level L

Béttom flanges of the first floor beam suggest that little load is transferred to the columﬁ
through b:ear'n' shézir’.'ThAé. larger difference in axial strain between gauges inoiinted at
the top and bottbm 'of the first storey column indicate that the vertical compdnent of the
infill panel’s in—plane forces are being anchored in the column. Anchorage of both in-
plane tension and in-plane compression forceé is indicated, since a similar relationship

is observed for loading in both directions.

The bending strains measured in the lower portion of the south column also reveal the

relationship between the frame action and the applied base shear (Figure 6.12). The
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FIGURE 6.11: Axial column strain—base shear curve, load level L

bending strainé at the base of the first storey columns indicate substantial column
ﬂexure;. Th‘e enlarged hyst’ereéis loop at _thé ZEero base sﬁe‘ar location indicates some
local yielding present in the_ cc;lqmn., "fhe_ instrunigﬁtation attachéd near the-' 1st floor
beam-column joint indicates very little ﬂexural response in the columﬁ members at the
joint. This compares with that ‘ovbserve'd in the bea_fn beﬁdir_lg straﬁﬁ énalysis near this
joint, as described abovg. This su‘ggests that a localiééd area at the jéint remaiﬂs rigid,
in part due tb fhé presence of the infill plate, and potentially does not require the lise of

a moment ‘resting beam-column connection to achieve similar overall behaviour
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characteristics. Further study is required through full scale connection testing and

numerical modelling, to validate this hypothesis.
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FIGURE 6.12: Column bending strains, load level L
6.8 Vibration Testing

A number of experimental tests were 'conductéd' on the SPSW4 specimen to determine
its dynamic response. -These tests included using impact and ambient excitation
techniques. Response of the -specimen was recorded using force—bélance
acpelerometers, located at the beam-colﬁmn joints. The specimen was tested in‘ '

unbraced, undamaged bﬁt braced, and damaged conditions.
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By anelysing 'the responee of the specimeh to various forms of excitation, an atterhpt B
.was"n}lade to capture the relevant steel plate shear wall ‘characterieticsv. Darrlage was
detected throuvgh‘eshiﬁ.in the natural frequencies. Re'sults of thjs:experrmental work‘ -

. haVe been presehted in Rezai et al;(1997), and other publications pending.
- 6.9 Comparison with Single Storey Results

Overall, the SPSW4 specimen exhibited similar behavioural characteristics as the -
single storey specimené,‘ prior to global yielding. Linear force-deformation properties o

" were obtained, with similar hysteretic energy dissipation properties.

; A':I'he-m'OSt signiﬁcerlt differences_ 1n performance characteristics from the sihgle storey
- specimens were "the.low lohgitudrhal stifﬁlese and yield strength of the 4-storey frame.-
‘ This is evident iVnAFigure 6.13, showing 'plots. of the storey force-deformatiorl envelopes

| of thevthree specirrrené. It is evident that the iongitudinal stiffness of the multistorey
frame (SPSW4) is less than that of the single storey spemmen with the stiff top beam
(SPSWZ) and closer to. the stiffness of the flexible SPSWl specrmen ‘This companson
" indicates that approxrmatmg an internal panel (from SPSW4) simply as one w1th
.-.inﬁnitely rigid _beerns (like SPSW2), takeny in isolation, does not truly:,,reﬂect the

’stiffrless charecterrstics of the multistorey specimen. 'Neglecting the actual 'net_'_force
drstrihution on the irrterhel panel and considering applied lateral loads only will produce ’.

very different results for the panel irl isolation case, as compared to the full shear .bwall

frame. In particular, the overturning moment to base shear ratio has a éigniﬁcant effect .
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on the storey stiffness 'properties.r Strain gauge results, presented in Section 6.7.2,

showed that little flexural action is present in the intermediate floor beams,‘vélidating

the stiff beamn approximation for a panel taken in isolation. However, the above results

show that an internal panel of a multistorey shear wall frame has different initial elastic

stiffness and yield strength properties than a simple isolated panel test would suggest.

1st Storey Shear (kN)

t
300 1
SPSW?2
' SPSW1
-50 . 70
/.
/;
/.
SPSW4 .
-300 +
v
" 1st Storey Drift (mm)

FIGURE 6.13: COmparisOn of longitudinal load-deformation envelopes

The incréased axial forces and moments at the base of the columns in the SPSW4

specimen, resulting from the high ovérturning moment of the applied load, combine to

produce columns with lowef effective stiffness. - Second order effects amplify. the
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structure’s. deformati'ons,v particularly in the SPSW4 case which had large vertical
_ gravity loads, resultvihg in a more flexible structure. The gradual chang_e in the angle of
inclination of the infill ;‘)anelsi’ principal strains, with incr¢ésing horizontal load, also
creates a lower net effective stof_ey stiffness. It is noted that no instrumentativon was
provided:on the SPSWZ specimen to record the infill panel strains, but results -from :
nurﬁeriéal modelling p?e’sented m Ch'abter 8 suggest that this gradual anéle change was

~ not present or not éigniﬁcant for that 'spe_cimen.

- The effect on the 1;ost-yi¢1d strength of the SPSW4 'specimen due to fhe .oner’vtumirig
mément was also signiﬁéant. ‘ Lafge, n‘1agn'i‘tuide axjél and moment forces résultéd in the .
' columns from the o"v'er.turr.ling moment geﬂerated. The interaction betweeh_‘fhese forces
o .‘and thosg generated,due tq the ténsioﬁ_ﬁeid actién_developed_‘thro‘ugh .t1‘1e‘ i_nﬁlll plates
| éaused the co'lumnlse'ctions to yield at '-lio'wer bﬁse shear levels. Siﬁce the infill pénel

.. strains were showh to be substant._ially_‘bglow their theoretic.al yield values, the post-
yleld propérties of thé specimén were: Vefy dependenf on the post-yield characteristics
of the 'coi_umns. 'The. s‘tren'gth. interaction'betwéen axbial, nioment anci shear in the
cblumns 1S signiﬁcavnt‘. The high _overturﬁing moment to base shear ratio in the .SPSW4

* specimen affected the applied h_or_izonfal load level at which structural components,
princip-all‘y the columns, exhibited‘iﬂel;stic behaviour. In confrast, the .inelastic acﬁon

of the SPSW2 spééimen was dominated initially by the deformation in the infill panel.
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CHAPTER 7

| Analytical Modelling of the Test Specimens

7.1 Introdnction

Steel plate shear. walls with thin, unstiffened plates, are inherently complex redundant
systems.v ‘While a finite element technique incorporating shell elements is well suited to
; analyfsing' these systems, the complexity involved exceeds that desired by most
) deeigners.' Geometric and material nonlinearity parameters are required to aeeurately
model the characteristics Qf the buckled infill plate, and the behaviour of the yielded-
boundary frame and infill nanels. ' 'Simpliﬁed analytical techniques have thus been
developed by_researchers, to describe the 'performé.nce of steel. plate shear Walls with
_ analysie tools found in most design efﬁces. Numerical rnodelling in this research
programme was condncted using tneée' simplified techniques‘,* to as_'sess their:v‘al»i(‘iit'}'/ ae

' applied to single and multistorey steel shear wall frames. -

Modeliing of the force-deformation response envelop‘es Was perfermed using a tensien :
field ‘svtrip' ,rnodel, odéinal_ly_ presented :for 'nnet{ffened. steel: plaee ‘she'ar: vsl/anls | by
Thorburn et al. (‘1 983). ‘This technjque ::relies on fhe neplacement of‘-the"buckled 1nﬁ11
plate :Wit‘h pin-ended ‘;rusé members, to 's‘iirnulate the resistenc_e pfenided by the activated
i tension field. The modelling technique 1s described in Section 7.2. :A nonlineer 'frame
analyeis program, CANNY-E (Canny Consultants, 1996), was used for these studies.

Details of the software and related material models are presented in-Section 7.3.
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Modeliing was conducted for both monotenic and reverse cyclic 10ading! discussed in |
Section 7.5 and Section 7 6 respectlvely Model spe01ﬁc conﬁgurat1ons and parameters
studled are dlscussed therem Finally, a dlscussmn of computational demands of ihe
numerical models and significant problems .or limitations encquntered in 'performing :

the numerical analysis is provided as Section 7.7. -
7.2 Simplified Tension Field Strip Model

A simplified technique for analysing the load-deformation properties of an unstiffened

steel plate shear wall has been developed by various researchers. It mathematically

represents the, tension field .‘de/‘ve_loped."ih.'a _buckled thin plate, by discretizing the. . . -

resultant force distributien info a series of tensien ties. - For this representation, all
. compreseiVe reSistarice of the inﬁll plateii”s igﬁered, since the plate is assumed to buckle 4‘
immediately under any epplied load. Deformation results can be obtained for both the -
elestie aﬂd p_ost:-yield responses, by coneidering the respective material properties of the
constituenf members. This method has been adopted as part of Appendix M of the latest “
Canadlan des1gn code for steel construction, CAN/CSA Sl6 1-M94 (Canadian

Standards Assoc1at10n 1994) This ‘fonn of analysis can be conducted usmg _
commercial plane 'frame analysis software, available in most desigﬁ -efﬁces. Second

| order effects should be included in the calculations. A

Replacing the infill plates for a simplified analysis requires the introduction of pin-

ended tension _membefs, with eCjuivalent properties to the tension field developed. Two
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main parameters are required for this substitution: the angle of inclination of the tension

ties, a, and the cross-sectional area of each tie, A,.

Thorburn et al. (1983) .established an expression for the angle of inqliﬁation of the
‘ strips; using lgast-work principles. This followed earlier wori( on tension ﬁél_d theory
by Wagner (1929) aﬁd Basler (1961). Timler and Kulak (1983), expanded this solution
to acco@t for the work perfonned through column ﬂexﬁre. Their expression is given

by the equation (some symbols altered from the original work):

it
4. c
~tan o =
_ ) 2hs h? - (7.1)

=+
tL AL 1801 L2

where the variables are as defined in the List of SymBols. A schematic representation

of this relationship is provided in Figure 7.1.

The other critical parameter in the tension field strip model is the cross-sectional area
for each tie. An appropriate representation is needed, to arrive at a system of equivalent

stiffness. The area of each strip, AS, is determined from the infill plate thickness and

. the spacing of strips used.
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[adapted from CAN/CSA S16.1-M94, 'Appendix M (1994)]

, : FIGURE 7.1: Schematic used in-deriving the tension field strip model

It h:as been suggested that a minimum'of 10 strips be used per banel for this simpliﬁed
modeiling tecﬁnique ('ffomposch and Kulak, 1987; Cahadiari‘ Standards ..Association,
1994); However, this guideliné is subject to tﬁe‘engineer"s.judg‘éme‘nt. Depending oﬁ “ -
fa;:‘tors suchi as the fyanel aspect r-atio, and bdundary member stiffnesses, discretizing the
plate into too few strips may producé unrealistic results in terms of the moment and
shear envelopes for the frame membefs. Each strip applies concentrated loading where.

" it joins the frame member, so a greater number of strips will come closer to the reality
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" ofa contihﬁoue plate with a ciistributed' leading to‘the' frame. Sehsitivity studies by
Elgaaly.et al.'('19_93j i.ndi'cated thet as little as 1 to 3 strips per panel were requifed in
their mociels, when the infill panel was sized to yield well before the columns. Driver
| (1997)‘1’138 reported fhat; little difference is observed in the overall force-deformation
lcharacteristics ef nﬁmerically modelled specimens when more than 10 strips are used.
All aﬁalysis coﬁtained herein was cdndﬁcted vx;ith 15 strips per panel, unless otherwise

~ indicated.

‘ Results‘ ﬁem physieal testing of symmetric single storey steel plate shear wall
| speciméns by Timler and Kulak (1983) and Tromposch and Kulak (1987), were
repofted. to correlate well with the simplified analysis results. Recently, Driver (1997)
- reported that good correlafion was achieved betweéﬁ the physical testing of 5 four-
storey; 50 % scale steel plate sﬁear Waljl lspeci‘men and numéi’ical predictions of the
force-deformation response 'envelopes; developed using this téchniqﬁe. Elgaaly :et al.
(1993), aiso reported good correlations between physical ‘testing of three-stofey
speeimené and this,modeiling technique, although elastic stiffness values were often

pfedicted above the experimentally obtained performance.
7.3 CANNY-E Software

The analytiéal modelling in this study was conducted using a three-dimensional
_structural analysis computer program called CANNY-E (Canny Consultants, 1996),

c‘apable of inelastic nonlinear computation. The software allowed for the introduction
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of varied yield parameters for each component, as well as post-yield strain hardening.
Multi-spring elements were available to model the interaction between the axial and

flexural capadities of the columns. Loading options available in CANNY-E ihcluded

force control, displacement control, and dynamic time-history records. The October

1996 version of the s_oftware and reference documents were used throughout the

numerical modelling pro%ramme.

By allowing the input '6fv nonlinear material properties, much of the repetitive tasks
associated with inelastic analysis were removed from the user. There was no need to
manually update the striicture propefties‘as members yielded or plastic hinges formed.

Driver (1997) v1:'>rovide'd a good description of the analysis process that would have been

- required for steel plate shear wall analysis if a typical elastic frame analysis package

was to have been used, which could not accommodate material nonlinearity.

7.4 Common Model Parameters

For all numerical modelling of the specimens tested — SPSW1, SPSW2, and SPSW4
— common. geometric and material parameters were used. This allowed for direct
c_ombarisons bétween models, and betwéen specimehs.’f' Variations to these parameters

are indicafed where applicable. All numerical modelling included second order P-A

‘ effects.




CHAPTER. 7: Analytical Modeliing of the Tést Specimens 104
The»geometric'location of each element was established along member centrelines,
such as the mid-depth of the columns. The excepti.on tb this was for SPSW4, where the
top beam was modelled at a height 37 mm below the top flange, to create four storey
panels of equal aspect ratio. All members were modelled with theoretical geometric
properties, such as the moment of inertia, as obtained from the Handbook for Steel
Construction (Canadian Institute of Steel Construction, 1993). The plate thickness was
modeiled using an approximated average value obtained from coiipon testing. These
properties are summarized in Table 7.1. Full moment connections were assumed at all
beam-column joints, excepf where indicated. A rigid floor assumption was used at all
beam locations, providing in-plane axial stiffness, but not affecting the flexural
characteristics. The presence of the fish plate detail, which would create a localized

section of thicker infill panel was ignored for the purpose of numerical modelling.

The tension only strip members were modelled using a uniaxial CANNY Sophisticated -
Bilinear/Trilinear model. This permitted definition of the yield force level, as well as
post-yield stiffness pafarnéters. Additional pérameters accounted for stiffness
degradation, strength degradation and pinching actjon. A simplified hysteresis model

for this type of element is schematically represented in Figure 7.2.

The flexural properties of the beam elements were also modelled using the CANNY

Sophisticated Bilinear/Trilinear model, adapted to specify yield moment values. The

axial stiffness of the beams was represented using a linear-elastic model. However,
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TABLE 7.1: Summary of geometrié and material properties N

Nominal Design Actual Value
Value ‘
S 75x8
A . 1070 mm? =
e - 1.04 x 10° mm* —
E 200 GPa -
o, 300 MPa 380 Mpa
o — 550 Mpa
Koy — 0.0465%K,
S 200x34
A 4370 mm? -
e 27.0 x 10° mm* , —
E 200 GPa —
o, 300 MPa -~ 380 MPa
& = 550 MPa
Koy — | 0.0465*K,
Infill Plate
t 1.57 mm . 1.5 mm
E 200 GPa —
o, ' 225 MPa 320 MPa
oy — 370 MPa
Koy ’ — 0.0015%K,

since a rigid floor assumptidn was implemented at each beam level as noted above, no

internal axial beam deformation would result.
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‘ [adaptea’ from Canny Consultants, 1996]

FIGURE 7.2: Hysteresis curve for CANNY Sophlstlcated
: Bllmear/Trlllnear Model-

Column members were modelled using a linear-elastic model for shear. The interaction

be’.t'wbe_en th_e"axial and flexural characteristics of the column were represented by using a

| multi-spring model, consisting 6f a total of 10 flange steel springs and 10 web steel

spnngs This model is illustrated in Figure 7.3 and Figure 7.4. A plastic hinge length

of 20 % of the column depth was assumed, corresponding to the maximum value the

~ software permitted. Interaction between the column shear, and the axial/flexural multi-

spring model could not be implemented with this software.
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FIGURE 7.3: Multi-spring column model-

N

FIGURE 7.4: Column steel spring hysteresis model

7.5 Modelling of Monotonic Loading

‘ Vaﬁous rribdelsf v;(ere develho/p'ed"to' represent each of the three test speciméns.
» ‘Properties were defined, as’ describéd above, and appropriate loading introduced to

match the test conditions. Schematic representations of the model configurations, for |
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the single stdrey and multistorey specimens, are presented in Figure 7.5 and Figure 7.6,

respectively.

Rigid Floor Beam

1N

'Pinned' Tie Connection
Tension Only Ties ———

Mult-Spring Column——___F. A

37°

900

900

FIGURE 7.5: Schematic for single storey numerical models

Loading of the models was accomplished through force control, at increasing base

shear levels. With this loading system, the net base shear was successively scaled at

each iteration by a user specified increment. The software utilized the mass

incorporated in the model (as a weight term) to distribute the lateral forces. In the case

 of the single storey specimens, nominal weights of 1 N were applied at each of the top

beam-column joints. Weights‘of 6800 N were applied at each of the beam-column
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FIGURE 7.6: Schematic for 4 storey numerical models, o = 37°
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joints for the SPSW4 specimen. The software did not include the self weig’ht'of the

structure.

7.6 Modelling of Reverse Cyclic Loading

The stnictural models developed for monotonic pushover loading, as described in-
Section 7.5, were eilhanced to allow for study under reverse cyclic lcadirig._ Additiorial
infill panel strips were introduced, oriented at the apprcpriate angle for loading in the-
: opposite direction. Each strip used in representing the infill steel plates_ was provided
with.ten'sion—only characteristics, such that only relevant strips would be activated
under a given loading 'direction. Schematic representations of the modelv
conﬁgurations, for the single storey and multistorey,specimens,' are preseiited inl Figure

7.5 and Figure 7.6, respectively.

'Loadiri.g control for these models consisted of both force control at base shear
- - v-‘rnu'ltiples, and displacement control. Under the force control loading segment, the base

: sliear, acting on the epecimen \ivas incremented over successive iterations, in a manner

' descrilaed" in Se‘ciion 7.5. During displacemeilt ~controlled .loading’, the target
displacement at a control location — the first floor beam — resulting from an increased
base shear level was incremented over successive iterations. Loading histories were
selected to match ihose employed during experimental testing, including foice
controlled loading cycles to the experimental yield fcrce level,. foliowed by

displacement controlled loading cycles.
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7.7 Diséussion of Cpmputational Demands and Limitations

Computaitieii demandls of each r..notleii,‘\}aried wid‘ely.,_:The requirements of motiele_
subjecte‘dt(.) rrionetonie ‘lloading were modest in terms of processing time, numbei of
iterations, and the coarseness of the loatlirig increment specified. HoWever,} the cyclic
| models in the post yield iegion proﬁied. te be highiy ulistable if large loéui increment
values were _speciﬁed, reeuiting in long computer runs. “This vt'aé, determined to be
caused in part-by the low post-v}iield_‘st_iffnesses present, particularly for the SPSW4

: specimeii, and the iterative solution technique employed by the software.

A summary of significant computational aspects for the models reported in 'Chapteri8'
are provided in Table 7.2. All computation was conducted on an IBM-tYpe personal
computer with a Pentium 133 MHz processor, 32 Mb of random access memory and

runnihg under the Windows 95 operating system.

In all eeses, ~‘-the‘inominal eeetion pieperties e.nd experimentally obtained material

strengths described in Ta:tble 7.1 were use'd in the 'rliedelliﬁgﬁ No attempt was rriade in
any cif thé models te iinprove the: correlation w1th t}ie re.sult.s from physieal testing o
_thrgugli a mainipuiation ‘!of. iriput pararheters. Every effort was made ‘to use staridard

modelling practices, Witiidut unwairanted assumptions or simplifications.




| CHAPTER 7: Analytical Modelling of the Tes‘t Specimens - 112

TABLE 7 2: Computatlonal aspects of numerical modelllng usmg
CANNY-E software :

‘Model ‘ . #of Processor- Binary Output
: : Iterations Time File Size
(seconds) (Mb)
SPSW1 Monotonic : 107 2 o 0.2
SPSW2 Monotonic 144 . 2 0.2
SPSW2 Cyclic (1-Cycle / Load Level) . 8945 : 94 : 13.6
SPSW2 Cyclic (3 Cycles / Load Level) -10003 E 107 15.2
SPSW4 Monotonic (o = 37) 1594 Coo162 6.3
SPSW4 Monotonic (o = 22) 4105 203 ' 17
SPSW4 Cyclic : i ' 1747 157 = 6.9
NOTE: :
Actual analysis run tlme was typically 3 to 10 times the program reported processor time.

" Driver (1997) proposed various alterations to the basic tension field strip model. These

included using compression struts in the corner to account for the stiffness provided by
the locally unbuckled infill panel. Vertical tension strips adjacent to the columns were

also proposed, to account for an effective widthlof the inﬁll .pariel acting with the

column in resisting vertical forces resultmg from overturnmg moments. In both cases,

'however these modiﬁcations would have resulted ina longltudlnally stiffer numerical

' model. As discussed in the following chapter, the models were already as stiff or stiffer |

than the results obtained from bhysical testing: Therefore, these model variations were

not implemented for the specimens involved in this study.




CHAPTER 8
Results of Analytical Modelling
8.1 lntroduction .

The' analytical mOdelling portion of the research programme proved useful in
1nterpret1ng the performance charactenstlcs observed durrng the experimental phase
Numerical models based on simplified tension field technlques allowed for validation

of code recommended analytrcal procedures relatlve,to the actual performance.

The numerical modelling of the s1ngle storey test specrmens SPSW1 and SPSW2

prov1ded mixed results in terms of correlation with the recorded behav1our ThlS is
described in Section 8.2. Models of the SPSW4 specimen, using code recomm_ended
techniques, were good at predicting post yield strength levels, but were less accurate at
pr’edictingthe specimen’s stiffness in the elastic .response region. This is discussed in
Section 8.‘3.' Finally, a number of parametric studies, described in Section 8.4, were

conducted to assess some ofthe'sensitivities of the models.

8.2 Single Storey SPSWs

'8.2.1 Monotonic Loading of Single Storey Specimens

Numerical models of the single storey test specimens — SPSW1 and SPSW2 — were

created, and subjected to monotonic'pusho,ver loading. - Mixed results were obtained for
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the correlation between the monotonic load-deformation curves and the envelopes

obtained from quasi-static cyclic testing of the physical specimens.

The SPSW1 numerical model was found to be significantly stiffer than the
corresponding experimentai results in the elastic region. This is illustrated in Figure
8.1. The yield force level generated was approximately 10 % above that observed from
physical testing. These inaccuracies are consistent with the less than exact physical
characteristics of the spe‘cimen, as compared to the inherent numerical model

assumptions.

Since the top beam of the SPSW1 specimen was observed to be quite flexible,
deforming under the tension field generated in the infill panel, the actual angle of
inclination 6f the tension ﬁeid would be altered from that predicted by the model '
parameters. In fact, as was described in Section‘4.2.2, the actual angle of inclination is
suspected of changing over the loading history. -As shown through the parametric
studies discussed in Section 8.4.2, a model with a smaller"oc value — using struts closer

to vertical — would result in a structure with lower longitudinal elastic stiffness.

The initial out of plane deformation of the infill plate for specimen SPSW1 also
contributed to the lower than predicted longitudinal elastic stiffness. The plate
deformation would allow some longitudinal drift in the frame prior to fully activating

the tension field.
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FIGURE 8.1: Monotonic load-deformation curve from numerical
modelling of SPSW1 |

_The overprediction of tﬂe post-yield sffength results in part fronﬁ the oBservcd plastic
deformation iﬁ the "tlop flexible beam. The true top beam propertieé and ldading syStem
6ould not be accurétely réﬂected in thé numerical model, where the beam remained .

 elastic ‘and stréight in pfan. _The deforniations observed in the experiment would have

“altered the .lc;ad» pat.h.s," with forces redistributed to stiffer‘ léss. daméged sections.

Inaccuracies in the modelled angle of inclination contributed, to some extent, to the

overpredicted post-yield strength level. In addition, the incremental damage associated
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with cyclic loading in the experiment would result in an envelope below that predicted

from monotonic results. -

The load-deformatiph results obtaihed‘ fr'on{ .the SPsW2 m'odél are presehted iﬁ Flgure
.' 8.2, »alo‘ng with the enve-lo_pe obtaihed'frcv‘)m.»‘tes,tin‘g.." A"‘backbone.curye” has also beep’
- generated, based on a method s‘u-ggvestéd By F EMA-273 (F'eder.al. Emergency
Management Agency, 1996). Thése results show a good correlation b.etwe:én Both the
| elastic stifﬁqéss and the post yield behaviour of the specimen. The pushover envelope
closely re‘sem‘blés the Backboné curvé‘, apart from ‘tﬁe lack of étrength degradation,

which could not be simulated in the numerical model due to software limitations.

- 300 - 37° Pushover Mode! «
3 Backbone Curve

vz
=/

Storey Shear (kN) .~

0 / 8 60

-300
Storey Drift (mm)

FIGURE 8.2; Monotonic load-deformation curve for numerical
S ' modelling of SPSW2




' GHAPTER 8: Results 'ofAna/yiica) Médelling: 1 17
The géod correlation between the SPSW2 specimen and‘ modei results. frolm- the
similarityy between the épecimen design and the inherent model assumptions., A very
stiff double top beam prevented any significant beam curvature, thus providing gdod
anchorage fof the tension ﬁeld.‘ The as built infill panel assembly was taut, ensuring

adequate initial stiffness in the test specimen.

Numériéal models were also generated to allow for comparison between the respéctive
steel plate shear wall properties and the corresponding moment frame with the infill
panels removed. T_hese havé been included in Figure 8.1 aﬂd Figure 8.2 respectivély.
For the specimen with the. flexible top beam (SPSW1), the elas‘tic stifﬁesé numérically.

calculated for the system with infill plates is nearly 20 times that of the bare frame. The

' same comparison with the experimental results provides a system 10 times stiffer. The

fully plastic response of the mode! with infill plates occurred at 30 % of the

corresponding bare ﬁarhe displac'cn;ent. It is noted that thé numerical models include - -

strain hardening but no strengfh degfadatiori at high strains, due to software lim_it:at'io.nsv.
8.2.2 Reverse Cyclic Loading of Single Storey Specimens

From the single storey specimens, only the SPSW2 structure was numerically modelled
under cyclic loading conditions. The inaccuracies in the SPSW1 numeric;al models,

from monotonic modelling results, prevented further énalytical study of that Speqimén.




CHAPTER 8: Results of Ana/ytical Model;ing 118
The SPSW2 model was subjected to reverse cyclic loading histories comparable to, but
not exactly matching, that of the experimental specimen. All loading magnitudes were
based on the experimental_spécimen, ‘everll though tile global yield may have occurred at
slightly different displacement levels in the numerical model. Eaph model was loaded
to the maximum 6 x Sy achie\;ed in the experiments, although the nunlllqix'ical models
had not failed‘at fhis level. Modells' genérated included using 1 cycle af each loéd leQel,

and 3 cycles at each load level as was the case in the experiment. These are provided as

Figure 8.3 and Figure 84 respectively.

Storey Shear (kN)

-250 -
Storey Drift (mm)

FIGURE 8.3: SPSW?2 cyclic model, 1 cycle at each load level
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FIGURE 8.4: SPSW2 cyclic model, 3 cycles at each load level

The cyclic models of specimen SPSW2 were able to capture the pinched nature of the
force-deformation hysteresis curves. Distinct .segments' of longitudinal stiffness
properties are evident, including the regions of reloading, extreme envelope, unloading,
and reorientation of plate forces, as were noted for the_experimental results discussed in
Sectioﬁ 4.2.1. The cyclic model with multiple ’cycles at each load lsvel exhibited some

strength degradation between successive cycles at the same load level, as was observed

for the physical specimen.

- While the overall behaviour of the cyclic models matched that of the physical

specimen, a number of localized differences were apparent. These differences can
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largély be attributed fo the numerical modellingv sirr;pliﬁcatidné. AD;uring the loading ~,
region of the force-deformation' rélatioﬁsilil;; -a linear stiffness. is}- appar'.e‘nt in the
nUmericél model, unlike the curved relationship from .testing. This is related to
modelling of thé infill plate as diééfétized' sfruts, whlch do not con;‘sid‘ervthc geometﬁc
nonlinearity of the plate, or the two-dimensionél interaction of the i;i-plané plate forces..
In the unloading vregion,‘ an additional intermediate stiffness region is present in the
model, with a slope less than or eqlial to that from the loaaing region discussed abo.‘vye.‘
This represents the reduced stiffness caused by inelastic elongation of some of the
discrete infill tension struts. Aﬁer}t.his region, the segmeht of low stiffness as the ﬁodél
passes through the zero displacement position is much softer_ than in the physical

»specimen. Since the m;>del relies on discrete infill struts, lsom'e.‘of which have
‘inelastically elongated, the stiffness in this region is governed largely by the resisténce-
of the plastic; ﬂekurai hiﬁges in the columns, especially for the incfeasing load. lévgl_s',
where more of ihe-inﬁli elef_nénts would hévvér yielded in tension. In the phyéical mbdel, o
plate buckle fé?erséls oceur in this region, but the continuous natﬁre of the infill pénel

' providés redundancy and alternate load paths, to maintain a higher stiffness level.

8.3 Four Storey SPSW
8.3.1 Monotonic Loading
A number of monotonic pushover models were vcr.eate‘d for the four-storey SPSW4

specimen. No single model was abIe to accurately describe the stiffness and strength -

rélationships_ :obtained' from experimental testing.
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FVT'he code recornrnendedipmcedure, employing an angle of inclination calculated with
‘, Equ‘ation 7.1, produceda ‘load-deformation relationship nearly twice as stiff as "'the
eiiperirnental specirnen in the elasti‘c region As a result, the global yield displacement
" level was approxrmately one half Aof the experimental value However a good
"correlation resulted between the post y1eld~strength levels predrcted through numerie'al, -
: ‘-modelhng ‘and the results of physrcal testrng A companson between the force-
.deformatmn envelope from modelhng and the results from physwal testing is prov1ded

':1n Frgure 8.5.

An additional_numerical model was‘»deveIOped using an alternate derivation of the angle
| ‘_3of inclination, Vlot, for a' svstem- with ,t“lexible columns,» as presented' in Thorburn et a"l.i '
. (1983) This derivation fora assumes that a partial tension field is developed, anchored
’bet\veen beams >6nly, and not to the.eolumns. AHowever tension ties were:included in
-the rnodel over the full 1nﬁ11 plate, anchored to the beams and colurnns as appropnate.
V‘ ',:The angle of 1ncllnatron was evaluated to be 22 degrees The results of thls_ partral
| ‘tensron_ﬁeld r_nodel prov.rded- a reasonable approxrmatron to the elastie stiffness of the

specimen, as shown in Figure 8.5.

" In Section 6.7.1, the results from strain"_igauges affixed to the first storey inﬁllv»panel
were presented. From that discussion, it becomes evident why the two models are good
at describing the SPSW4 - specimen"s force-'deformation relationships over the -

- respective elastic and inelastic regions.
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FIGURE 8.5: Monotonic load-deformation curve from numerical

modelling of SPSW4
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In thé initial elastic region, the pn'ncipal strains at-the centre of the first storey infill
pahel were observed to change gradually between approximatély 37 and -37 degrees as
the cyclic loadingbp‘roceeded‘. This produced a condition of a net effective angle of
inclination neér_ to thé 22 degrees used in the flexible column model. Figure 8.2 shows
that the modebl slightly overpredicts the stiffness at very low displacements when the
aggle was less than 22 degrees, and underpredicts the stiffness at higher displacements
 when the 'anglé Wés greater than 22 degrees. This confirms the :“effective angle”

hypothesis.

» ‘N‘ear the. global yield level, the angle of inclination calculated from physical testing is
.clssé to the 37’degrees predicted from the tension field model given by Equation 7.1.
Under these larger deformations, the tension field has fully activated, satisfying the -
‘ assumptions used in deriving the equation to‘ a gréater extent. As aresult tiliS numerical

model provided a good correlation to the post-yield strength.

~ 8.3.2 Reverse Cyclic Loading

A numerical model was generated to investigate its ability to describe »the loéd-
deformation characteristics of the SPSW4 specimen. This model relied on the tsnsion
- field approximation with an angle of inclination of 37 degrees from the vertical, as
calculated from Eqﬁation 71 While if was ﬂoted from monotonic loadiﬁg that this
model would prove fo be overly stiff in the elastic range, it provided a good correlatiqn

with the post-yield level. The intent was to generate é model which could be used to |
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extrapolate the test results, which ended when the global yield level wes reached, into
the post-yield region. The cyclic fouvr-storey.» ﬁlodel could then be cofnﬁared with the
results obtained from the cyclic single storey model, and aﬁy significant differences’iﬁ

the performance noted.

The numerical medel Was subjected te one cycle at each load level,'. to deefease tile
. ,eomputational requirements. In the elastic region, force controlled loading was used tov
match the loéd histery to that of the physicai test. Beyond globai yielding, -
‘ displaeement control was used to d'isplacenients of 16, 20, and 30 mm One cyele»\;vas
used at each load level. No further loading into the inelastic region was conducted, due
to computational vand storage demands necessitated by the model, detailed previously in
Table 7.2. In addition, the aetual displacement ‘results generafed by the software were
significantly larger than the input displacementf control levels. Both of these pfoblems
were in part compounded by the very low globel post-yield stiffness along the load-
defofmation envelope, which necessitated very small» displacement increments for each
iteration. This suggested that the solution technique erhployed by the software was not
-entirely suitable for this type of model. The load-deformation curve for the 1st storey

is presented as Figure 8.6.

"The overall cyelic behaviour of the model was similar to that generated for the single
storey specimens. However, a few distinct differences were apparent. During the

loading region of the hysteresis loop, the slope was more curvilinear. In addition, the
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FIGURE 8.6: Cycllc force-deformation curve of the 1st storey, from
. numerical modelllng of SPSW4

unloading segment did not exhibit the additional intermediate stiffness detected in the
single storey model. This results from the fact that the multlstorey model did- not

experlence 1nﬁ11 plate yielding at the same low global displacement levels as the smgle

storey model.

Furthér testing of a multistorey steel plate Shear_ wall at high displacement ductility
multiples needs to be completed to verify this model’s predictions. Driver (1997)
reported good correlation between a multi storey experimental Specimen and a

corresponding numerical model using this technique. However, the aspect ratio
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séleéted- for the SPSWA} specimen generat;:d propoftionately very different column
. forces th‘an-l, Driver’s wvork, iﬁclu'ding ini‘_cial yield in thé coiumns, due fo the high
‘overturning moment to' béée shear raﬁq and na&ow bay width. It rémains to be proven
- whether this modéliing téchnidue will écgu;ately predict lé.rge deformation behaviour in
;‘steel plate shear wallv system in which the columns are allowed to yield well before

inelastic déformations afe generated 1n the infill panel.i
8.4 Parametric Studies -

A ‘n‘umber Qf parametric studies were»céfnpleted using the'. ai‘)o‘.vle SPSWZ monotonic
model, t& asses;s the sensitivity of the repbrted résults to vchanges ih.model parameters.
- This model was sélected since it provided the best correlation to ifs correspondiﬁg
physical specimen in bqth the elastic and inelastic regions. The mOnotonic IOadiﬂg
model was used fo minimize computational demands. The SPSW2 specimen also
provided a system in which both boundary frame and infill panel yielding contributed to
the inelastic response of the system, with the infill panel governing the initial yield

state.

8.4.1 Thickness of the Infill Plate

Based on the monotonic loading model for specimen SPSW2, a series of numerical
- modelling was conducted to assess the influence of the infill plate thickness on the
calculated performance.” The controll_ value was based on.thc model described in

~ Section 8.2, havin‘g‘ an infill plate thickness of 1.5 mni, and strength parameters as
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described in Section 6.2. This model was reported in Section 8.2.1 to provide a gbod

correlation with the load-deformation envelope generated from experimental testing.

With all other model parameters remaining constant, the plate thickness was varied in a
' fange frém 80% to 120% of the control value. Thié variation required rﬁodiﬁcatidns to
~ the cross-sectional area of each tension field strip, A, and an adjustment to the force '
paramete_rs. in the h‘ysteré.sis models. For éxample, the yield force of the stfii), ‘déﬁn‘ed'

‘,by 0,5 % A, , was adjusted accordingly.

The results Qf this parafnetric .st\‘ldy show that the ipitial elastic stiffness of the steel
plate shear wall 1s not overly sensitive to the thickness 6f the infill plate. This is
illustrated- in Table 8.1. ;Howev‘er, it alsb shows that the post-yield capacity is
dependent on the infill plate thickness. .The percent;zge of the respective global yield
~ force at which the _load-deformétion curve diverges from a linear elastic relationship-
does not appear to be affected. The models suggest that in the elastic range of the shear
~wall, the infill plate providesv.sufﬁcien_t.stiffeninbg‘ to th¢ ﬁeﬁmetér frame to cause a
given. load-deformation characteristic. The axial stiffness of the ténsionb strips
themselves do not have a significant effect on the overall eiaStic behaviour. In the
post-yield region, .some of the strips will yield under large longitudinal frame
| defo'rrrllétions, thué influencing the O\A/er'all load-deformation envelope. Parametric
studies on a wider panel aspect ratio wall by Anjam (1997) achieved similar sensitivity

re_sults.
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TABLE 8.1: Sen‘sitivity to infill plate thickness

Plate Elastic Tangent Global
- Thickness Stiffness ~ Yield Strength
(mm) (% Nominal) © (kN/mm) (kN)
1.20 80 - 34 , 202
1.35 90 36 214
1.50 100 38 . 226
1.65 110 . .39 236
1.80 120 41 , 246

Whilé a good correlaf‘i‘cSh was achieved using assumed component geometries with
actual material strength propérties, the consequences of these sensitivities méy be
signiﬁcént in some design situations. .Sinée thé o§eréll elastic stiffness was not
significantly inﬂuenced by'.the plate vtvhickness, stéel shear walls designed to operéte in
this region will néf be detrimentally affected By minor ﬂucfuations in thickness or plate
strength parameters. However, in-structures which rely on a predictable inelastic
., response, such as those desigﬁed with large seismic force reduction factors, the designer
| will need ‘to exercise an added level of care when predicting the overall structure’s
performance. Capacity des}ign 'brocedures require that appropriate material
overstrength and unders.trength..fa‘ctors be established fof the infill panels, as well as
bounding values for the platé thickness. Furthér study needs to be compl»eted t§
estat_ilish.the appropriate désign tolerances and specifications requiréd,'to allow for an

economical use of steel plate shear walls in this type of application.
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It is noted that the maxifnufn plate thickness impleménted in this parametric study was
not thick enough to alter the governing initial yield mode from the infill panel to the
columns. It was also thin enough relative to the bay dimensions to be considered a

“thin” plate with characteristic buckling properties.

8.4.2 Angle of Inclination

Based on the monotonic loading model for specimen SPSW2, a series of numerical
modelling was conducted to assess the influence of the angle of inclination parameter,
o , on the calculated performance. The control value was based on the model described
in Section 8.2, having an angle of inclination from the vertical of 37 degrees. This
model was reported in Section 8.2.1 to provide a good correlation to the load-

deformation envelope and backbone curve recorded during experimental testing.

A range of models were constructed by establishing a‘ﬁxed number of evenly spacedv
nodes across the top and bottom beams of the frame. Tension field strips were
modelled to join these nodes, at various angles in the different models. In combination
with altering the angle, the cross-sectional area of each strip, A,, and ‘associated
parameters were adjusted to reflect the new configuration. A different number of infill
strips was used for each model, as indicated, in order to achieve uniform strip spacing.

- The infill plate thickness was maintained at 1.5 mm for all models.
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The results, presented in Table 8.2, show that as the angle of inclination o of the infill
strips was décreased so that the strips were more vertical, the loﬁgitudinal elastic
stifﬁless of the specimen decreased. In'qd(:iit‘ion, as the angle was decreased, the yield o
strength of the spedime;l decreaSédl' Tﬂese MQ trends occur since the lc;hgitudiﬁa_l "
properties of the specimens with steeper vertiéal strips."depend more heaviiy on the
cbntﬁbutién of the frame, and igss on elongation of the plate in thé'directbi'dﬁ of .the. |
.tension field. 1t is noted that thesé prdperties are not sUBStantiél’ly affécted When ‘o_c '}is‘in
the 37 degre.e'range suggested by the design code. However, the properties change

rapidly at smaller angleé.

TABLE 8.2: Sehsitivity Qf Iongitudinal properties to the angle of inc_lination

Angle of Number of - Number of Elastic Tangent Global’
‘Inclination o Strips in Model  Strips Joining Stiffness - Yield Strength
- ~(degrees) o ‘ Beam to Beam (kN/mm) > (kN)

42 : 16 2 41 . 232
38 15 3 38 - 228
34 14 4 33 - 222
29 13 5 27 ' 215
24 12 6 20 185 -
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CHAPTER 9

Conclusions and Recommendations

9.1 Summary of Findings

From the fesults of the physical experiméntation and ﬁumerical modelling, it is evident

- that a steel pléte shear wall }sy‘stem will provide good'.energy absorption and
o displac'emeh‘t"ductility:'c;ip.acity.b The .‘loéd-dleforr.n;ation hysteretic behévidﬁfi"is 'stabie
and S-shaped. Higher levels of éngrgy .were dissipat;:d ‘under higher maérﬁtude
displacemgnt excursions. The méj ority of energy dissipat¢d in the multistorey specimen
‘was ip the first storey,-demonstrating the potential “soft storey” natﬁre of this system.
PeAr:forménce» characteristics obtained in this study generally resembled théée reported
by other researéhers, including high elastic stiffnesses, and post yield stifﬁésses at
smaller pb"sitive magnitudes. Each specimen stﬁdied relied on tensioﬁ fields activated
~in the infill panelis, with the infill panels signiﬁcantly increasing the stifﬁlésses as

compared to the equivalent bare frame systems.

','9‘.1.1 System Performance .

The governing conditions requiring termination of each of the_thrée experiments were
not global system performance related. - The SPSW1 specimen had an insufficient
external bracing system," and some locally damaged welds. The SPSW2 specimen had a

local column failure due to high tensile stresses, with a tension crack'developing from a
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weld location: The multistorey SPSW4 specimen had an insufficient lateral bracing
system which permitted a global column buckling mode once the column had

experienced inelastic action. In each case, the overall design of the specimens

- contributed to these local failure mechanisms. The design of the specimens was

influenced by various - constraints including availability of materials, maximum
specimen dimensions, and the desired global yield strength for a similar specimen to be

tested dynamically on a shaking table. Howévér, the global system performance

characteristics recorded ilp to the occurrence of local problerhs provides sufficient data

to establish representative behavioural traits in this range. Maximum displécement

ductilities of 7 x 6y , 6% Sy and 1.5 ><,8y' were attained for the respective specimens.

It was shown that the extent of the. force-deformation relationship obtained for each

specimen up to termination of tlestiflg correspbnded to a state of inelastic damage while
r'naintaining. force resistance.' It is noted that past resga:rch into the extremé poét-yield
performance of sfeel plate shear walls By other researchers has been hin&ered by similar
local problems. In some cases local failures occurréd within the expected operational
range of a strucﬁue. Actual commercial designs incorporating steel plate shear wallsA

must address these local issues.

Inelastic résponse in the specimené reéulfedfrorri 'inﬁll-pan’el' yielding (SPSWI,
SPSW2), plate tearing (SPSW2), weld fractures (SPSW1, SPSW2) and‘ the formation of |
plastic hinges in the boﬁndéry frame (top beam — SPSW1; bottom of columns —

SPSW1, SPSW2, SPSW4; top of columns — SPSW2). -Significant shear deformation




|
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wés also observed in the columns of SP‘S‘WZ. Since overall structural stability and

performénce is affected by column deformation and the axial-shear-moment force
inferaction, it is r¢coMended thaf "an.‘inﬁll. panel failur¢ mbde-be established in the
désigﬁ as.govem‘ing the steei plate shear wall response. For this reason, it is also
recommended that minimum and maximum strength limits, conﬁrmed through material

testing, be established for all infill steel panels.
9.1.2 Overturning Moment to Base Shear Ratio

The influence of the overturning moment to storey shear ratio is significant in the

overall behaviour of the system. An increased overturning moment in the multistorey

specimen resulted in high axial and flexural column forces and affected the overall

stiffneSs of the specimcn. Local variations in the hysteretic behaviour of the first storey - -
bahel‘ (from numerical modelling) due to these high forces §vere noted, as compared to
the behavidur of the single storey SPSW2 specimen. The increés'ed axial columf; forces
in the multistoréy .specimen altered the plastié deformation chafacterisﬁcs of the system

by allowing the columns to yield prior to achieving inelastic axial action in the infill

panels. An examination of the strain levels in various components confirmed these

findings.

9.1.3 Angle of Inclinaﬁon

The angle of inclination of the principal in-plane strains of the infill plates was stable at

the plate perimeter. At the centre of the infill plate, hocher, the angle of inclination of
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the tension field was observed to vary in the multistorey specimen. In—plahe strains

were not measured at this location in the single storey specimens.

9.1.4 Boundary Frame Response

Strain recordings on the multistorey specimen verified that little flexural action
occurred in the first floor interior beam of the steel plate shear wall. Little flexural
action was also recorded near a first floor beam-column joint, in both the column and
beam elements. This suggested that a localized area around each joint remained stiff,
due in part to the full perimeter infill panel attachment, regardless of the degree of

beam-column joint fixity.

Significant “pull-in” of the columns, caused by the tension field as it was transferred
from the infill plates, was observed in the SPSW2 and SPSW4 specimens. In the
SPSW2 specimen, the column inwards deformation resulted in the formation of plastic
hinges at the top and bottom of each éolﬁmn. For the multistorey specimen, the global
deﬂeded column shape resembled a shear mode for the first storey, and a mode

between shear and flexure for the upper stories.

The importance of a flexurally stiff member at the top and bottom of a steel shear wall
stack was demonstrated by the poorer performance of the SPSW1 specimen.

Insufficient stiffness permitted the formation of a plastic hinge in the horizontal




CHAPTER 9: Conclusions and Recommendations 135
member, preventing proper anchorage of the tension field. ‘A decrease in out of plane

stability, due in part to the plastic hinge, was also rep'orted.
915 Numerical Modelling:

Numerical modelling, us.ing. anv accepted sirflpl'iﬁed t'ensionv ﬁéld strip ,ﬁodel tt'echniquc;
was conduéted. In all cases, the numeﬁgal models ’were reééor}ably aqé_ﬁfafc _a:t
predic‘;_ing the post-yield" strengths and 's‘tiffnésses of - tﬁé- respecti;(é gpecimens.
However, the elastic stiffness was svigniﬁcar_ltly overﬁredic:ted fof the SPSW1 aﬁd |
SPSW4. sp_eéimens. A bettf:r approximéﬁoﬁ of the elastic‘ stiffness o'f the:‘ multistorey -
SPSW4 specimen y?as achieved by using an angle of inclination much steeper than that

calculated by verified formulations.

vLoad-defon—llm‘ailtioﬁ hyéteresis characteristics resembling thos;: from physical testi'ng '
were geheratéd using this simpliﬁed tension strip modelling technique, with tension
only infill vstrips oriented in symmetric longitudin;il directions. Strength' degradation.
bétween successi;/e cycIes was simulated throﬁgh the: inelastic material models that

were implemented.

Parametric studies using the SPSW2 monotonic nume»ricalv model, which had a
governing inelastic mechanism dominated by the infill panel, showed that the elastic
stiffness was insensitive to the thickness of the infill panel. ' The elastic stiffness was

moderately affected by the angle of inclination of the infill strips in the range of 37 to
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42 degrees, with a larger effect occurring as the angle Was reduced further below this
range. The yield strength of the system was signiﬁcantly affected by the infill panel
thickness. Thé yield strength was also affected by the angle of inclination, but only
moderately in the angle range that Would typically prevail for geometric dimensions

~ and strlictural sections used in most building construction.

9.2 Recommendations for Further Study

Thrdugh tflé ﬁndings of :thi‘s research prpgram,/ a ﬁufnbef of additional afea.s related to
- steel plate shear wall pérformap_ce Were iden't_iﬁ'edlas needing investigatibn, through
further“ éxpefirﬁental and a,nalyti'cai studies. .Th;e additional inforr.nation‘ ggnerated
: vthrough the suggested résearch §vi11 aid in reﬁhing the established design zgvuidelines,
and servé‘ tc‘) quantify the effects .of some potential interactions and tolerances which

_ have not been considered to date by the research community. .

It was noted that in the SPSW1 specimen, a large initial out of plane deformation was
present in the infill panel. This may have contﬁbuted somewhat to-a lower elastic
stiffness of the specimen, as well as to the audible noises detected during plate buckle
' re\}ersals. Additional parametric studies need to be conducted, both numerically and

experimentally,. to determine th¢ true effect of the plate; imperfectioﬁs. The influence on
full scale steel sheaf wall asSemblies’is of primary concern. Guidelines as to acceptable

tolerances for construction should be developed: Additional potentialAsources of the
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audible plate popping'ﬁOises, and appropriate methéds to eliminate or control these

“sounds, mﬁst‘bve_ ;iddresSed.

- Xue | and- Lu (19494b) dévélop’ed' einpiriéai »equafions' fo_,rv, v'=;v‘z;riou's _Behavic;ural -
: Qharactefistics of sfeel sliéaf Walfs in 'y(rhich the inﬁli panels were‘attached to thé .gi.rders' .
" only. Sifnilér"péx;nietﬁc s_,tu_diés .sh‘ou'lld be coﬁducted for inﬁil panels with full
*‘perimeter attachment,- in order tb inyes_tiga_te yvhether the cﬁaractevri:stics' of steel shear |
: Walls of this typé can be ‘genef;iliZed ivr_1vaVsimilar mahﬁer. ' If so, it WOuld appear to B.e an
o eésiér method for designers to usé in c'orvnplc‘ating‘purévlirh‘ir.lvary steel shear wall sizing f'o.r‘ .

~ a structure than the current tension field strip model or finite element techniques.

All steel shear wall research to date has focused on apf)lyih‘g lqading,v whether Vért_‘ic‘alv

. or horizontal, at the beam-column conncction‘nodes. Additional.research is required to

investigate the effect of applying imposed rotations or moments at these locations, t0 .
simulate the effect of ‘ecéentr'ically applied loads and external member attachment using

partial or full fixity cpnﬁéétiohs. The effect of loading at intermediate column or beam

. lbcat_ioné should- also be studied.v_ The influence of these types of loading ‘on the :

applicability of the' current simplified modelling ‘techniques would be of primary

e cdncern.- They would also help to e'sta'b'li,sh‘ the feasibility of creating a coupled steel

" plate shear wall syétcm,’ when a Bﬁilding”sv layout would make it impossible to use a

single full bay -lv'vith an adequate aépect‘ ratio. .
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Current research to date has considered istéel platé shear walls to be two-dimensional
'plahar structures, when in reality they are incorporated into three-dimensional
.buildings. A steel plate shear wall is typically véry strong in its plane, but weak in
transverse and tbrsional. directioﬁs. Experimental and numerical investigations are
: fequired to estab.lish .the influence of deformations in the transverse or torsional modes
on the pérformance in the primary longitudinal direction. Fo; instance, the introduction
.of a twist in the steel shear wall due to eccentric loading may serve to alter the stiffness
' éharacterisﬁcs of the system. Rétion_al guidelinés and tolerances need to be developed.
" The applicability and s;ens‘itivity of current .simpliﬁed modelling techniques are of

primary concern.

MOst stée] plate shear w‘avlliresearch has been focused on panel width to height aspéct,
fatibs gfeafer than 1.0. This study utilized specimens with panel aspect ratios of 1.0."
Appropﬁatqlimiting values for the aspect ratio should be established, under Whicﬁ the
behéVioutal properties éstablished through past and current ‘research efforts can be

assumed to applyf.

The research needs identified will serve to validate and expand the knowledge base of
steel plate shear wall péljforrnance. Only"t‘hrough an improved understanding of the
behaviour of this system will it begin to receive widespread adoption in the design

community.
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9.3 Rational Design Guidelines

From the results of this research program, it is fedbéﬁiied ‘t-ﬁat theixciurfer.lt design
guidelines contained in the Canadian steel design code (Canadian Standards
Association, 1994) may be inadequate. While they pfdvide a good starting point for
steel plate shear wall design, analytical work by the design community based solely on

these guidelines may not reflect the true performance realized from the built structure.

A simplified method is provided in this standard to mbdel the infill paneis as discrete
fension strips. While good predic.tion.s were achieved for the yield strength of ea}chl
specimen, this research has shown that using this method may result in a sigriiﬁcant
overpredii:tion of the structure’s elastic stiffnessvunder certain conditions. This could

have consequences for calculations ranging from drift limitations to determining the

fundamental frequencies of the structure for use in seismic design.  These
recommended modelling techniques must be improved, through extensive parametric

- studies, with the results validated through large scale experimental testing.

Any guidelines should include the limitatibns for their use. In the case of these design
- methods, such restrictions rﬁay include limits on the permissible panel aspeét ratios, and
limits on the relative strengths ahd sﬁffnesses of the infill panel and boundary frame
mem’bers.‘ Additional informétion must be présented tQ the designer to allow for the

sound application of engineering judgement in the design process.
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Any changes to the design guidelines must not Qbseure the actual failure mechanism

and sequence of localized inelastic action. It was recommended in Section 9.2 that Xue

"~ and Lu’s (1994b) approach to developing empirical design formulae be investigated for

full perimeter steel shear walls. However, since that method would potentially hide the
yield mechanism from the designer, it is recommended that any approach along those

lines be used for preliminary design only.

Significant colurﬁn deformation can occur due to “puil-in” when the full perimeter of
the infill panel is affixed to the boundary frame. There is also 2 complex‘ combined
stress interaction in the columns from axial, shear and flexural forces. Inelastic action
in the columhe will further weaken the overall structural strength an‘d-stability. It is

recommended that the design codes require that the principal yield mechanism and

elastic deformétion sequence is through infill panel yielding. Capacity design
approaehes, including the use of material overstrength factors, should be utilised to

guarantee this mechanism. Maximum column deformation limits for elastic and

inelastic response should be established.

It has been demonstrated that significant axial and flexural forces generated in the steel

: piate shear wall columns will affect both the stiffness and yield strength of the structure.
For this reason, it is essential that all simultaneously acting forces, including these'

caused by lateral and vertical loading, be applied to the shear wall during analysis. It is
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also noted that the actual load paths and force distribution through a steel plate shear

wall make the force decomposiﬁon at the shear panel level difﬁcult.'

Clause M2.1 of CAN/CSA S16.1-M94 (Ca.nadién Standards Association, 1994) states

that:

“The design forces and moments for the members and connec-
tions for a shear wall may be determined by analyzing the wall, a
panel at a time, usmg a plane frame computer program provided
that:

(a) pin-ended connections are used to-attach the end of beams to
columns; and.

(b) the magmtudes of vertzcal components of the tenszon f elds do

not vary by more than 25 percent between adjacent stories.”
It is recommended that this clause be removed, and repléced with a clause requiring that
all steel plate shear walls be analysed in their entirety under all conditions. The current

single panel approach is applicable to preliminary sizing only.

IAnv addition, it is recognized that steel plate shear walls in their present suggested
implementation, 'withk full perimeter infill panel attachment, may result in a “soft-
storey” type of structure under inelastic colnd‘itionvs. Significant redundancy is provided,
but only‘ through alternate load paths in the element (i.e. the inﬂll- pénel) which has
'-already e‘xpe'rienced inelastic action. Inelastic actioh in the columns will introduce

additional strength and stability issues into the design process. Therefore, it is
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recommended that extreme inelastic response of the columns should not be considered

when assessing the displédement ductility capacity of a steel plate shear wall systerh.

"The' currént design guidelines provide, a good starting péiﬁt for ‘the. epgiheéring»
comfnunity to use in designing ste_ckzl‘plate shear wallé for steel building cons@étioh.
Analytical .and experimental testing conﬁfms, fo some degree, the theoretical basis
under which the - guidelines were esfablished. However,v the results of this study
revealed several areas’ fér ‘conc'erﬁ. These need to be address‘ed,,'m'odiﬁed and
do_cumentgdA S0 that. ali limitatibns a‘ssociatédv with the suggested analytical deéign
| appfoach are‘ présented ‘Yto the;designer.‘ W1th .»further improvements to tlulevc"odiﬁed .
design requiréments, gteel platé shear walls show good promise as lateral 1§ad resisting

* systems for structures, including those in areas of high seismic risk.
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APPENDIX A

Material PrOperties Testing

A.1 Frame Member Properties

" Tests were conducted to determine the stress-strain relationships of the critical frame
members used in the SPSW4 test. One coupon was taken from a flange mid-width and
web mid-height of each section received from the supplier, and tested according to the |
- standard coupon dimensions presented in ASTM E 8M - 94a (ASTM, 1994). A
summary of the results are presented in Table Al. Figure Al shows a typical stress

strain curve obtained for a ‘flange’ coupon.

TABLE A1: Summary of boundary frame coupon test results

Strain at

Specimen Gy . Oy ultimate
- (MPa) (MPa) (%)

AFlange 393 579 15

A Web 424 587 15
B Flange 382 555 13
BWeb 413 568 16
TYPICAL 380 550 10+

NOTES: _
S200x34 section assumed to have identical material properties.
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FIGURE Af1: Stress strain curve obtained for ‘flange’ coupon BF

While a limited number of samples were tested, the consistency between members
suggested that satisfactory results could be obtained by using these approximate
properties for analytical modelling and analysis. No attempt was made to determine the

residual stress distribution in the section from the hot rolling process.

A.2 Infill Plate Properties

Tests wer@ conducted to determine the stress-strain relationships of the infill plate
material used in the SPSW4 test. A series of coupons were created from each sheet of

steel plate received from the supplier. Coupons taken in both 6rthogonal vdirections’
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* were used. All tests \.Jvere;conducted on specimens dimerisioned as per ASTM E 8M-

94a (ASTM, 1994). A summary of the resﬁlts are presented in Table A2. Figure A2

~ -shows the stress strain curve for a typical infill plate cdupoh. No attempt was made to

determine the residual stress distribution in the plate from the hot rolling process. The
6rthogona1 testing confirmed essentially uniform behaviour regardless of plate

orientation.

It is evident from Figure.AZ that the material exhibits the classic “hot rolled” properties;, .
of a linear elastic rémge, yield plateau, and strain hardening. These properties were
: _desirable for the infill plate, to allow for lairge in-plane and buckling deformations of

~ the plate, while minimizing brittle behaviour. It also reflected the sheet steel properties

that would be presenf in a co’rnme.rciall design, Vusing thicker hot rolled plates. The

ultimate strain of each'cbupon exceeded 10 %.

For all calculated quantities presented; a significant amount of scatter in the results is

evident. This reﬂeéts the relatively poor measuring resolution of the load and strain

measuring devices. It is particularly noticeable in the Values for Young’s Modulus of
Elasticity, E. However, all results show a consistent trend, with all tests providing the
desired “hot-rplled” properﬁeé. There appeared to be no significant influence due to the

orientation of the coupdn from the plate.
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TABLE A2: Summary of infill plate coupon test results

Strain at

Specimen Oy (o8 ultimate E
" (MPa) (MPa) (%) (GPa)

AL 327 391 14 221
A2L 310 — 15+ 211
AL 322 392 . 18 406

~A1S 314 380 . 2 @ —

- A2S 323 — 16+ 238
A3S — == -
BIL — = — =
B2L 335 395 14 303
B3L 311 389" .20 - 523
BIS = 324 388 16 174
B2S ' 312 - 376 23 1517
B3S 313 388 - 13 ° e
ciL 356 415. 12 329
caL 303 383 - 17 216
C3L 341 414 14 198
Cc1s 320 - 394 26 202
C2s 320 387 17 . 382
c3s 330 . 387 22 244

TYPICAL 320 370 10+  —

NOTES: : A
Coupons designated with 'L' and 'S' are from long and short directions, respectively.
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FIGURE A2: Typical stress strain curve, from coupon A2S

A.3 Fish Plate Properties

Testsiweré éondupted to determine the stress-strain 'r.ellatior‘lships_of the fish plate
material used in cdnstmction of the SPSW4 spéqimen.: AA' s¢ries of coupons were
created, in both Orthogoﬂal directions, from the single sheet éf steel?late received from
the supplier. All tests Wére conduc;c'ed using s.pecirile.ns‘ dimensioﬁéd as per ASTM ‘E
8M-94a (ASTM, 1994)." A summary of the result’svavre presénfed in Table A3. Figure
Aé shows the stress strain curve for a typical fish platé coupoﬂ. No attempt was made

to determine the residual stress distribution in the plate from the hot rolling process.
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TABLE A3: Summary of fish plate coupon test results

Strain at

Specimen O, G, ultimate E
(MPa) (MPa) (%) (GPa)

F1L 244 333 19 243
FoL 257 340 13 184
F3L 262 346 13 155
F1S 281 351 18 240
F2s 303 360 15 181
F3S 296 357 14 176

TYPICAL 260 350 10+ —

NOTES:
Coupons designated with 'L’ and 'S' are from long and short directions, respectively.

It is evident from Figure A3 that the material used exhibits the classic “hot rolled”

properties of a linear elastic range, yield plateau, and strain hardening. These properties

were desirable for the fish plate, to reflect the sheet steel properties that would be
present in a commercial design, using thicker hot rolled plates. The ultimate strain of

each coupon exceeded 10 %.

For all calculated quantities presented, some minor scatter in the results is evident. - It
is particularly noticeable in the values for Young’s Modulus of Elasticity, E, where
errors arise from the data acquisition recording resolution. However, all results show a

consistent trend, with all tests providing the desired “hot-rolled” propertiés.
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FIGURE A3: Typical fish plate stress strain curve, from coupon F1L

- Testing in orthogonal directions revealed that the plate properties are slightly different.

It was felt that this would not significantly affect the specimen p_erfdrrriance, due to the
intended role of the fish plates and their size. All strips used for the fish plates were cut
in the short d1rect1on such that the .installed conﬁguratlon had the short direction from

the original plate 'running parallel to the boundary frame.
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~ Strain Gauge Analysis Software

- B.1 About the Software

A comput‘erl progfam, ROSETTE, was deVeIdped in the Department of Civil

Engineering at the University of British Columbia, to aid in the analyéis of recorded

- strain gauge data. Using a-Windows based interface, it was implemented to allow for

repetitive anélysis of strain gauge data, with an emphasis on data from strain rosettes.

Features of the software include the ability to perform basic arithmetic functions on a .

data set, such zis '_'adding ;{ConStant;‘and calculating principl_e strains and related a'n‘gle‘obf

inclination from strain rosette data. '

The software, Currently"in Version 1.0;_ permits vselectio‘nv of data records- from three

active data sourc'é_s. These correSpond' to the .output_' data files, in ASCII format,

produced by the various data a'cqui'sitionv systems in the UBC Structures Laboratory.

T ‘Usiﬁg all three data sources simﬁltaneously permits control chamiels' to be identified

when more than 1 data acquisition system was used during a test.

The strain rosette calculation routines make use of the'0 - 45 - 90 configuration selected

during the steel plate shiear wall project. An explanation of the system of equations

" necessary to solve for the desired strains from the data collected is provided in Popov
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(1 990). These respective strains are then used as inputs into Mohr’s Circle for Strain,

where the principle strains and corresponding angle of inclination are computed.

B.2 Suggested Improvements to the Software

Under low recorded strain levels, the calculation of the principie strain magnitudes and .
incliﬂatidn ﬂqay be signjﬁcantly affected by fhe resolution of the data acquisition
systerﬁ; Users of the software should be made aware of this source of error. A potentiai
' éolﬁtion would .be to pr}event outpﬁt of nurherical results for calcul;atiohs bqiow preset-
thrgshold inputs, with warnings ciisplayed in their place.’ Further.- stu&y,_ gdtentia’lly;on_a '

prbj ect-by-project basis is required to establish these threshold magnitudes. |

 While thé sbﬁware will allow for n»ear»'imm'ediate proéessing of fhe strain gauge da'taw :
with li‘ttle_‘éffort'atl the conclusion of b'a t‘esting‘sequenc':e, no facility exists to préduc‘e
output in é'graphical form. Other sbftware, such és a spreadsheet applicatioﬁ, would be
reﬁuired.. The implérhéﬁt:étion o'f basic charﬁng abilities, or even animation, may f)rové

 useful in interpreting the data in some instances.

‘Analysis of the data should also include the evaluation of maximum and minimum -

values in the data set.
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APPENDIX C
Sample CANNY-E Input Record

~ FOR: SPSW2 Monotonic model with o. = 37 degrees

January 22, 1997
input data for program <CANNY E>

steel panel specimen analysis, 1 storey, 1l-panel replaced by 15 struts
SPSW2 specimen ' ' '

// analysis assumptions and options

title : SPSW2 Specimen Modelled

title : using building model

title : 15-SPAR at alpha 37-degree

title : CODE -- Push Over

force unit = N

length unit = mm

time unit = sec

static analysis in X-direction (Push over analysis)
Include P-Delta effects

gravity acceleration is 9805 (default 9.8)
output of overall responses at floor level 8F
output of nodal displacement response

output of column response

output of beam response

‘output of link element response

// control data for static analysis

master DOFs for analy51s control: X- translatlon at 8F
loading direction in 0 degree (global X- dlrectlon)
displacement limit 1000.0

output of analysis results at every O-step

destination at base shear factor 50000 by increment 2000
destination at base shear factor '100000 by increment 1000
destination at base .shear factor 140000 by increment 400
destination at'basesshear factor 160000 by increment 200
destination at base shear factor 180000 by increment 100
destination at base shear factor 225000 by increment 75

/7

// ========= floor level data ======c===z========
8F (rigid floor, above 7F) Z=900 Lf=1. 0

7F (above 6F) Z=801 Lf=0

F (above 5F) 2=667 Lf=0

SF (above 4F) Z=534 Lf=0
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4F (above 3F) Z=400 Lf=0
3F (above 2F) Z=267 Lf=0
2F (above 1F) Z=134 Lf=0
1F (footing floor, fixed) 2Z=0 Lf=0

frame Y1:Y0 = 0
frame X1:X0 = 0
frame X2:X0 = 26
frame X3:X0 = 74
frame X4:X0 = 100
frame X5:X0 = 126
frame X6:X0 = 174
frame X7:X0 = 200
frame X8:X0 = 226
frame X9:X0 = 274
frame X10:X0 = 300
frame X11:X0 = 326
frame X12:X0 = 374
frame X13:X0 = 400
frame X14:X0 = 426
frame X15:X0 = 474
frame X16:X0 = 500
frame X17:X0 = 526
frame X18:X0 = 574
frame X19:X0 = 600
frame X20:X0 = 626
frame X21:X0 = 674
frame X22:X0 = 700
frame X23:X0 = 726
frame X24:X0 = 774
frame X25:X0 = 800
frame X26:X0 = 826
frame X27:X0 = 874
frame X28:X0 = 900

// ========= nod_e locations Es s

node at X1 Y1 1F to 8F
node at X2 to X27 Y1 1F
node at X2 to X27 Y1 8F
node at X28 Y1 1F to 8F

// ========= node displacement degrees of freedom s===========
general node degrees of freedom: all translations, X-Z rotation, Y-2Z
rotation

node X1 to X28 Y1 1F eliminate all components$

// ====== weights at nodes ========================
/* lumped weight 1 N at each corner node

node X1 Y1 8F, w = 1

node X28 Y1 8F, w =1
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// ========= element data : beam =====s=====Zzz=======
/* first story beam N T -
out Y1 X1 to X2"8FvLU5 RUS5 AU6 0 O
out Y1 X2 to X27 8F LU5 RUS AU6 0 0
out Y1 X27 to X28 8F LU5 RUS AU6 0 0

/] ========== element data : column =========s===sz=====

/* left column. h . .
out Y1 X1 1F to 2F - BM10 TM10 SU108 AU109 38 0 /* No torsional
stiffness C , :

‘out Y1 X1 2F to 7F 'BM10 TM10 SU108 AU109 0 0 - /* for columns
.out Y1 X1 7F to 8F BM10 TM10 SU108 AU109 0 38

/* right column . h - )

out Y1 X28 1F to 2F BM10 TM10 SU108 AU109 38 0

out Y1 X28 2F to 7F BM10 TM10 SU108 AU10920 0

out Y1 X28 7F to 8F BM10 TM10 SU108 AU109 0 38

// ========== link element data =========i=====
/* first story L S
out Y1 X1-X3 7F-8F U100
out . Y1 X1-X6 6F-8F U100
out Y1 X1-X9 5F-8F U100
out Y1 X1-X12 4F-8F U100
out Y1 X1-X15 3F-8F U100
out ‘Y1 X1-X18 2F-8F U100
out Y1 X1-X21 1F-8F U100
out Y1 X4-X24 1F-8F U100
out Y1 X7-X27 1F-8F U100
out Y1 X10-X28 1F-7F U100
out” Y1 X13-X28 1F-6F U100.
out Y1 X16-X28 -1F-5F U100
out Y1 X19-X28 1F-4F U100
“out Y1 X22-X28 1F-3F U100
out . Y1 X25-X28 1F-2F U100 -
out Y1 X1-X4 2F-1F U100
out Y1 X1-X7 3F-1F U100
out = Y1 X1-X10 4F-1F U100
out . Y1 X1-X13 5F-1F U100
out YI X1-X16 6F-1F ‘U100
out Y1l X1-X19 7F-1F U100
out Y1 X2-X22 8F-1F U100
out: Y1 X5-X25 8F-1F U100
out Y1 X8-X28. 8F-1F U100
out Y1 X11-X28 8F-2F U100
out Y1 X14-X28 8F-3F U100
out Y1 X17-X28 8F-4F U100
. out Y1l X20-X28 8F-5F U100
out Y1 X23-X28. 8F-6F U100
out Y1 X26-X28 8F-7F U100

// ======stiffness and hysteresis parameters =========z=== -
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/* yielding stress 380 MPa, .maximum 550 MPa for beam and column
/* yielding stress 320 MPa, maximum 370 Mpa for panel

/* top beam (S200%*34) . : N

/*Ul 15 2e+5 27.0e+6 101080000 101080000 120080000 120080000 -0.04646
-0.04646 0.0015 0.0015 0 0 0 0 0 0.5 0.7

/*U3 1 2e+5 4370 /* elastlc axial stiffness of'beamj

/* single beam (S75%*8) ; : .

U5 15 2e+5 1.04e+6 25850000 25850000 30901600 30901600 -0.04646 -
0.04646 0.0015 0.0015 0 0 0 0 O 0.5 0:7 :

U6 1 2e+5 2140 /* elastic axial stlffness of beam

/* axial properties of link element (¢t = 1.5 mm) fy = 320 MPa
U100 15 2.0e+5 120.0 0 38400 0 44400 0.0015 0.0015 0.00015

0.00015 0 0 0 0 0 0.5 0.7 o
Ul01 15 2.0e+5 120.0 38400 38400 44400 44400 0.0015 0 0015 0.00015
0.00015 0 0 0 0 0°0.5 0.7. .

/* column axial and shear properties

U109 1 2e+5 1070 _ /* axial

U108 1 0.857e+5 270.9 ' ' /* shear - ,

/* column multi-spring model, plastic hinge zone = 0.2*180 = 36 mm
M10 2.0e+5 0.19e+6 1.04e+6 0.2 ) -

/* web plate tw = 4.3 mm, 10-spring for total 63 mm

0 -28.35 6.3 10 00 0

/* HN Fy dy F'y Nu Ka Alpha Gama Beta Theta

‘22 14222 0.0945 14222 0.724 21 0 0 0.0015 0.8

/* flange plate tf= 6.6 mm, 5-spring for 59 mm

0 -34.8 69.6 2 -23.6 11.8 5

/* HN Fy dy F'y Nu Ka Alpha Gama Beta Theta

22 40887 0.0945 40887 0.724A21 0 0.0.0015 0.8

// ' ’




