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Abstract

Braced frames and steel plate sheals (SPSWs) have both been shown to be useful in the seismic retrofit of buildings. While both
these systems have merit, goidance exists to help the engineer determine which of the two approaches is preferable in terms of providing
stiffness, maximum displacement ductility, cumulative hysteretic energy dissipation, and energy dissipation per cycle for a given strength. In
anattempt to provide some quantitative data and insight for this purpose, this paper describes and compares the results from cyclic testing of
six frames: four concentrically braced frames (two with cold-formeelsituds for in-plane and out-of-plane restraint of the braces and two
without), and two light-gaugsteel plate shear walls (one with a flat infill plate and wriié a corrugated infill). Théargest initial stiffness
was provided by a braced frame specimen with cold formed steel studs and the largest ductility was achieved with a steel plate shear wall
with flat infill. After scaling the hysteretic results to the same design base shear, it was found that both the energy dissipated per cycle and the
cumulative energy dissipation were similar flat plate SPSW and braced frames with two talpldraces, up to a ductility of four. After that
the tubular braces fractured while the SPSW waitifat infill reached a ductility of nine before the energy dissipation per cycle decreased.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction frames are worth considering as a simple and effective
retrofit system, especially when story drifts need to be
The seismic retrofit of existing buildings is a difficult task limited. The concept is to design systems that are strong
due to many factors, such as architectural constraints, theenough to resist the necessary seismic forces and yet light
cost of possibly closing the building (or part of it) for the enough to keep the existing structural elements from needing
duration of the retrofit work, or having to heavily reinforce further reinforcement. Additionally, if these systems could
exiging framing due to the increased seismic demands the he instdied quickly and eliminate the need to disrupt the
retrofit strategy may place on it. Specially designed light- occupants of existing structures, they would be even more
gauge shear walls could provide engineers with an effective yegjrapie (in the context of a hospital retrofit for example).
option to retrofit old buildingsAlso, concentrically braced Steel plate shear walls (SPSWSs) are gaining acceptance as
lateral load resisting systems, especially in seismic regions.

E— . - By allowing the infill plates to buckle in shear, develop
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hotrolled plate thicknesses available for use in SPSWs often =i
provide infill strengths greatly exceeding those required

1112 kN (250 Kips) 2590 mm | [\

to meet code specified value§],[ so the e of such Miller Servo-Controlied—_ :a
infills for seismic retrofit woull oftenrequire reinforcement NORTH Statie Actuator ™\ 7‘\50““
of the existing beams and columns (or beam-to-column | n: | m—] :z]l‘

Reaction
Frame—{-__

<3160 mm -

2820 mm

connections), which can be costly. Therefore, it would be

advantageous to develop light-gauge SPSW systems. L
Concentrically braced frames (CBFs) are commonlyused | Clevis

in new and retrofit construction to resist earthquakes by | . & 3660 mm g _/_FoundationBeam) |

providing lateral stiffness, strength, and ductility. However, [ étrol\g Fliolr FLLH |

upon cyclic loading, progressive loss of compression

strength and energy dissipation in compression results in Fig. 1. Typical test set-up for specimens.

lessthan ideal hysteretic loops. To improve the hysteretic

characteristics of braces, doformed steel studs (CFSSs) and constructed. Both square tubular and solid rectangular

of the type often used in non-structural partition walls sections were used as brace members. Two of the

could be used to laterally restrain braces against buckling specimens having concentric braces utilized closely spaced

and enhance their seismic performance. This would requirevertical CFSSs to reduce the buckling length of the

special design of CFSS members, to elastically resist the out- praces, approaching to some degree (but not perfectly)

of-plane forces developing at the onset of brace buckling. the philosophy of buckling-restrained braced frames. All

Many theoretical and experimental studies have investigatedspecimens were designed in the perspective of a seismic

the complex, inelastic cyclic behavior of steel brac@s]1{. retrofit and to meet three major goals, namely, mobility, low

The slenderness ratio was deemed to have a most importanimpact on existing framing, and a substantial increase in

impact on hysteretic behavior, and the use of stocky bracesenergy dissipation capability compared to that of the existing

was recommended over slender braces. framing. AISI [14], AISC LRFD Specifications 19,
While both of the above systems have merit in seismic CAN/CSA-S16-01 16], and AISC Seistit Provisions 7]

retrofit applications, no guidance exists to help the engineercodes were used during the design of these specimens. The

determine which of the two appaches is prefable in terms specimen names and descriptions are:

of providing stiffness, maximum displacement ductility, and

cumulative hysteretic energy dissipation capacities for a ¢ FP: Flat infill plate specimen with plate thickness of

given srength. In an attempt to provide some quantitative 1.0 mm (20 gauge).

data for this purpose, this paper describes and compares thee CP: Corugated infill plate (cold formed steel deck)

results from gclic testing of six frames: four concentrically specimen with plate thickness of 0.75 mm (22 gauge).

braced frames (two with CFSSs for in-plane and out-of- e B1: CBF with single tube brace and vertical CFSSs

plane restraint of the braces and two without CFSSs), and spaced at 457.2 mm (18 in.) center-to-center.

two light-gauge SPSWSs (one with a flat infill plate and one e B2: CBF with single tube brace and without vertical

with a corrugated infill). CFSSs.

e B3: CBF with solid rectangular X-braces and vertical
CFSSs spaced at 457.2 mm (18 in.) center-to-center.

e B4: CBF with solid rectangular X-braces and without

All test specimens used one of two boundary frames, Vvertical CFSSs.
which were modified as necessary to accommodate the A g reaction frame located in the University at

different infills. All beam and column dimensions, as g ffalo’s Structural Engineering and Earthquake Simulation
well as web-agle connections, were kept constant from | 5p6ratory (SEESL) was used to provide support for the
specimen to specimen to allow a more uniform comparison |5tera| load applied to the specimens. This frame is rated to
of the strength, stifiness, and seismic energy dissipation resist ateral loads of up to 1112 kN (250 kips) at a height of

capacity of the proposed retrofit strategies. Boundary frame, 4 (8 ft) or lower. The test set-up for a typical specimen
dimensions were selected to be representative of bayjg shown inFig. 1

dimensions for frames located in a test-bed structure called

the “MCEER Demonstration HospitallB]. The boundary

frame aspect ratigL /h) of 2.0 is identical to that of the 3. Materials

hospitd's structural system, wheré and h are the bay

width and height of the specimen respectively; however, ASTM A572 Gr.50 steel was used for the boundary

the geometric scale of the boundary frame ig21of the frame and its beam-to-columand column-to-base plate

hospital’s framinglue tolimitations of the testing apparatus. connections. The flat plate used in FP was ASTM A1008
Two SPSW specimens (flat and corrugated infills) (formerly A366) which is a cold rolled, carbon, commercial

and four concentrically braced specimens were designedsteel skeet. CP used steel deck produced by United Steel

1830mm

2. Experimental set-up
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Deck, Inc. as the infill material. This material conformed to | gf | w4eox128(18x86)(Typ.) | | | Epoxy (Plate to Angles) q
ASTM A653 Grade 33 which is a galvanized material with é T S SN S N RlecE
a minmumyield stress of 230 MPa (33 ksi). 3 W

The tube material for B1 and B2 was ASTM A500 |2 _/«y
Gr.B with minimum yield stess of 317 MPa (46 ksi). The g . SRR IR ISR AR AIR IR
sdid bar braces, gussets and angle connectors for the studs |= WT180x39.5(7x26.5)(Typ.) | | |L152x102x19(6y4x3/4)(Typ)
were ASTM A572 Gr.50. The Wrackets, used as in-plane TE01.6mm Dia. Steel Pop-Rivets (Typ.) JoL
bucKing restrainers, were ASTM A36 grade steel. Bolts (a) (b)
used in the boundary frame connections (including those
used for specimen mounting), SPSW infill connections to = =
the boundary frames, and brace connections to the boundary “Nz5mm q,e“\“‘,@?;/ ~
frames were ASTM A490, while A307 grade bolts were (4572 |l _||804.8 7% 2x76,2x7.94mm

. . . L ST 22.4° (3'x3"x¢s" Tube)

used for other connectionsviolved in the fabrication of
Specimens B1, B, B3, and B4. Locally available, 12 gauge, - / i i
228 MPa (33 ksi) yield point CFSS products were used in B1 Stads by Ditigh St 3309mm (Typ)
and B3. Properties for the light gauge studs used here were (c) (d)
taken from the Dietrich Product DatdlB]. ASTM Standard
coupon tests19 for the S_PSW infill plate materials were =7 = o
carried out and the resulting yield stresses were found to be l55mm S~
215 MPa for FP, and 325 MPa for CP. From similar coupon P o048 e (P
testing, the average values fie brace yield stresses were ] — (12" Bar)
377 and 385 MPa for the solid and tube braces, respectively.

The vyield strength of the tube brace coupons was ;ﬁdfg;éfe ga. ROt 3660mm (Typ)
calculated using a 0.2% straioffse, because this steel ©) (f)

exhibited no definite yield plateau. The solid bar coupons

from the braces of B3 and B4 had an elastic—plastic behavior.Fig. 2. Schematic of specimens: @&; (b) CP; (c) B1; (d) B2; (e) B3; (f)
Further details of coupon tests and their results can be B4.

found in [20] and [21]. Coupon tests were not performed

for the boundary frame members as the beams and columngyere used to connettie 25.4 mm (1 in.) thick column base
were designed to remain elastic. However, bare frame teStspIates to tle clevises ad were designed to be slip-critical.

were carried out to characteeizhe cyéc behavior of the Several alternatives for the infill system-to-boundary
boundary frame alone since some inelastic action of the web-frame connection details were experimentally sought during
angle beam-to-columroanections was expected. the design of the specimens. In the SPSW test specimens,

This material data was employed in static pushover gjyce thin plates were selected, a bolted connection through
analyses of the specimens which, in turn, were used 10 e infill material was found impossible as it would have
approximate the load—disptement curves of the specimens |4 1o net section fracture gewning over the gross section
prior to testing. yielding of the plates (to dissipate energy, the plates must

fully yield and non-ductile fracture modes must be avoided).

_ _ For the flat plée specimen, two different infill plate-
4. Details of specimens to-boundary frame connections were employed. The
first approach relied on an industrial strength epoxy.

The specimens constructed for this study are shown in Although this connection performed satisfactorily during
Fig. 2a) through (f). They were designed to be as large sub-assembly testing, it failed prior to infill yielding during
as possible without exceeding the maximum force capacity actual specimen testing and will not be discussed further.
of 1112 kN (250 Kips) of the largest actuator available in The second approach (used for Specimen FP) relied on a
the laboratory, with a safetfactor of 1.50 and accounting continuous welded connection of the plate to the web of a
for strain hardening effectslo mairtain similarity to the WT180x 39.5 (WT7 x 26.5). The flanges of the WTs were
gravity frames in the demonstration hospital, a double web- bolted to the flanges of the columns and beams using 29 mm
angle beam-to-column connection was designed following diameter A490 bolts at 305 mm on center. These bolts were
the proceduregyiven in the AISC LRFD manual2]. also designed to be slip-critical.

The bolts to the column flange were designed to be slip In CP, the plate was indtad with the corrugations
critical under the maximum actuator load with a safety oriented at 4% with the horizontal. This was done to
factor of 2.0. Typical 8 mm fillet welds (all around the force the intination angle of the tension field to be 45
angle legs) to the beam web were used. Typical 5 mm fully (which corresponded to the calculated tension field angle for
circumferential fillet welds were used in the column-to-base Specimen FP), and to deldye onset of buckling when the
plate connection. Six 38.1 mr(rl%”) diameter A490 bolts  corrugations were in compression (as it was thought to be a
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Table 1
Behavioral characteristics of tested specimens

Specimen Total initial stiffness Initial stiffness-infill Yieldr buckling base shear Yield or buckling disp. Max. drift  Total energy fill energy

(KN/mm) (KN/mm) (kN) (mm) (%) (KN m) (kN m)
FP 106.0 96.0 364.0 5.3 3.70 12 444 212
CP 93.0 86.0 518.0 8.1 1.40 3 73 50
B1 88.8 78.2 636.1 11.4 1.92 4 274 227
B2 61.4 51.0 511.5 10.2 2.88 6 310 192
B3 136.0 125.7 898.5 11.9 2.16 4 205 169
B4 106.6 96.3 182.4 3.0 2.16 4 95 37

possible advantage of this type of infill). Again several on these estimates; howeyefior the nelasic cycles,
options for the connection were considered; finally, a since here was slight variation between the theoretical and
connection in which the corrugated plate would be experimentalyield values, the experimentally obtained yield
“sandwiched” between two angles, L152102 x 19 (L6 x displacement was used as a basis.

4 x 3/4), that would be bolted to the boundary frame was In Specimens B1 through B4, special care was taken
considered. From sub-component testing of various mock- during the tests to identify the point of buckling initiation
up connections, epoxy was determined to be the best way tofor the braces. To facilitate comparison between the results
connect the plate to the angles so that the yield strength ofobtained for B1 and B2, the same cyclic displacement
the infill plate could be developed. 29 mm diameter A490 history that was applied to B1 (i.e. absolute displacement
bolts at 305 mm on center were chosen to connect the anglewvalues) was applied to B2. Again, to facilitate comparisons
to the boundary frame. Due to the maximum available steel between B3 and B4, the same cyclic displacement history
deck width of 910 mm, it was necessary to fabricate the infill that was applied to B3 was applied to B4.

plate for this specimen in four separate pieces as shown in
Fig. 2b). These pieces were fastened together using 1.6 mm
diameter steel pop-rivets at a spacing of 101.6 mm on
center. Additional details for SPSW specimens can be found
in [7,20].

In the braced frame specimens, a single tube brace of
76.2 mm by 76.2 mm (3 inx 3 in.) with t = 7.94 mm
(5/16 in.) wall thickness, and solid X braces having a cross
section of 25.4 m by50.8 mm (1 inx 2 in.), were selected.
The tube braces had 431.8 mm long and 12.7 mm wide slots
at each end for welded connection to gussets.

. AI! CFSSs use_d in Bl_ and B.3 weré’éCSJ 12 gquge b_y 6.1. Specimen FP
Dietrich [18]. Their sectional dimensions were determined
to resist _the forces generateq by_ the brac_es at the onset of Specimen FP exhibited linedrehavior during the first
buckling in the out-of-plane direction. Details for CFSS-to- ¢, cycles of testig. At 0.29% drift (the first half of

beam connections and U brackets used as in-plane bucklingcyde 7), audible buckling sounds began and the magnitude

6. Experimental observations

The behavior of each specimen, both in the elastic and
inelastic ranges, is descritbeébelow. Usingexperimental
hygereses, total initial stiffness, initial stiffness of infill,
yield or buckling base shearigid or buckling displacement,
maximum attained percent &ri achieved displacement
dudility, and cumulative energy dissipations (total and infill-
only) are quantified ifmable 1

restrainers can be found igq). _ , of the buckling waves becamésible. This specimen was
All specimens were instruented with strain gauges, g ycessfully tested to 82.6 mm of displacements(13.7%
temposonics, and potentiometers. drift). The maximum base shear was 660 kN which occurred
at 1®y. Fractures developed at the corners of the infill
5. Testing plate and propagated along the fillet welds that connected

the infill plate to the intermediate WTs. Although the infill

Quasi-static cyclic testmpwas performed in accordance plate could still carry some load in spite of its extensive
with the ATC-24 P3] teding protocol. During all tests, damage, testing stopped when the angles of the beam-to-
the top horizontal displacement of the specimens was column connections of the boundary frame suffered large
taken as the displacement caitparameter. The yield fractures at frame displacements ob}Zig. 3(a) shows the
displacement for each specimen was theoretically estimatedbuckling of the infill and formation of the diagonal tension
from numerical simulation using pushover analysis (with field at the maximum displacement ductility reached.
actual material properties from the coupon tests and The hysteresis for Specimen FP is shownFig. 4(a)
assuming simple beam-to-column connections). Elastic superimposed with the hysteresis of the bare frame modeled
cycles (i.e. ¥3 and 23 of yield) were essentially based as described inZ0,21]. The overall behavior of FP was
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Fig. 3. Damage level in specimens: (a) FP3LCycle29); (b) CP (3y, Cycle 16); (c) B1 (~48y, Cycle16); (d) B2 (-5dy, Cycle21); (e) B3 (-4éy, Cycle
19); (f) B4 (—4y, Cycle19).
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Fig. 4. Experimental hysteresis curves for specimens aneftames: (a) FP; (b) CP; (c) B1; (d) B2; (e) B3; (f) B4.

ductile and stable up to large driéwels, although significant ~ 6.2. Specimen CP
pinching is apparent in the hysteretic loopgj. 5a) shows
the hysteresis of the infill ahe (i.e. after subtracting the

- The hysteretic behavior of Specimen CP was elastic
bare frame’s contribution)lable 1shows that90% of the y b

o . ) o during the first three cycles of testing. Some popping noises
initial s_tlffness of th.e system is due _to the contrlbqtlon were heard during the elastiycles. Local buckling began
of the infil. Also of interest inTable lis the substantial 4 occurduring Cycle 7 and progressed in the subsequent
amount of energy dissipated by the infill. The strain gauge cycles. Residual buckles wesgsible at zero displacement
data obtained showed that the strain was fairly uniform during the three cycles at the yield displacement of
across the infill, indicating that the entire plate participated 8.1 mm (0.44% drift, Cycle 10). Epoxy cracking along
in dissipatirg energy. the connection to the botto beam was observed at
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Fig. 5. Base shear versus drift hystesesurves or infills (a) FP; (b) CP; (c) BLKL/r = 19.7); (d) B2 KL/r = 77.3); (¢) B3 KL/r = 65.5); (f) B4

(KL/r = 1957).

the end of the three cycles at the yield displacement.
Additionally, some pop-rivets failed at the end of the
+18y cycles. However, there was no significant change
in the maximum basshear obtained during these cycles.
Subsequent displacement cycles increased the amount
local buckling along two distinct lines that were visible on
the infill plate, initiating factures along them. Epoxy cracks
propagated further, and the loss of additional pop-rivets
resuted in visible separations between the two infill plate
pieces. Specimen CP was successfully tested to a maximu
displacement of 40.6 mm &4, 2.2% drft). Failure of the
specimen was from fractures ofehinfill plate at locations
of repeated local buckling. Shown Fig. 3b) is the local
and global infill buckling at-33y.

6.3. Specimen B1

Up to 096% drift (28y), B1 did not show significant

ofieterioration in strength andtiffness; the behavior was

almost cyclic symmetric with comparable axial yielding
in tension and compression. B1 exhibited ductile, stable,
and unpinched hysteretic behavior mainly provided by the
exigence of the CFSS members. These members and U
brackets prevented out-of-plaaad in-plane brace buckling

"4t the early stages of cyclic dding. After several cycles

at displacement levels greatiéman the yield displacement,
bearing failure of the intermediate studs led to loss of
contact between the buckling restrainers and the brace,
which resulted in reduced base shear strength and system

Fig. 4(b) shows the hyste_resis for CF_’ and thg bare frame. giitfness. A geeral view from the specimen at4sy is
As expected, the hysteresis for CP is one-sided becausenown inFig. 3(c). This test was terminated when the brace

tension field action only ecurred when the corrugations
were in tension. Theapid degradation in strength observed
following the cycles at & (1.4% drift) was due to the
severe loal buckling and fractures that developed during
negative loadingFig. 5b) shows the hysteresis after the
subtraction of the boundary frame contribution. Although
pinching in the curves is evident, the infill contributed to the
energy dissipation capability of the systemable 1shows
that more thar67% of the total energy dissipated during
the test was dissipated bye infill versus 33% for the
boundary frame. Also shown ifable 1 the ontribution of
the infill to the initial stiffness was over 90%. Furthermore, a
displacement ductility{) of 3 was achievet as the sength

of the system was 91% of the maximum strength achieved,

of which approximately 74% was taken by the infill and 26%
by the boundary frame. At = 2, the specimeachieved its
maximum strength of 633 kN.

fractured.

Experimental base shear force versus drift hysteresis
curves for B1 and the bare frame are showrig. 4(c).
Results for the case of infill-only are illustratedfig. 5c).

The shape of the hysteresis for B1 gradually becomes one-
sided upon repeated inelastic buckling of the tubular brace

member. However, the difference between the buckling and
tension strengths in each cycle is still significantly less than

would be expected in absence afdral bracing by the studs.

Strain gaige data obtained showed that 2% strain was
reached in the brace at 1.92% drift. A displacement ductil-
ity ratio (i) of 4 was achieved when the tension and com-
pression strengths of the specimen were, respectively, 100%
and 67% of the maximum values obtained experimentally.
As seen fronTable 1, the @ntribution of thenfill to the ini-
tial stiffness was 88%@nd83% of the total energy dissipated
by the infill versus 17% for the boundary frame.
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6.4. Specimen B2 for B4 and the bare frame. The hysteresis for Specimen
B4 is fairly symmetrical in the elastic and inelastic cycles
Up to 0.48% drift, tle hysteresis curves for B2 are cyclic and the behavior after subtracting the contribution of the
symmetric; however, in the trmath of brace buckling, bare frameis illustrated inFig. Xf). The overall behavior
they become one-sided due to the deterioration in buckling of Specimen B4 was ductile and stable up to 2.16% drift,
strength. On the tension side, strength increases until although significant pinching is visible in the hystereses. The
fracture develop=ig. 3(d) shows the buckled brace a3 test was also terminated to prevent damage to the beam-to-
The base shear force versus drift hysteresis for B2 is showncolumn connections of the boundary frame.
in Fig. 4(d) superimposed with the hysteresis of the bare A strain of 1.7% was reached in the bar braces at 2.16%
frame Results for the case of infill-only are illustrated in  drift. Hysteretic loops show that energy was dissipated by
Fig. 5(d). B2 exhibited ductile and stable cyclic behavior tension yielding rather than brace bucklifigble 1reveals
up to 2.40% drift, although some pinching is obvious in that only 39% of the total energy was dissipated by the
the hystereses. This test svderminated Wwen the brace infill versus 61% for the boundary frame. The contribution
fractured. of the boundary frame to cumulative energy dissipation is
Table 1shows thathe contribution of the brace to the dominant over the infill at largedrifts, due tothe inelastic
initial stiffness was 83%. Appreciable energy was dissipated behavior of the beam-to-column double angle connections.
after the elastic cycles, and increased in the following cycles. Strain gauges mounted on the boundary frame beams and
As indicated inTable 1 62% of the total hysteretic energy columns showed those members remained elastic for all
was dsspated by the infill versus 38% for the boundary tests, as per théesign intent.
frame.
7. Summary
6.5. Soecimen B3
All specimens underwent inelastic reversed cyclic
Up to gproximately 0.50% drift, the specimen did not displacement histories prior to initiation of fracture. The
show deterioration in strength and stiffness. At the onset maximum drift was reached by FP, at 3.70%. Specimens CP,
of buckling of the east side brace segment between theB1, B2, B3, and B4 xhibited maximum drifts of 1.40%,
fourth and the fifth studs (counting from the north), the base 1,929, 2.88%, 2.16%, and 2.16% respectively (although not
shear dropped abruptly. The peak base shear force during thea|| tests were stopped for the same reasons, as described
test was reached prior to this bucklirfgg. 3(e) shows the  ahove). Additional experimental data and details (including
classical buckled shape of the braces &t £xperimental  the strain gauge recordingschaut-of-plane displacements
base shear force versus drift hysteresis curves for B3 andof the braces) can be found i8q,21].

the bare frame are shown iRig. 4e). The loops after Specimen CP performed well and dissipated a relatively
subtracting the contribution of the bare frame are illustrated moderate amount of hysteretic energy while providing
in Fig. 5e). After buckling, the hysteresis for B3 stabilizes stable, albeit pioched, hysteretic behavior up to a
and fuller curves, relative to B4, develop in both the positive displacement ductility of 3. The entire infill was active in
and negative drift regions. For negative and positive base dissipating energy. An epoxy connection proved adequate to
shears, absolute ratios of the maximum negative and positiveconnect the corrugated infill to the boundary frame, allowing
base shears at final cycles to the peak base shear at bracgge specimen to reach its ultimate failure by fracture of
bucKing are 0.89 and 0.83 respectively. the infill at locations of repated local buckling. Superior
The overall behavior of B3 was ductile and stable behavior for SPSWs was achieved by Specimen FP, as
up to 2.16% drift, although pinching in the hysteretic eviderced by the significant hysteretic energy dissipated and
loops is apparent. Out-of-pia displacement demand was the large displacement ductility reached. Again, the entire
significantly constrained by the presence of CFSSs. This testplate contributed to the energy dissipation. Specimen FP

was terminated to revent damage to the beam-to-column s also the simplest SPSW system to construct of the two
connections of the boundary frame which had to be used configurations investigated here.

again in subsequent testing. Specimen B1 achieved suparibehavior over the other
braced frame specimens in terms of infill cumulative
6.6. Specimen B4 hysteretic energy dissipation at given drift values. The

cumulative energy dissipation of the infill for this specimen
B4 exhibited a displacement ductility rat{p) of 4. No was 18% more than that of Specimen B2 (without
significant energy was dissipated during the elastic cycles, studs). However, maximum displacement ductilitigs)
and starting from the brace yielding cycle, the cumulative of Specimens B1 and B2 are 4 and 6, respectively. The
energy dissipated increased. ShowrFig. 3f) is the out- experimental fracture life of the tube in Specimen B2 was
of-plane buckling view of the compression brace, from higher than that of the tube in Specimen B1, as reducing
when the tension brace elongation walg.4~ig. 4(f) shows the buckling length for tubar cross section braces also
experimental base shear force versus drift hysteresis curvesaccelerated their local buckling. If hysteretic energy is
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Fig. 6. Comparison of cumulative energy dissipation for specimens:téd)ftame; (b) infill-only; (c) normbzed cumulative energy dissipatiomfill-only);
(d) cumulative energy dissipation per infill volume used.

instead calculated and compared at a given ductility level, of base shear and energy dissipation (infill-only) were
for example at the ductility level at which the tube brace calculated and summarizedTable 2
fractured in Specimen B1, then 92% more hysteretic energy  Cumulative hysteretic engy dissipation can be normal-
is dissipated for Specimen B1, compared to Specimen B2.ized as follows:
Initial stiffness and base shear at yield for Specimen B2 are
about 65% and 80% of those of Specimen B1, respectively. En
At the maximum displacement ductility of 4, infill  —"" = V5, (1)
cumulative energy dissipation for Specimen B3 reached 4.57
times the energy dissipated in Specimen B4, a 357% gaiNwhere Eyy = normalized cumlative hysteretic energy
in infill energy dissipation. From this perspective, the use dissipation,Ey = cumulative hysteretic energy dissipation,
of CFSSs and U brackets as buckling restrainers seemeq/yzyie|d (or buckling) base shear, afig= experimentally
more effective in tension-only braced frames rather than gpizined yield (or bucklingylisplacement. Note that, for
tension—compression braced frames. Moreover, providedipe purpose of normalization, the average of the base
that all brace connections are ductile, solid braces may gpar reached in tension at each of the large plastic
be able to sustain larger amounts of reversed axial cyclic yeformation cycles was used for the value \#f. The
displacements, since local stability problems do not exist. \arigion of normalized cumulative energy dissipation with
While the ratio of maximum total base shears reached ¢ myative number of cycles for all specimens is shown in
by Specimens B3 and B4 is 1.28, this value is 4.93 at fjg, g(). Table 3gives the cycle number and corresponding
initial brace buckling. In other words, the maximum base qgqility level for each specimen for reference since the
shear strength is developed in Specimen B3 at initial oymylative energy dissipation is plotted against cumulative
brace buckling, but maximum strength of Specimen B4 is cyclenumber.
developed at maximum ductility instead. Table 2shows that the flat plate shear wall and the braces
having CFSS members had larger normalized hysteretic
) o ) energy dissipation. Total and normalized cumulative
8. Cumulative energy dissipation and comparison hysteretic energies were the greatest in Specimen FP,
although significant pinching in the hysteresis is apparent.
A comparison of the hysteretic behavior of all specimens Specimen Bl achieved the maximum hysteretic energy
is made easier bfig. 5a) through (f). Using experimental dissipation for the infill alone, although this specimen
hysteresg, the variation of cumulative energy dissipation had less maximum displacement ductility due to its
(total and infill-only) with cumulative number of cycles for lower fracture lie as comared to Specimen B2. Energy
all specimens is shown iRig. 6(a) and (b). dissipation amounts by the infills of other specimens
Falowing the procedure givehelow, to better compare  were 93%, 22%, 85%, 74%, and 16% of Specimen Bl's
the effectiveness of each specimen, normalized valuesenergy dissipation for Specimens FP, CP, B2, B3, and
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Table 2
Normalized characteristics of tested specimens (infill-only)

Specimen Vy (kN) dy (mm) En.infill (KN mm) Vy/(Vy,B2) EH,infill / EH, infill, B1 EHN

FP 371.0 53 211,000 0.55 0.93 107.3

CP 460.0 8.1 50,000 0.68 0.22 13.4

B1 661.3 114 227,000 0.98 1.00 30.1

B2 673.0 11.4 192,000 1.00 0.85 25.0

B3 592.3 11.9 169,000 0.88 0.74 24.0

B4 442.0 11.9 37,000 0.66 0.16 7.0
Table 3 without any visible damage. Note that the largest out-of-
Ductility levels reached at different cycles for tested specimens plane displacements were obtained for this specimen, in

excess of 14% of the brace clear length.

Cycle number Specimed /sy ) avs LR A )
B1® B2 B3 B4 FP CP Hysteretic energy dissipatioper infil material volume

used can be another measure to compare the relative

411:2 8:23 £§ 8:‘213 8223 %'254 %'.172 effectiveness of the tested specimens. Showfrig 6(d)

7.9 1 1 0.76 6 1 0.7 is the variation of volumetric energy dissipation versus
10-12 2 2 1 1 2 1 cumulative number of cycles. Peak energy per volume values
13-15 3 3 2 2 3 2 0f0.048,0.008, 0.049, 0.041, 0.028, an@db kN mmymm?
ig‘” 4 g 33 33 54 33 are found for Specimens FP, CP, B1, B2, B3, and B4
19 _ 5 4 4 5 4 respectively (although the last two specimens were not tested
20 _ 5 4 4 6 4 to failure), which shows that FP, B1 (with studs), and B3
21 - 5 - - 6 - (with studs) dissipated the most energy per unit volume of
22 - 6 - - 7 - material.

;i B B B B ; B It is also useful to compare the energy dissipated by
o5 _ _ _ _ 8 _ the various infills at the same ductility levegl, = 3 for

26 - - - - 10 - exampeé, which is close to what is implied in thHe values

27 - - - - 10 - for SPSWs in simple frames and concentrically braced steel
28 - - - - 12 - frames. Table 4 shows the perimental results for total,

gg B ~ _ B g B infill-only, normalized, and volumetric energies dissipated
31 _ _ _ _ 12 _ by the specimens considered in this study. From that table,

it is understood that Specimens B1 (with CFSSs), B3 (with
CFSSs), and FP are more effective than the others in terms of
the energy dissipated by their infills at a common ductility of
u = 3 sincetheir normalized cumutéve energydissipations
B4 resctively. Similarly, percentage average base shearare the largest. As for the volumetric energy dissipation at
strengths of the specimens are also givefable 2 u = 3, again Specimen B1 is superior over the other five
Of the braced frames, Specimen B2 dissipated the specimens.
largest amount of total hysteretic energy, essentially due  Another interesting comparison regarding specimen
to its longer fracture life. The out-of-plane buckling energy dissipation can be made if the specimen hystereses
displacements of the brace were significant, in excess ofare scaled to the same desigasbk shear for the infill-only
10% of the brace clear length. Although residual out-of- (i.e. after subtraction of the boundary frame contribution).
plane displacements caused sfigraint strength degradation  For Specimens B3 and B4, the design base shear can be
in compression, the behavior was ductile and stable. taken as thebase shear of the system (considering both
Specimen B3 performed well and dissipated significant braces) when brace yieldingccurs, which corresponds
energy with ductile but pinched hysteretic curves. Up to to 640 and 400 kN, respectively. This has the advantage
displacement ductility of 4, the braces dissipated energy by of corresponding to the plateau on the backbone curve
yielding and buckling under reversed displacement cycles. of the hysteresis following the initial peak due to higher
CFSS menbers and U brackets reduced the buckling length compression strength at first buckling. The design base shear
of the braces effectively. is similarly defined for Spcimen FP, which is 340 kN.
Specimen B4 dissipated the least amount of infill and However, for Specimens B1 and B2, which each had a
normalized cumulative energies. The hysteresis curves weresingle tubular brace, the base shear at brace buckling
stable yet gnificantly pinched, as expected. Energy was and the base shear at brace yield are added to give
essentially dissipated through the yielding of the braces in the design base shear, resulting in design base shears of
tension only. A displacement ductility of 4 was reached 1075 and 1020 kN respectively. This is done because

@ The final g/cles for these specimens wer&Xkyclesdue to fracture and
strength degradation.
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Table 4
Hysteretic energy dissipated at the ductility levelof= 3
Specimen  Cum.no.  Driftat En,Total  EH,Total/ En,infil EH,infill / Enn EnN/ En/vol. (En/vol)/
of cycles (AW/)Ay =3 (kNm)  EytotaBr (KNmM)  Eninfil,B1 Enngs  (KNmmymn?)  (Ep/vol.) g
(]

FP 15 0.90 34.6 0.26 29.0 0.25 147  0.94 0.0066 0.27
cP 18 1.38 58.2 0.43 43.3 0.37 11.7 075 0.0072 0.29
B1 15 1.44 135.0 1.00 116.0 1.00 154  0.98 0.0249 1.00
B2 15 1.44 95.2 0.71 70.7 0.61 9.2 059 0.0152 0.61
B3 18 1.62 128.0 0.95 111.0 0.96 157  1.00 0.0187 0.75
B4 18 1.62 54.8 0.41 24.7 0.21 47 030 0.0042 0.17
P braces (2B2) or braced frames with two solid braces and
§ 800 | T et Fracture CFSSs (B3). However, fracture from local buckling occurred
<< 500 || 22~ B4 Sealed FIACH in the tubular braces. Specimen 2B1, which had more
8 4001 L cumulative energy dissipation than Specimens FP, 2B2, and
% B3, also suffered fracture at a lower ductility level since
o local buckling was accelerated hifie lateral restraint of
i the CFSSs.
£ s Fig. 7(b) shows the vaation in energy dissipation per

0 5 0 15 20 25 30 35 cycle, using information from the final cycle at each

Cumulative Number of Cycles displacement level, versus the maximum ductility reached

£ 100 during that same cycle. Again, Specimens FP, 2B2, and B3
Z — 5 b Scaled Fracture exhibit similar energy dissipation per cycle up to a ductility
2 80 . gesae of 4. Beyond that point, the energy dissipated per cycle
& el ——Fraeed by Specimen FP continues to increase while for Specimen
5 2B2 it decreases until the brace fractured. Note that for
f; 40 Specimen B3 the testing was stopped after the cycles at a
£ Fracre () ductility of 4 and the behaviobeyond that dutility is not
> 2 g known. Additionally, Specimen 2B1 dissipated an increasing
g e - _ ' - ] amount of energy until the lagycle (at a ductility of 4),

when it fractured.

From Fig. 7(a) and (b), it appears that flat plate steel
Fig. 7. (@) Cumulative energy dissiin of specimens after scaling to the ~ Shear walls (FP) have similar energy dissipation capacity,
samedesign base shear; (b) energy dissipation per cycle versus ductility of both in terms of cumulative energy dissipation and energy
scaled specimens (using the last cycle at each displacement level). dissipation per cycle, as braced frames with two tubular
braces (2B2), or braced frames with two solid braces and

seismic design muirements would mandate that a brace CFSSs (B3), while providing a longer fracture life than
acting in compression be complemented by at least onetubular braces.
brace simultaneously acting in tension along a specific ~Experiments conducted in this study also showed that
frame line. Arfitrarily selecting the design base shear of Specimen B3 provides greater initial stiffness and strength,
Specimen B2 as a reference results in scale factors of 0.95and that Specimen FP had the maximum displacement
1.594, 2.55, and 3, for Specimens B1, B3, B4, and FP, dudility. Additionally, local buckling and fracture are less
respectively. The hysteresis of each specimen was multipliedof a concern in steel plate shear walls with flat infills.
by the corresponding scale factor and the cumulative energy  Note that observations on ultimate system performance
dissipation of the resulting scaled hystereses was calculateddepend on the fracture life of the components subjected
The results are shown against the cumulative numberto large plastic deformations, for which some statistical
of cycles in Fig. 7(a). Note thatthe cunulative energy  variations are expected. This variability may affect some
dissipation for Specimens B1 and B2 calculated after the quantities reported here, such as maximum drift. This is why
hystereses were scaled, for a single tubular brace, has beethe behaviors of the specimens were compared not only at
doubled to be consistent with the explanation given above maximum drift levels but at a ductility of 3 as well, which is
and that these will be referred to as 2B1 and 2B2. achievable for all systems considered.

As shown in Fig. 7(a), similar cumulative energy Finally, note that all specimens considered in this
dissipation is achieved for the steel plate shear wall research used inexpensive infills. Therefore, labor costs
Specimen FP, and the braced frames with two tubular likely dominate the total fabrication costs. Since labor costs

Ductility
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