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BSTRACT 

An analytical study was conducted to devclop a loading protocol to be used for 

experimental testing of short links in eccentrically braced frames (EBF). Past experimental 

studies have demonstrated that link rotation capacity is dependent on the loading protocol 

that is used in testing. There has been a shear link loading protocol specified in the AISC 

ei mic Provisions since 1997; however, it is a modified ver ion of the SA moment frame 

loading protocol without any study to justity it. 

Three eccentrically braced frames with short shear links (el',IMp < 1.6) were designed 

for the study. Models were developed for these frames and nonlinear time-history analysis 

was perfom1ed using Los Angeles ground motions scaled to match the design spectral 

acceleration for each frame . Critical links were identified from the models and analysis 

rc ults from these links were used to establish parameters for a new loading protocol. 

The analysis results indicated that the loading sequence in the AISC Seismic 

Provisions for testing links is too conservative for short shear links. It has 1.5 times the 

cumulative rotation demand and a higher percentage of large cycles than the analysis results 

indicate is necessary. 

A new protocol was developed following the same methodology as used in creating 

the SA moment frame loading history. The proposed loading protocol has more total 

cycles than the current AISC protocol; however, there are fewer large inela tic cycle and the 

cumulative rotation demand is significantly less. 
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I 'TRODU TlO 

1.1 tatcmcnt of Problem 

Steel eccentrically braced frames, EBFs, have been a popular alternative to moment 

frames and concentrically braced frames since their int roduction to practice in the early 

19 O's. EBFs provide high initial elastic stiffness as well a ductile re ponse under extreme 

loading (Roeder and Popov 1977). The successful performance of EBFs under sei mic 

loading depends on stable inelastic rotation of active links while other frame component 

remain es entiallyelastic. Current design provisions (AISC 2002) for active link are ba ed 

primarily on a series of experimental studies conducted at the University of California, 

Berkeley (UCB) in the 1980's with links of A36 teel (Hjelmstad and Popov 19 3; Malley 

and Popo 1983; Kasai and Popov 1986; Ricles and Popov 1987; Engelhardt and Popov 

1989). 

In 200 1-2002, AISC spon ored a study to inve tigate the effects of higher strength 

steel (F)' = 50 ksi) on the perforn13nce of rolled section links in eccentrically braced frames. 

Experimental work was conducted at the University of Tex.as, Austin (UTA) and analytical 

work was performed at the University of California, San Diego (UCSD). During the 

experimental testing, most of the short links (eV,IMp < 1.6) failed to reach 0.08 rad inelastic 

rotation, which is the design value pernlitted in the AISC Seismic Provisions based on UCB 

studie . The most common failure mode of the UTA short link was one not previously 

observed in link testing, where horizontal fractures propagated out from the termination of 

stiffener-to-web fillet welds as shown in Figure 1.1 (Arce 2002). 

An analytical investigation of the failure found that close stiffener spacing may 

explain this mode of failure, while the loading protocol may have been responsible for links 

failing to reach 0.08 rad inela tic rotation prior to failure (Richards and Uang 2002). The 

UCB links from the 1980's were tested under a variety of loading protocols. The UTA links 

(Arce 2002) were tested with a protocol, first specified in the 1997 AI C Seismic Provisions, 

which requires more cycles and more cumulative rotation to reach 0.0 rad inelastic rotation 

tban did any of the earlier UCB protocols. 
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The objecting of this study was to investigate the rotation demands on short links in 

eccentrically braced frames under design earthquake loading and develop a loading protocol 

for experimental link testing that reflects those demands. Additional work remains to be 

conducted to determine rotation demands for longer links (e V I Mp> 1.6). 

Figure 1.1 Failure Mode Observed in UTA hon Links 
(Specimen 4a, Arce 2002) 

2 
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2 MODEL DEVELOPMENT AND ANALY IS 

2.1 Prototype Buildings 

Two prototype eccentrically braced buildings, one 3 stories and one 10 stories, were 

designed by the AISC Steel Solution Center with direction from Mr. James Malley. Figure 

2.1 shows the plan views of the two buildings with the bay dimensions, column orientation, 

and EBF bays indicated. These buildings were similar in dimension and gravity loading to 

buildings used for moment frame analysis in the SAC project (Gupta and Krawinkler 1999). 

The 3-story building had two different EBFs, one for longitudinal loading ("Frame 

3L") and the other for transverse loading ("Frame 3T"). The elevations of these two frames 

are shown in Figure 2.2 with the member sizes and support conditions indicated. A few of 

the column sections in Frame 3L were modified from the prototype design for the analysis. 

The original column sections are indicated in parentheses (see Section 2.3 for explanation). 

Column bases in both 3-story frames were considered as pinned. The 10-story building had 

the same EBF in both directions, resulting in one prototype 10-story frame ("Frame 10"). 

The elevation of Frame 10 is shown in Figure 2.3. The column bases in the 10-story frame 

were considered as fixed. 

The links in the EBFs of each frame were sized to have simi lar demand/capacity ratios 

under the design earthquake load to encourage distributed rather than concentrated link 

yielding (Popov et al. 1992). Table 2.1 summarizes the links sizes, non-dimensional lengths. 

and demand/capacity ratios. The nature of EBF design tends to result in low shear 

demand/capacity ratios. This is bccuase the link shear under the design seismic loading, 

dictates a required web area, but in order to provide a short link, a section with a large M/Vp 

must be selected. Many sections with large M/Vp are disqualified by the current flange 

width/thickness requirement in the provisions (AISC 2002). The challenge to find suitable 

sections can result in actual web areas somewhat greater than the required. Recent studies 

suggest the flange width/thickness requirement for links can be relaxed (Arce 2002; Richards 

and Uang 2002). 

3 
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2.2 Models 

Models for the three frames (3L, 3T, and 10) were developed and analyzed with 

DRAI -2DX (Prakash et al. 1993). Beam and column cenleriines were used to define model 

geometry. Panel zone shears in EBFs are typically much lower than those in moment 

resisting frames, therefore panel zones were not modeled explic itly and panel zone rotations 

neglected. Connections in the eccentrically braced bays were considered as rigid while 

connections in the other bays were modeled as simple (see Figures 2.2 and 2.3). Rigid zones 

were included at the ends of beams and links to account for column depth . 

2.2.1 Beam, Column, and Brace Elements 

Beams, beam segments outside of the shear links, braces, and columns were all 

modeled as beam-columns. The beam-column element used consists of an elastic beam, two 

rigid-plastic hinges, and rigid end zones. The axial force-moment yield surface used for the 

beam-columns is illustrated in Figure 2.4. A yield stress of 55 ksi was used throughout in the 

model. Beam, column, and brace elements had post-yield stiffness equal to 5 percent of the 

elastic stiffness. Significant yielding in members other than the links was not anticipated or 

reali zed during the time-history analyses. 

2.2.2 Shear Link Elements 

Shear links were modeled using a technique simi lar to that proposed by Ramadan and 

Ghobarah (1995) but with some modifications. Ramadan and Ghobarah's approach is based 

on theory developed by Ricles and Popov (1994) and results in a si mplified version of the 

element created by Ricles and Popov, which can be incorporated in general analysis 

programs. Modifications had to be made to Ramadan and Ghobarah's method to correctly 

model the elastic stiffness of the links. 

Element Proposed by Ramadan and Ghobarah (1995) 

Figure 2.5(a) illustrates the link element proposed by Ramadan and Ghobarah (1995) 

which consists of an elastic beam with translational and rotational springs at either end. Two 

nodes at each end of the link, referred to as the external and internal nodes, are defined to 

have the same coordinates. The elastic beam connects the internal nodes on either end of the 

link. Moment and shear hinging in the link is modeled by rotational and translational springs 

that couple the rotational and vertical translational degrees of freedom of the external and 

4 
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internal nodes. Three translational and three rotational springs operate in parallel at each end 

in order to achieve multi-linear force deformation relationships using bilinear spring 

elements. The horizontal displacement of each internal node is constrained to equal that of 

the corresponding external node. Link rotation is calculated as the venical distance between 

the external nodes divided by the length of the link. 

Individual spring properties are calculated such that the combined force-defornlation 

relationships of the springs at either end correspond to those indicated in Figure 2.5(b). The 

yield points and post-yield stiffnesses, which define the shear-foree-deformation and 

bending-moment-rotation relationships shown in the figure, were calibrated using results 

from UCB tests on A36 links. Post-yield stiffness is modeled with kinematic hardening in 

the rotational springs, and both isotropic and kinematic hardening in the translational springs. 

Conceptually, the element proposed by Ramadan and Ghobarah is sound. However the 

elastic shear and flexural stiffness is accounted for twice in the model, once in the elastic 

beam and again in the elastic stiffness of the rotational and translational springs, resulting in 

inaccurate elastic sti ffness. 

Modified Element Used in This Study 

Since the elastic stiffness is accounted for twice in the Ramadan and Ghobarah's 

element, the element should be modified by removing elastic stiffness from either the beam 

or the springs. The elastic shear stiffness can easily be removed from the beam clement, by 

specifying no shear deformation. Some modification of the springs is still needed, though. 

Ramadan and Ghobarah (1995) gives an elastic stiffness for the translational springs of 

GAsh.a,!e [Figure 2.5(b)]. However, the springs on either end should have a stiffness, Kv/, of 

2GAsh<a,le because the translational springs on either end of the link operate in series with 

each other, and the combined elastic stiffness of the springs on both ends becomes GAshra,le. 

In contrast to the elastic shear stiffness, the elastic flexural stiffness cannot be removed 

from the beam and lumped in the rotational springs without introducing errors. Figure 2.6 

compares the stiffness matrix of a standard elastic beam element (neglecting shear and axial 

deformations) with that of a rigid beam with flexural stiffness modeled using rotational 

springs on either end. The four terms that are different in the two cases are highlighted. 

Under shear loading or loading with equal end moments, the two e lements give identical 

results. However, under unequal or opposite end moments (typical under gravity loads) 

5 
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discrepancies arise and the rigid-beam-with-springs element does not have the correct 

stiffness. 

In light of difficulties associated with removing the elastic stiffness from the beam, it is 

more reasonable to keep the beam ela tic in bending and remove the cia tic stiffness from the 

rotational springs. Since the standard beam element already has rigid-plastic hinges built in , 

the rotational springs can be eliminated altogether. Multi- linear hardening for the moment 

hinges was not deemed necessary, because this study is concerned only with short links 

which experience only minor flexural hinging, so a single standard beam element was 

sufficient. 

Figure 2.7(a) illustrates the link element used in this studied, which is a modified 

ver ion of the concept proposed by Ramadan and Ghobarah (1995). The translational spring 

force-defornlation behavior on either cnd is illustrated in Figure 2.7(b). The yield points and 

post-yield stiffnesses were calibrated based on the recent UTA link tests with A992 steel. 

The flexural hinges were defined to yield at Mp of the link (calculated using the expected 

yield strength, 55 ksi). The post-yieldj7exliral stiffness of the link was equal to 5 percent of 

the elastic flexural stiffness. 

To vcrify this link modeling approach, the UTA hnk test set-up (Arce 2002) was 

modeled in DRArN2DX and a correlation study was perfonned. Each of the UTA tests was 

simulated, with the links modeled as described above. Figure 2.8 compares the analytical 

and experimental results for some of the UTA links. Similar correlation was observed for all 

of the links and validates the link modeling technique. The correlation study indicated that 

link behavior can be reasonably modeled with only kinematic hardening in the translational 

springs (rather than combined isotropic and kinematic), although some accuracy is lost in 

small initial cycles. 

Simplified Modeling Technique 

Whittaker et al. (1987) used a much simpler approach in modeling a six-story EBF 

frame with links in the chevron-braced configuration. In the model , shear links were 

standard beam elements with the moment hinges calibrated to yield when the nominal shear 

strength was reached. This approach is theoretically sound If the end moments of the link are 

equal and the post-yield stiffness of the moment hinges is properly calibrated. 

6 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

D 

The equal end moment assumption is reasonable for links in the chevron-braced 

configuration, but unequal end momcnts tend to occur in links adjacent to columns. 

Although the end moments were not initially equal for the frames in this study, they did tend 

to balance afier minor yielding. To investigate the effect of modeling links in this simplified 

way, additional models were developed using this approach (see Appendix A) and analyzed 

for comparison with the more refined modeling techniques. Overall results using this 

simplified technique were very close to those obtained with the more precise modeling. 

2.2.3 Gravity Loads and Seismic Masses 

The gravity loads and seismic masses used in the models were the same as those used 

for the models in the SAC moment frame study (Gupta and Krawinkler 1999). Un-factored 

loads and masses are given in Tables 2.2 and 2.3. A gravity load combination of 1.2D+0.5L 

(ICC 2000) was applied to the structures during the static nonlinear pushover, or time-history 

analyses (Sections 2.3 and 2.4). The gravity loads for the half of the structure associated 

with each frame, but not acting directly on it, were applied to a P-delta column. 

2.2.4 Damping 

Ricles and Popov (1994) demonstrated that viscous damping in link elements may 

result in unrealistically high brace forces and suggested that nonproportional damping may 

be more appropriate for eccentrically braced frames than traditional Rayleigh damping. 

Nonproportional viscolls damping was used in the models, where all elements except for the 

links had viscous damping. Damping coefficients were based on 2 percent damping in the 

first mode (see Section 2.3) and at a period of 0.2 seconds for each frame. 

2.3 Modal and Pu hover Analyse 

Natural periods determined from modal analyses are indicated in Table 2.4. For 

reference, the period calculated using an empirical formula (Equation 16-39) in the 

International Building Code (ICC 2000) is also indicated. 

A pushover analysis was performed for each of the three frames. The base shear was 

distributed as specified in the IBC (ICC 2000). Part (a) in Figures 2.9-2.11, shows the base 

shear versus roof displacement for each of the frames. Tbe formation of hinges is indicated 

on the load-displacement curves. An abscissa on the top of each plot indicates the drifi at the 
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roof. An ordinate on the right indicates the base shear normali zed by the weight of the 

building associated witb each frame (one half the total building weight). Labels in Pan (b) of 

Figures 2.9-2.11 indicate the sequence of shear and flexural hinge formation. 

The initial pushover analyses of Frame 3L indicated some undesirable column 

yie lding, prior to the development of significant link rotation, in the first and second story 

columns of the right EBF bays. Yielding was the result of high axial forces and bending 

moments in the columns. It should be noted that during the pushover analysis all of the links 

eventually yield and reach ultimate strength, representing a worst-case situation. Since the 

purpose of thi s study was to investigate link rotations and it is generally presumed that the 

columns will not experience significant yielding, the column sizes were simply increased in 

the models to preclude any premature column yielding. Although only two of the columns 

had problems, all of the large columns were increased in size for consistency. The results 

shown in Figure 2.9 are for the model that has the modified columns. 

For all of the buildings the base shear at yie ld was greater tban the design base shear, 

by a degree that might be expected from the demand/capac ity ratios of the links (see Table 

2.1). Links began to reach 0.08 rad inelastic rotation at roof dri fts between 1.0 and 1.3 

percent in the models. Frame 3L, with significant gravity loads as compared to the others, 

had links reach design rotation at the lowest roof drift. 

2.4 T ime-history Analysis 

2.4.1 Ear thqua ke Recor ds 

The suite of ground motions used for the development of the loading protocol consisted 

of twenty LMSR (large magnitude, M, small di stance, R) Los Angeles records that have been 

used in recent PEER projects (Krawinkler et al. 2003; Medina 2003). The motions are 

referred to as PO I-P20 herein . Table 2.5 provides information on these time hi tories. Figure 

2.12 shows the acceleration time histories of the un-scaled records. 

Each record was scaled differently for each frame. Scale factors were calculated to 

make the spectral acceleration of each record, with 2 percent damping, equal to the design 

spectral acceleration, with 2 percent damping, at the period of each frame. The 2 percent 

damping design spectra was obtained by adjusting the 1997 UBC, Soil Type D spectra 

(lCBO 1997), which is for 5 percent damping, using the scaling procedure in FEMA 356 
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(FEMA 2000). Figure 2.13 illustrates the original and scaled design spectra. Figure 2.14 

shows the re ponse spectra of the un-scaled record with the 2 percent damping design 

spectra and the calculated values of the scaling factors for each frame. 

A separate group of analyses were also perfonned with the twenty Los Angeles ground 

motions used in the SAC project, representing events with 10 percent probability of 

exceedance in SO years (Somerville et al. 1997); this set of records contained some near

source ground motions. These ground motions and results from those analyses are presented 

in Appendix B. Results were similar to those obtained using the PEER records. 

2.4.2 Analysi and Data Reduction 

Each of the models was analyzed using each of the twenty specially scaled ground 

motion record . Link rotations were calculated at each step of the time-history analysis u ing 

the coordinates of the link ends. Rotation time histories were generated for the links in all 

three frames under all 20 ground motions. Figure 2. IS(a) shows a typical link rotation time 

history from a first story link of Frame 3T under the P04 ground motion. Figure 2. IS(b) 

shows the link shear versus rotation hysteresis for the same link. The link rotation hi tories 

were the only necessary data for the development of the loading protocol. 

The link rotation time histories needed to be converted into series of cycles, before 

they could be used for loading protocol development. The simplified minflow cycle counting 

method, used by Krawinkler et al. (2000) in the SAC study, was u ed. This technique i 

described in Appendix C. When mean effects are not considered, the rain flow cycle counting 

proces results in a number of symmetric cycles defined by their range (change in 

deformation from peak to peak). Figure 2. IS(c) shows cycles calculated from the rotation 

time history in Figure 2.IS(a). All of the link rotation time history data was reduced in this 

way, so that for each link in each frame under each seismic event there was an associated 

sequence of symmetric cycles ordered with decreasing rotation range. 
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V1 

Frame 

3L 

3T 

10 

Table 2.1 Summary of Link Design Values 

Story Section Non-Dimensional ~ 
Length (e V,IMp) $,v, 

I" 18x86 1.07 0.55 

2"" 14x82 1.15 0.59 

3N IOx68 1.21 0.55 

I" 16x77 1.13 0.68 

2nd 14x74 1.13 0.70 

3,d IOx45 1.41 0.77 

I" 14x74 1.08 0.72 

2nd 18x l06 1.03 0.77 

3,d 16x77 1.11 0.74 

4'h 14x82 1.13 0.79 

5'h 14x82 1.15 0.75 

6'h 14x74 1.12 0.80 

7'h 14x68 1.14 0.77 

8'h IOx68 1.21 0.80 

9'h 12x45 1.43 0.73 

10" IOx45 1.41 0.50 

10 
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Table 2.2 Gravity Loads Used for Building Models 

Load Type Load (psG 
Floor dead load for weight calculations 96 
Floor dead load for mass calculations 86 
Roof dead load 83 
Reduced live load per floor and for roof 20 

Table 2.3 Seismic Masses Used for Bui lding Models 

Location 
Seismic Mass' 

(kip-sec2/ft) 
3-story Structure: 1st and 2nd Stories 65.53 
3-story Structure: 3'd Story 70.90 
10-story Structure: 1st Story 38.62 
lO-story Structure: 2nd -9'" Sto_ry 67.86 
10-story Structure: 10tn Story 73 . 10 

• Values for entIre buIldIng 

Table 2.4 Modal Analysis Results 

Frame T\ (sec) T2(sec) TJ (sec) T4 (sec) Ts(sec) 

3L 0.514 (0.468)' 0.209 0. 190 - -
3T 0.617 (0.468) 0.239 0. 172 - -

10 2. 100 ( 1.1 82) 0.673 0.354 0.248 0.211 

'Va lues in p arcnlheses calculated usin Ta- 0.030)", . g ( 
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J 

Name 

POI 

P02 

P03 

P04 

P05 

P06 

P07 

P08 

P09 

PIO 

Pil 

PI2 

PI3 

PI4 

PI5 

PI6 

P17 

PI8 

PI9 

P20 

Table 2.5 LMSR (PEER) Ground Motion Records 

Event Year Station 
R 

(km) 

Lorna Prieta 1989 Agncws State Hospi tal 28.2 

Lorna Prieta 1989 Capitola 14.5 

Lorna Prieta 1989 Gi lroy Array # 3 14.4 

Lorna Prieta 1989 Gi lroy Array # 4 16.1 

Lorna Prieta 1989 Gilroy Array # 7 24.2 

Lorna Prieta 1989 Holl ister City Hall 28.2 

Lorna Prieta 1989 Hollister Differential Array 25.8 

Lorna Prieta 1994 Sunnyvale-Colton Ave. 28.8 

Northridge 1994 Canoga Park - Topanga Can. 15 .8 

orthridge 1994 LA - N Faring Rd 23.9 

Northridge 1994 LA - Fletcher Dr. 29.5 

Northridge 1994 Glendale - Las Palmas 25.4 

Northridge 1994 LA - Hollywood Store FF 25.5 

Northridge 1994 La Crescenta - New York 22.3 

Northridge 1994 Northridge - 17645 Saticoy St. 13.3 

San 
1971 LA - Hollywood Store Lot 21.2 

Fernando 
Superstition 

1987 Brawley 18.2 
Hill s 

Superstition 
1987 EI Ccntro Imp. Co. Cent 13.9 

Hills 
Superstition 

1987 Plaster City 21.0 
Hills 

Superstition 
1987 Wcstmoreland Fire Station 13.3 

Hills 

12 

PGA Duration 
(g) (sec) 

0.172 40.0 

0.443 40.0 

0.367 39.9 

0.212 40.0 

0.226 40.0 

0.247 39.1 

0.279 39.6 

0.207 39.3 

0.420 25.0 

0.237 30.0 

0.240 30.0 

0.206 30.0 

0.231 40.0 

0 .159 30.0 

0.368 30.0 

0.174 28.0 

0.156 22.1 

0.358 40.0 

0 .186 22.2 

0.172 40.0 
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3 LO DI:'I"G PROTO OL DEVELOPME T 

3.1 umulative Damage Model 

The development of the shear link protocol followed the arne methodology used in 

developing the basic SAC moment frame loading history (Krawinkler et a1. 2000). The basic 

prcmi es of that methodology will be re iewed here. 

Under cyclic loading. the damage to the link. D. is assumed to be de cribed by a 

cumulative damage model of the type: 

where: 

61i. 

N 

C 

e 

= 

= 
= 

(3 .1 ) 

deformation range of cycle i. 

number of damaging excursion (cycles). 

a structural perfonnance parameter that may depend strongly on the type of 

componelll and failure mode. and 

= a structural performance parameter that i usually greater than I. 

From this model come several important principles of cumulative damage that should be 

considered in loading protocol devclopment. Among these are, first. the damage from 

inelastic excursions is cumulative. omponent capacity is expected to dec rea e as the 

number of cycles increases. econd. large cycles cause lillie;' more damage that small cycles 

(e > I). For steel component experiencing plastic deformations, c is li ke ly between 1.5 and 

2 (Krawinkler et a1. 2002). Fina ll y. the model indicates that, for a simple loading history. the 

primary parameters should be the number of cycles (N). the defomlation ranges of the cycles 

(61i,). and the sum of the defonnation ranges (1: Ii,). Recall that the defonnation range for a 

cycle is the change in deformation from peak positive deformation to peak negative 

defonnation. 
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3.2 Response Parameters for Link Loading Protocol 

For the SAC moment frame loading protocol , the basic defonnation parameter was the 

interstory drift angle fl. For shear link loading protocols, however, the link rotation angle y 

has typically been used as the deformation parameter. 

In terms ofy, the primary demand parameters discussed in Section 3.1 are: 

N, = Total Number of Cycles (cycles with rotation range > 0.0075 rad) 

Rotations greater than hal f the yield rotation are considered damaging. 

The range of 0.0075 rad was selected because a link rotation of 0.00375 

rad (half of that range) corresponds to an estimate of half the yield 

rotation. Cycles with range < 0.0075 rad are not considered damaging. 

~y, = Rotatioll Rallge of Cycle i 

Recall that cycles are arranged in descending order so that cycle 1 has the 

largest range, cycle 2 as the second largest, and so forth. 

'£~y, = CUlllulative Deforlllatioll Rallge (cycles with rotation range> 0.0075 rad) 

This is the sum of all the cycle ranges. 

In addition to these primary demand parameters, secondary parameters considered III 

protocol development arc: 

Np = NUlllber of i ll elastic Cycles 

~y",,, = 

Yma\ = 

~Y2 = 

~YJ = 

Link yield rotation varies somewhat depending on section geometry and 

link length, but is generally close to 0.0075 rad for short shear links. 

Inelastic cycles can be roughly defined as those with ~Yi > 0.015 rad 

(2xO.0075). 

MaximulII Rotatioll Rallge 

MaximulII Rotatioll 

Secolld Largest Rotatioll Rallge 

Third Largest Rotatioll Rallge 

These dcmand parameters parallcl those used by Krawinkler et al. (2002). Values for 

thesc primary and secondary demand parameters were calculatcd for each link in each frame 

under each earthquake using the cycle data obtained from the rain flow counts (Section 2.4). 
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3.3 Target Values for Demand Parameters 

A loading protocol can be characterized by the primary and secondary demand 

parameters discussed in Section 3.2. In developing a new protocol , "target value" for each 

of the demand paramctcrs were selected based on statistical analysis of the values calculated 

from the model link data. 

3.3.1 Gonrning Principle ill electi ng Target Values 

Krawinkler et al. (2002) outlined some guiding principles in determining appropriate 

target values for the demand parameters. These principles (re-written in terms ofy) are: 

1. The loading hislOIY shollid represenl a "reasonable and generally 
consen'atil'e " demand on N

" 
ay" alld r.ay, /01' the /1111 range 0/ 

anticipated link rotalions (i.e .. /or links in EBFs 0/ all periods, all 
stories in a stl'llClllre. all reasonable designs. all seismic regions, all 
types 0/ ground motions. etc.) 

2. "Reasonable and generally consermtil'e" implies that the total 
number 0/ damaging cycles, N

" 
should be represented in QI·erage. and 

that Ihe cumulatil'e de/ormation range. r.ay .. should be represented 
conservatively. Consideration should also be gil'en to the fact that 
small cycles are much lIIore frequelll to large ones. and that small 
elastic cycles contribute l'el)1 lillie to damage. 

3. PrilllOlY consideration should be given to the cycles lVitll relatively 
large de/ormation ranges. II'hich \I'iII dominate damage 
accumul a t ions. 

4. Additional consideration should be given to consermth'e 
representation a/the plastic de/ormation ranges. 

5. El'en though it is desirable (see ilem 1). it will not be possible to 
separate tlte loading l,istolY /ully from tlte maximum de/ormation 
range. ay""" at II'hich acceptability is 10 be emluated. This cannof 
be done because r. y, depends strongly on aYm" and r. y, is the most 
importanl parameter 10 be represented in the loading histol)·. 

3.3.2 Determining Target Values 

Figures 3. 1 shows values for three of the demand parameter (N" r.ay .. and ay"",) for 

Frame 3L. Infomlation is shown for links from each story for all of the ground motions. For 

reference, each plot also has the parameter value from the current AI C link loading protocol 

indicated by a dashed line. Results are shown in the same formant for Frames 3T and lOin 

Figures 3.2 and 3.3. Note that the AIS protocol has a significantly higher cumulative range 
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en c., 

demand than that experienced by any of the I inks under any of the earthquakes [plot (b) in 

Figures 3.1 through 3.3]. 

1n the development of the SAC moment frame protocol, a "critical story" was 

identified from the structures, and final statistical analysis and loading protocol development 

was based on the data from the critical story (Krawinkler et al. 2000). A similar approach 

was used in this study. Comparing the results from the three frames, the 3-story frames have 

higher values than the 10-story frame. Of the two 3-story frames, Frame 3T has slightly 

higher overall values for the three parameters and represents the critical frame. In Frame 3T 

the third story links have the highest cumulative range, while the first story links have 

greatest maximum range. For the remaining analysis, data from the first and third story links 

from Frame 3T was used since these represent the "critical links". 

Statistics were used to characterize the demand parameters for the critical links. For 

each parameter and link (e.g., 2:t.y, at third story) several probabilistic distributions were 

tested to describe the variation of that parameter for the twenty earthquake records. 

Lognormal distributions tended to provide the best fit for most of the parameters. With a 

distribution assigned, percentile values were computed for each parameter. 

Figures 3.4 through 3.10 show the percentile values for the parameters for the first 

and third story links in Frame 3T. These results were used to determine target demand 

parameter values for the proposcd loading protocol. A brief discussion about the selection of 

the target values for each parameter follows. 

Total NUll/bel' of Cycles, N, 

Figure 3.4 indicates that the number of damaging cycles (t.y > 0.0075 rad) was 

grcatest for the third story links. Since the total number of cycles should be represented in 

average ( ee Section 3.3.1), a target value of 36 was reasonable. 

NUll/bel' of Inelastic Cycles, Np 

Figure 3.5 shows that the third story links experienced more inelastic cycles than the 

first story links. A target of 18 inelastic cycles, con'esponding to the 90'h percentile value, 

was selectcd. It was decided to conservatively represent the number of inelastic cycles, to 

account for buildings shorter than 3 stories which were not addressed specifically in the 

study. The two parameters, 36 total cycles and 18 inelastic cycles, provide a rough initial 

framework for the protocol. 
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Sum of ROlation Ranges, "£.6y, 

This parameter is one of the most important as it represents the cumulative rotation 

demand. From Figure 3.6, the third story links have higher values for "£.6y, than the first 

story links. Since this parameter should be represented conservatively, the 90th percentile 

value for the third story links, 1.10 rad, was used as the target value. 

Maximum Rotation Range, 6y",,,, 

The maximum rotation range in a protocol indicates the point at which the cumulative 

rotation should be accomplished, and usually represents the acceptance criteria. Since the 

current AISC Seismic Provisions specify a design inelastic rotation of 0.08 rad for short links 

(total rotation of about 0.09 rad assuming elastic rotation of about 0.0075 rad), an appropriate 

maximum rotation range in terms of that value would be 0.18 rad (2xO.09 rad). From Figure 

3.7, the target value of 0.18 rad is higher than the 90th percentile value of the third story 

links, but a little lower than the 90th percentile value for the first story links. 

Maximum Rotation, Ym", 

Since a simple protocol consists of symmetric cycles, the target maximum rotation 

was constrained by the target maximum rotation range to be 0.09 rad (6Ym,,/2). Figure 3.8 

indicates this corresponds well with the 90th percentile value for the third story links. The 

90'h percentile value for the first story links is somewhat greater, but this is not considered a 

problem for two reasons. First, damage is proportional to the range and not amplinlde, and 

the results in Figure 3.7 indicate that rotation ranges remain reasonable even though large 

one-sided excursions sometimes occur. Second, links that experience a large maximum 

rotation generally have lower cumulative rotations (recall lower sum of rotation ranges for 

the first story links in Figure 3.6). Testing of several links has demonstrated that large, one

sided rotations are achievable as long as cumulative rotations are not high (Malley and Popov 

1983; Kasai and Popov 1986). 

These results (Figure 3.8) suggest that links in EBFs, designed according to the 

provisions (A ISC 2002), will generally not exceed the design rotation of 0.08 rad inelastic 

rotation under design earthquake loading. Those that do will likely have lower cumulative 

rotations. Note that near fault records were not included in the ground motion suite used to 

generate the data. Such records result in higher maximum rotations, but again, cumulative 

range demands and maximum range values are still reasonable (see Appendix B). 
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Magnitlldes of D.Y2 and D.YJ 

From Figures 3.9 and 3.10, the target values of the second and third largest ranges 

were selected be 0.10 rad and 0.08 rad based on the 90th percentile values. 

Rotation Range of Cycle i. D.Yi 

This is one of the primary demand parameters and relates to the proper distribution of 

cycle ranges within a protocol. The model data for D.Yi is most useful in the foml of the 

cumulative distribution function I (CDF) for all the cycles from all the records, for a given 

link. Figure 3.11 shows the CDF for the first and third story links. The CDFs are similar and 

both indicate that the majority of cycles have small ranges. 

Table 3.1 summarizes all the target demand parameter values obtained from the time

history analysis data, as discussed above. 

1 The cumulative distribution function (CDF) should not be confused with climulative rotation demand. TIle 
cumulative distribution function indicates the percentage of cycles having a range less than some given range. 
The cumulative rotation demand has units ofrad and is the sum of the cycle ranges. 
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Demand Parameter Target Value 

I N, 36 cycles 

Np 18 cycles 

I L~Yi 1.10 rad 

~Y",ax 0.18 rad 

I Ymax 0.09 rad 

~Y2 0.10 rad 

I ~YJ 0.08 rad 

~Yi CDF (Figure 3.11) 
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4 PROPOSED HORT LINK LO DING PROTOCOL 

4.1 Propo ed Testing Protocol 

A proposed loading protocol for short links was developed, based on the demand 

parameter values described in Section 3.3. The protocol consist of several rotation 

amplitude steps, each consisting of a number of symmetric cycles. The protocol is 

summarized in Table 4.1 and illustrated in Figure 4.1 (a). The 2002 AISC protocol is shown 

in Figure 4. I(b) for comparison. Table 4.2 compares the demand parameter values of the 

proposed loading protocol with the target values. The target va lues are conservatively 

represented in the new protocol. The values of the 2002 AISC protocol are also shown in the 

table for comparison. 

Figure 4.2 compares the discrete COF of the proposed protocol wi th those of the links 

from Frame 3T (see Section 3.3 .2). The COF of the AISC protocol is also shown for 

companson. ote that a protocol COF "below" the data is conservative, indicating the 

protocol has a greater percentage of large amplitude cycles than thc data. The proposed 

protocol is reasonable in comparison with the data. 

4.2 Comparison of the Proposed and AISC Loading Protocols 

The proposed protocol differs from the AISC link protocol, and the AISC moment 

frame loading protocol, in that the deformation increment changes for the latter stcps and 

only one cycle is applied at the latter steps rather than two. These characteristics were 

necessary to provide a distribution of cycles consistent with the data. 

From Table 4.2, the proposed protocol has more total cycles, the same number of 

inelastic cycles, and lower cumulative range demand as compared with the 2002 AISC 

protocol. Figure 4.3 illustrates the cumulative range demands of the two protocol plotted 

against cycle range. The AISC protocol requires 48% more cumulative rotation than the new 

protocol. In addition, and perhaps more significant, 72% of the total cumulative range 

demand in the AISC protocol comes from cycles with rallges greater than 0. 1 rad. In 

comparison, only 37% of the total cUlllulati ve range demand comes from cycles with ranges 

greater than 0.1 rad in the proposed protocol. Recall from the damage model that large 

excursions cause 1I1l1ell more damage than small excursions (see Section 3.1). This highcr 
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percentage of large range cycles in the AISC protocol is also illustrated by the CDF (see 

Figure 4.2) 

Based on the demand parameters and the assumed damage model, the proposed 

protocol is significantly less severe than the AISC protocol. It is anticipated that a short 

shear link would reach a greater rotation level prior to failure with the proposed protocol than 

it would with the AISC protocol. 

42 



I ~ 
J 
J 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Table 4.1 Proposed Short Link Loading Protocol 

Load Step Peak Link Rotation Angle, y Number of ycles 

I 0.00375 6 

2 0.005 6 

3 0.0075 6 

4 0.01 6 

5 0.015 4 

6 0.02 2 

7 0.03 2 

8 0.04 I 

9 0.05 I 

10 0.07 I 

II' 0.09 I 

'Continue Wllh IllCrelllcnts 111 Y orO.02, and perrorm I cycle at cach step untli raliure 

Table 4.2 Comparing Protocol Demands with Target Values 

Demand 
Target Value Proposed Protocol AISC Protocol 

Parameter 

NI 36 cycles 36 cycles 24 cycles 

N' p 18 cycles 18 cyclcs 18 cycles 

LLl.y, 1.10 rad 1.14 rad 1.69 rad 

Ll.Yn,". 0.18 rad 0.18 rad 0.18 rad 

Ynl3,,( 0.09 rad 0.09 rad 0.09 rad 

nYl 0.10 rad 0.14 rad 0.16 rad 

nYJ 0.08 rad 0.10 rad 0.16 rad 

ny, See Figure 4.2 See Figure 4.2 See Figure 4.2 

'Assullling Yy '" 0.0075 rad 
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There has been a shear link loading protocol specified in the Al ei mic Provi ions 

since 1997; however, it is a modified version of the SAC moment frame loading protocol 

without any study to justify it. The objective of this study was to in\'c tigate the rotation 

dcmands on short links in ecccntrically braced frames under design earthquakes and develop 

a loading protocol for link testing. One 3-story building and one IO-story building, with a 

total of three unique eccentrically braced frames, were designed by the Al C Solution 

Center. The designs called for lInk in configurations where one end of each link was 

connected to a column. Models were developed for each of the frames, and nonlinear time

history analysis was performed using a suite of Los Angeles earthquakes scaled to match the 

1997 UBC design spectra. 

The model results indicatcd that the protocol in the AISC eismic provisions is overly 

conservative in representing design earthquake demands. A new loading protocol was 

developed following the same gencral procedure as was used in devcloping the SA moment 

frame loading protocol. The proposed protocol requires only 67% of the cumulative rotation 

specified by the AISC protocol in order to reach the link design inclastic rotation for short 

links (0.08 rad). The proposed protocol also requires fewer large inelastic cycles as 

compared to the AISC protocol. According to the assumed damage model, the proposed 

protocol is significantly less severe than the current AISC protocol and link would achieve 

higher maximum rotation when tcsted with the proposed protocol. 

It is recommended that the proposed protocol be used for future te ting of short shear 

links. Additional work needs to be completed to address loading for longer links (eV,.IMp > 

1.6). 

46 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

REFERENCE 

AISC. (2002). Seismic Provisiolls for Structural Steel Buildillgs, American Institute of Steel 

Construction, Chicago, IL. 

Arce. G. (2002). " Impact of Higher Strength Steels on Local Buckling and Over trength of 

Links in Eccentrically Braced Frames." Masters Thesis, University of Texa at Austin, 

Austin, TX (advisor: M.D. Engelhardt). 

Engelhardt, M. D., and Popov, E. P. ( 1989). "Behavior of Long Links in Eccentrically 

Braced Frames." Report No. UBCIEERC-89101, Earthquake Engineering Research 

Center, University of California at Berkeley, Richmond, CA. 

FEMA. (2000). "Prestandard and Commentary for the Seismic Rehabilitation of Buildings." 

FEMA 356, Federal Emergency Management Agency, Washington, D.C. 

Gupta, A., and Krawinkler, H. (1999). "Prediction of Seismic Demands for SMRFs with 

Ductile Connections and Elements." Reporr No. SACIBD-99106. SAC Joint Venture, 

Sacramento, CA. 

Hjelmstad, K. D., and Popov, E. P. (1983). "Seismic Behavior of Active Beam Links in 

Eccentrically Braced Frames." Report No. UBCIEERC-83115, Earthquake Engineering 

Research Center, University of California at Berkeley, Richmond, CA. 

ICBO (1997). Ulliforlll Buildillg Code. International Conference of Building Officials, 

Whittier, CA. 

ICC (2000). /lIIerllatiollal Bllildillg Code. International Code Council , Inc., Whittier, CA. 

Kasai, K., and Popov, E.P. (1986). "A Study of Seismically Resistant Eccentrically Braced 

Steel Frame Systems." Report No. UCBIEERC-86101, Earthquake Engineering Research 

Center, University of California at Berkeley, Richmond, CA. 

Krawinkler, H., Gupta, A., Medina, R., and Luco, N. (2000) . "Loading Histories for Seismic 

Perfornlance Testing of SMRF Component and Assemblies." Report No. SACIBD-

001/0. SAC Joint Venture, Sacramento, CA. 

Krawinkler, H., Medina, R., and Alavi, B. (2003). "Seismic Orin and Ductility Demands and 

Their Dependence on Ground Motions." Ellgilleerillg Structures, 25(5), 637-653. 

47 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Malley, 1. 0., and Popov, E. P. (1983). "Design Considerations for Shear Links in 

Eccentrically Braced Frames." Report No. UBCIEERC-83124, Earthquake Engineering 

Research Center, University of California at Berkeley, Richmond, CA 

Medina, R. A. (2003). "Seismic Demands for Nondeteriorating Frame Structures and Their 

Dependence on Ground Motions." Ph.D Disertatioll, Department of Civil and 

Environmental Engineering, Stanford University, Palo Alto, CA. 

Popov, E.P., Ricles, 1.M., and Kasia , K. (1992). "Methodology for Optimum EBF Link 

Design," Proceedillgs, Tenth World Conference of Earthquake Engineering, Vol. 7, pp. 

3983-3988, Balkema, Rotterdam. 

Prakash, V., Powell , G.H., and Campbell, S., (1993) . "DRAIN-2DX: Base Program 

Description and User Guide." Report No. UCBISEMM-931I7, Department of Civil 

Engineering, University of California, Berkeley, CA. 

Ramadan, T., and Ghobarah, A. (1995). "Analytical Model for Shear-Link Behavior." 

Journal oj Structural Ellgilleerillg, 121 (II), 1574-1580. 

Richards, P., and Uang, C-M. (2002). "Evaluation of Rotation Capacity and Overstrength of 

Links in Eccentrically Braced Frames (Phase I) ." Report No. SSRP-2002118, Department 

of Structural Engineering, University of California at Sun Diego, La 101la, CA. 

Ricles, J. M., and Popov, E. P. (1987). "Experiments on Eccentrically Braced Frames with 

Composite Floors." Report No. UBCIEERC -87106, Earthquake Engineering Research 

Center, University of California at Berkeley, Richmond, CA. 

Ricles, 1.M ., and Popov, E.P., (1994). "Inelastic Link Element for EBF Seismic Analysis." 

Joul'/lal oj Stmctural Ellgilleerillg, 120(2), 441-463. 

Roeder, C. W. , and Popov, E. P. (1977). "Inelastic Behavior of Eccentrically Braced Steel 

Frames under Cyclic Loadings." Report No. UCBIEERC-77118, Earthquake Engineering 

Research Center, University of California at Berkeley, Richmond, CA. 

Somerville, P., Smith, N., Punyamurthula, S., and Sun, 1. (1997). "Development of Ground 

Motion Time Histories for Phase 2 of the FEMNSAC Steel Procjecl." Report No. 

SACIBD-97104. SAC Joint Venture. 

Whittaker, A. S., Uang, C-M., and Bertero, V. V. (1987). " Earthquake Simulation Tests and 

Associated Studies of a 0.3-scale Model of a Six-story Eccentrically Braced Steel 

Structure." UBCIEERC Report No. 87-02, Earthquake Engineering Research Center, 

University of California at Berkeley, Richmond, CA. 

48 



I ~ 
00 
w 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
II 
I 
I 
I 
:1 
I 

I 

APPE DIX A-Rcsults from Timc-History Analyses Using Simplified lodel 

Models were developed using the simplified technique that Whittaker et al. (1987) 

used. The same data reduction techniques were used and results are presented in the 

fol lowing pages in the same manner as in the body of the report. Re ults arc very similar, 

and the same loading protocol would be developed based on the simplified models. 
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APPENDIX B-Rcsults from Time-History Analyses Using SAC LA 10/50 Records 

Analyses were also perfonned on the simplified models using the SAC Los Angeles 

ground motions with 10 percent probability of exceedance in 50 years. Figure B. I shows 

these ground motions (already scaled for the SAC project) with name and PGA indicated in 

each plot. Figure 8.2 shows the spectral accelerations with 2 percent damping. Also 

included in the plots is the 2 percent design spectra used III the study (see Section 2.4.1 and 

Figure 2. 13). 

Analysis results for the key parameters are shown for the three frames in Figures AJ 

to A.5. Based on these plots, the I" and 3rd story links in Frame 3T were the critical links. 

Figures A.6 to A.12 show the percentile values for the protocol parameters for the critical 

links. Figure A.13 shows the CDFs for the critical links. Table A.I compares the target 

values obtained from these results with those from the runs under the PEER records (see 

Section 3.3.2). The PEER records resulted in a higher number of cycles, both elastic and 

inelastic, but the cumulative range was only slightly higher. 

The significant difference between the SAC records and the PEER suite was the 

presence of near fault records in the SAC suite. This rc ulted in high 90'h percentile values 

for !!,y",,, and Ymax. These secondary protocol parameters would end up being dictated by the 

design range of the links (0.18 rad), so vcry sim ilar protocols would have developed from the 

SAC and PEER data. 

Table B.I Comparing Protocol Demands with Target Values 

Protocol Demand 
PEER Records SAC Records 

Parameter 

N, 36 cycles 32 cycles 

N' p 18 cycles 15 cycles 

L!!,Y; I.I0rad 1.02 

flYma" 0.18 rad 0.18 

Ym3X 0.09 rad 0.09 

!!,Y2 0.10 rad 0.14 

!!,YJ 0.08 rad 0.10 

!!'Y; CDF (Figure 3.11) CDF (Figure B.13) 
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Figure B.13 umulntive Distribution Function of yclc Ranges, 'I,. 
(Cycles with Range > 0.0075 rad, for Links in Frame 3T under all Ground Motion) 
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APPE DIX - Rainnow yclc ounting Procedure 

Cycle counting is needed to conven a link rotation time history into a serie of cycles from 

which a loading history can be developed. The rain now cycle counting procedure u ed 10 

this study (Krawinkler et al. 2000) is described below and illustrated in an example. 

I. First the rotation time history i drawn so as to begin and end at the greate t rotation, to 

eliminate the counting of half cycles,. This is done by moving the ponion of the time 

history that follows the maximum amplitude point to the front of the history. The end of 

the original time history is then anificially connected to the beginning of the time hi tory 

[implications discussed in Krawinkler et al. (2000).) 

2. All of the peaks and valleys are identified in the time history. 

3. Cycle counting stans at the beginning of the time history. Once a cycle is counted and 

recorded, the peak and valley associated with the cycle are not considered for further 

cycle counting purposes. A cycle is counted when the second range in a pcak-valley

peak or valley-peak-valley combination is greater than the first range. The cycle 

counted is defined by the first peak-valley or valley-peak combination (see example on 

next page). The range of the cycle is the difference in rotation between the peak and 

valley. The mean value a sociated with the cycle is the average of the rotation values at 

the peak and valley associated with the cycles. Counting continue from left to right and 

stan again at the beginning when the end is reached. Counting continues until the entire 

history is exhausted. 

4. yc les are arranged from grea test range to least. Mean effects are not considered for 

basic loading history development, so symmetric cycle result. 

67 



I 
I 
I 
I 
II 
I 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

An example of the rainnow cycle counting technique follows. A short rotation time hi tory 

with some residual drift is shown below in Figure C.I . 

Rotation 

0.04 
003 
0.02 
00 . 

o 
-0.0. 
-002 
-003 
-0.04 
-0.05 
-006 
.007 

re .. :lual rotallOn 

t---__ -I--\-I-__ '--I Time 

Figure C. I Example Rotation Time History 

r n Step I, the part of the history following the maximull1 rotation is identi fied and moved to 

the beginning (Figure C.2). The original end of the record is artificially connected to the 

original beginning of the record. 

RotatIOn 

004 < 

~.~~ ,.,lv\ ..... 
001 !\. 

o 1----4-+-+--~- Tm" 
-0 O' 
-0.02 
-003 
-004 
-005 
·0 06 
·0.07 

'v 
, 

I 

RotatIOn 

~.~ ,f\,/\., 
001 /\. 

o I--i-'Hi---.· --- Tm. 

~u V 
-0.05 
-006 
·0,07 

Figure C.2 Reordering Rotation Time Hi tory 

In Step 2 peaks and valleys are identified (Figure C.3). 

68 



I -
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

004 
003 
002 
001 

o 

o 
.001 
.0 02 
.0 03 
.004 
.0 05 
·006 
.0 07 

r-~~----~-----T~ 

lisA) 

Figure C.3 Identification of Peaks and Valleys 

In Step 3, cycles are counted as the record is read from left to right. The first peak-valley

peak or valley-peak-valley combination to be read is A-B-C. ince the econd leg of the 

combination B-C is /lot greater than or equal to A-B, /10 ycle is counted (Figure C.4). The 

next peak-valley-peak or valley-peak-valley to be considered is B- -D. ince second leg D

C is greater than the first leg B- ,the eycle B-C is counted, and points B and are not 

considered anymore. Similarly, continuing to the right, cycle E-F is counted since F-G is 

greater than or equal to E-F; and cycle G· II is counted since H-I i greater than or equal to G· 

H. 
RotatIOn 

0.04 
003 
002 
001 

o 
.001 

Figure 

o 

/--"---\------- T .... 

1(01.) 

ounting Cycles in Record 

A ncr reading through the record once, and removing the peak and valleys that were 

"counted", the only remaining points are A, D. and I (Figure .5). When the record is read a 

second time, cycle A-D is counted since D-I is greater than or equal to D-A. tnce there are 

no peak-valley-peak or valley-peak-valley combinations remaining. the record is exhausted 

and the process is finished . 
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Figure C5 Counting Final Cycle 

The results of the cycle counting are tabulated, with cycles arranged from greatest range to 

least as shown in Table CI, The ranges define the resulting cycles. For a basic loading 

history mean effects are not considered, so the set of cycles are symmetric (mean value of 

zero). Figure C6 shows the resulting symmetric cycles from the original time history, The 

maximum rotation (0,05 rad) is equal to half of the maximum range (0.11 rad), 

Table C I Rainflow Counting Results 

Cycle No, 

I (A-D) 

2 (B-C) 

3 (E-F) 

4 (G-H) 

Range (rad) 

RotatIOn 

006 
0,05 
0,04 
003 
0,02 
001 

0,1\ 

0.04 

0.02 

0.02 

o~-+--~~+n---
·0,01 
-0 ,02 
·003 
·0,04 
-005 
·0,06 

Mean (rad) 

-0,015 

0,0 

0.02 

-0.03 

Figure C6 Resulting Symmctric Cycles from RainflolV Counting 
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