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SUMMARY:

This study examines the seismic collapse safetyldér, non-ductile reinforced concrete buildingnfies
designed and constructed prior to 1970s in ac&ensc regions. The evaluation was performed bpgisi 6-
story, 5-bay “benchmark” RC frame having propertisilar to modern construction. Non-linear dynamic
analysis simulated in structural analysis softwaas used to assess the seismic behavior of theiwgtaliframe.
Consequently the “benchmark” frame was modified \@yrying two different structural parameters (the
transverse reinforcement ratio and the column-gmbenoment strength ratios). The Incremental Dynamic
Analysis method was used to determine the prolvpluficollapse for each modified frame. The resiritlicate
that simple engineering calculations determineddwew of the engineering drawings could be utdiZer an
assessment of the behavior of RC structural frames.
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1. INTRODUCTION

A wide variety of concrete buildings were builtthe 20th century in the United States and elsewhere
many of them before introduction of modern seisdesign requirements. Many of these buildings
were constructed with low base-shear strength aitld @etails and proportions that result in low
ductility/displacement capacity. Some of these dings pose a high seismic risk to building
occupants, and will be a major contributor to cédmsin future earthquakes. An important goalais t
be able to identify the highest risk buildings battmitigation efforts can be directed to improkeit
safety.

One method for identifying high-risk buildings @itlentify the codes to which they were designad. |

the highly seismic western U.S., modern requireménit ductile design of concrete buildings were
introduced in building codes starting in the midz@8. By 1980, these requirements were widely
implemented. This benchmark year thus provideda lo\awhich to classify older-type designs versus
more modern-type designs. Unfortunately, in thenties of highest risk in California alone, over

20,000 such pre-1980 concrete buildings exist. dRdtng all these buildings clearly is impossible

given economic, social, and political constraiitisernative procedures are required.

In this paper we report results of an exploratduglg to identify characteristics of older-type crete
buildings having highest risk of collapse. The gtbegins with an idealized building frame that was
detailed to comply with the current code provisiomait with strength typical of older-type
construction. This benchmark building was sequbntiaveakened by modifying transverse
reinforcement and column-to-beam moment strengtiosiaFor each case, the collapse risk was
evaluated to identify combinations that result idden changes in collapse risk. The intent is to
develop a set of “collapse indicators” whose presen a building can be used to indicate a higher
propensity for collapse compared with the backgdopopulation of older-type concrete buildings.



2. DEVELOPMENT OF THE “BENCHMARK BUILDING”

The “benchmark building” corresponds to a 6-stdyhay reinforced concrete frame building. The
idealized building consists of four perimeter motaessisting frames, two in each direction, thatever
designed to resist gravity and earthquake forcedewhterior frames were designed to resist only
gravity loads. Each perimeter frame was propoeiibto have design strength sufficient to resisebas
shear of approximately 10% of half of the self-wrigf the building.

Perimeter Moment
Resisting Frame

Figure 1. Three-dimensional view of the benchmark building

The building presented in Figure 1 does not comedpo a real, existing building, but instead itswa
designed solely for the needs of the current stlitie. “benchmark building” was designed to satisfy
the detailing and proportioning provisions of AC1808 (2008), including all requirement for
configuration and spacing of transverse reinforaemal requirements for development and splicing
of reinforcement and the requirement that the simominal moment strength of columns be at least
6/5 times the sum of nominal moment strength ofiiseat every beam-column connection except for
those located at roof level. Accordingly, the “blemark building” was expected to perform in a
ductile manner without common performance defidienidound in many older concrete buildings.
This building was expected to serve as a referpoad for a building type that would be unlikely to
require any seismic rehabilitation and that it dobé used as a pivot for every comparison regarding
the collapse risk.

3. NON-LINEAR SIMULATION MODELS

The idealized building described in the previoustise was assumed to have symmetric plan, such
that the building responds to earthquake ground&ispawith minimal plan torsion. Furthermore, it
was assumed that the perimeter frames provide Hjerity of resistance to lateral forces. Therefore,
to simplify the analysis approach, the building waadeled using a two-dimensional (2D) structural
frame simulating only the vertical and lateral seaice of the perimeter frame. The decision to inode
only the vertical and lateral resistance of theimpeter frames necessitated making additional
assumptions about distribution of seismic mass gradity loads. The perimeter frames in each
direction were assumed to carry the total seisnasswf the structure. Thus, the single frame, shown
in Figure 2, was assigned to carry half the bugdseismic mass with masses lumped at floor levels.
To account for P-Delta effect, a “leaning columaopporting assigned gravity loads was included in
the model. At each level, the leaning column suggpapplied vertical load equal to 67% of half ¢ th
weight of the structure. This ratio was selectedoading to the judgment of the authors as to how
much resistance would be provided by the interfaming, and was not a result of any detailed
calculation.
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Figure 2. Elevation view of the perimeter frame

The structural analysis model is an assemblagmefelements representing the flexibilities of beam
and columns connected to zero-length joints. Thecgtral analysis model was assumed to have fixed
supports at the foundation, except the leaningnsolwhich was pin-supported. The diaphragm was
assumed rigid; therefore, all the joints at a gilevel were constrained to have equal horizontal
displacements. For dynamic analyses, damping v&asraexl equal to 2% of the critical damping.

To model the non-linear flexural behavior of theusture, a lumped plasticity approach was used for
both beams and column. By this approach, all tleeehts consist of three parts; a linear elastic
element and rotational springs at each end. Theatirelastic elements have flexural stiffness
properties calculated from the members cross sediwracteristics. The flexural stiffness of the
structural members was reduced in accordance W8BE41 Supplement 1 stiffness modification
factors to account for concrete cracking and resgment slip from connections. The rotational prin
element behavior was simulated in OpenSees basedh@nClough model, using hysteresis
implemented in OpenSees by Ibarra et al. (2005.mbst important aspect of this model is the post-
capping negative slope, which enables modelinghef dtrain-softening behavior associated with
concrete crushing, reinforcement buckling, andfeeogement fracture. The model also incorporates
cyclic strength degradation. The parametric valigesthe calibration of the spring elements were
calculated according to the equations presentéthgelton et al. (2007/03).

Experimental Results
Model Prediction
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Figure 5. Backbone moment-rotation curve of the spring eldméa typical column member of the
“benchmark” building

As mentioned above, in addition to the benchmaiildimg, additional designs of the same building
were considered in which the spacing of transvezsdorcement was increased so that it covers the
expected range in design and performance in Caldtsr older RC frame buildings. To measure the
variation of shear demand over the shear resistamceeasily calculated parametep/W, was
employed. In this ratio, the plastic shear demapav&s assumed to be equal to 2fM.oumn, Where

M, corresponds to the plastic bending moment stresfgghcolumn member and.4imn to the column
height; the shear strength, Was assumed to be equal to the nominal shear sirasgsuggested by
ASCE 41-06. Consequently the/V, ratio was calculated for each column and an avevafe for

the structure was computed.

The benchmark building model, which correspondg /., = 0.4 (a typical column of the benchmark
building has 4-legged hooks with spacing equal tn.} was assumed toodel only flexural failure
explicitly, so it corresponds to a purely flexufalure model. However, in accordance with ASCE-41,
as W/V, becomes higher than 0.7 the possibility of havinghear failure that follows or even
precedes flexural yielding becomes likely. Tablerésents the relation between the spacing of the
transverse reinforcement and thg\¥, ratio (the value of YV, presented in the table corresponds to
an average estimated value).

Table 1.Relation between spacing of transverse reinforceiaeth average YW, ratio

Spacing(in.) —
No of hoop legs 4-4 legs 8—4legs| 16-4legs| 14-2legs
VplVy 0.4 0.7 1.0 1.3

To model shear failure the limit-state material deeveloped by Elwood and Moehle (2008) was
incorporated for the column members of the models] models with increased spacing of transverse
reinforcement correspond to flexural-shear modélere shear and axial failure is modeled explicitly.
The limit-state material introduces horizontal aritical springs at the top of each column member
that allows modeling shear and axial failure. Thmitl state material is a uniaxial material that
monitors the response of the beam-column elemedetect the onset of shear failure. The material
consists of two branches: a) Linear elastic brgmibr to shear failure b) Linear degrading branch
after shear failure has occurred.

In the structural analysis, the uniaxial materiadel queries the column element for its force and
deformation and then checks whether these demamaee the relevant limit curve. If they do, then
shear or axial failure is triggered and the sheaxal force correspondingly begins to degrade.

The limit-state material developed by Elwood andekle (2008) assumes that shear failure initiates
following onset of flexural yielding. The model wapdated such that shear failure could be initiated



prior to flexural yielding. For this purpose, thedel checks at every instance whether the applied
shear exceeds the initial shear strength. If isdoe any instance, shear failure initiates acecaydd
the Elwood and Moehle model.
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Figure 6. Limit State Material (developed by Elwood and Maghl

The calculated elastic fundamental period of thecheark building (Table 2) corresponds to the
effective “cracked” stiffness of the beams and ouois (30% of EJ for both the column and beam
members). The computed period is significantly éarthan the values calculated from empirical
formulas in ASCE or other standards due to modedisgumptions (these include, use of effective
stiffness for the eigenvalue analysis and exclusibthe gravity resisting system from the analysis
model).

Table 2.Modal analysis of “benchmark” building

Modes Modal Period( sec)
1st 1.59
2nd 0.58
3rd 0.33

Nonlinear static (pushover) analysis was perfornfied both the benchmark building (which
corresponds to a purely flexural model) and for shene building model but with wider spacing of
transverse reinforcement so that the buildings patentially fail in shear or flexure (flexural-shiea
models). The results of the analysis are presentEijure 7.
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Figure 7. Pushover Analysis of model building for differeng/V, ratios

As illustrated in Figure 7, the “benchmark buildimgodel exhibits a ductile response, which is not
unexpected considering that its detailing and prigaing correspond to a modern building.
Conversely, as the spacing of the transverse mei@foent increases, the response of the other
buildings becomes more brittle and shear failuicxat relatively low roof drift values.

4. ASSESMENT OF SEISMIC BEHAVIOR

The assessment of the seismic behavior of theestubuilding models was performed using the
incremental dynamic analysis method (IDA). Accogdio this method each studied non-linear model
is subjected to numerous dynamic analyses undetipteulground motions scaled gradually to
increasing acceleration amplitude. Two types ofapsle were considered. Sideway collapse was
defined as maximum interstory drift exceeding 10B&tory-height, and vertical collapse defined as
axial failure of more than 50% the columns in ot@ys A suite of 22 pairs of ground motions were
selected. The set of ground motions was selectéx tilve same with the one used for FEMA P-695
(ATC-63). Each of these ground motions was scaled the spectral acceleration level causing
collapse of the building was measured. The speetrakleration was evaluated at the first-mode
period of the building (3. In Figure 8 each line represents the respondbeostructure to a single
ground motion record scaled to increasing intensity
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Figure 8.Incremental Dynamic Analysis (IDA) Results for “lmdmmark” building

The collapse risk of each of the structural analysbdel was obtained from statistics on the IDA
results. In this study, collapse performance waaluated using the probability of collapse at a
specified level of ground motion intensity, the Maxm Considered Earthquake level for a site in
California (in this study it was assumed tha{T9 = 0.9g/T). The collapse fragility function
represents the probability of collapse, as a foncdf the ground motion intensity level, defined in
terms of {Ty). The collapse probabilities in terms of(1g) were assumed to be long-normally
distributed. Figure 9 presents the collapse frigodurves for the benchmark building and for theea
model but with wider spacing of transverse reinéonent.
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Figure 9. Fragility curves for different YV, ratios

As expected the benchmark building exhibits a log@lapse risk compared to the same building but
with wider spacing of transverse reinforcemenis ltecalled that the benchmark building satisfiks a
the requirements of the current codes, includirg rdquirement that the sum of column nominal
moment strengths be at least (6/5) times the subeaf nominal moment strengths at every beam-
column joint. This requirement is commonly referréd as the “strong-column-weak-beam”
requirement. Its purpose is to promote beam yigldather than column yielding, thereby spreading
flexural yielding over multiple stories as the llirlg responds to strong earthquake shaking. To/stud



the effect of weak column (or stories) on the qkarisk of these buildings, this study defined and
investigated the effect &M /ZM, ratio in the seismic response. The benchmark imgildorresponds

to an average &MJ/IM, = 1.2. To modify the studietiM /XM, ratio, the bending moment strengths
were scaled accordingly. The results of the IDAlysia for the case where the effect of the
combination of two structural parameters are vangfV , andXM/XM,, are shown in Figure 10.
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Figure 10.Probability of collapse at the MCE level for difégit V,/V,, andXM/My ratios

From Figure 10 it can be observed thatW, and ZMJ/ZM, exhibit a significant correlation with
collapse potential. For Vp/Vn=0.7 a significant ega of slope in the curve is observed IM /ZM,

in the range 1.2 to 1.4. This suggests BMt/ZM, ~ 1.2 to 1.4 is an optimal ratio for relativelyatile
frames, as increases in the ratio come at significalumn expense without significant payoff in
reduction of collapse probability. However, ag\W, increases, the optimal point shifts to larger galu
of EMJ/ZM,,. Put simply, this result reflects that fact thatexisting building is more susceptible to
story mechanisms as columns become more highly-shi¢iaal.

5. CONCLUSIONS

This study explored the effect of two structuralgmaeters, specifically, rati®&M/ZM, and j/V,, on

the collapse potential of a frame structure. Thiecsed parameters are easily calculated without
performing any complicated analysis and corresgorkky concepts of the capacity design principle
of modern seismic codes. It is found that bothtljg) ratio of column-to-beam moment strength and
(b) the ratio of column plastic shear demand-tasteapacity exhibit a strong correlation with the
collapse risk of the building system. Consequenthe values of these quantities can serve as
important collapse indicators to identify buildingspecially prone to structural collapse. The study
shows that the two ratios interact, such that bahd to be considered together to appreciate the
collapse risk of a building.

The current study is limited to single frame geamelts specific conclusions, therefore, must be
limited to the frame studied. The results, howeskow the potential of being able to identify cpie
indicators for buildings that would enable the dalentification of buildings having highest safety
risk. Additional studies are required to generatimeresults reported here.
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