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ABSTRACT

Non-rectangular concrete walls are widely usetthéndesign of buildings to resist
lateral loads due to wind and earthquake loadigesented in this paper are
nonlinear analyses of T-shaped concrete walls stdgje¢o unidirectional and
multidirectional loading using fiber-based beamuooh elements. Key results of
the analyses are compared to the experimentataateow that fiber-based beam-
column elements can be used to adequately capieiresponse of nonrectangular
walls under multidirectional cyclic loads. The Bs&s results were within 5-15%
of the measured global response for the post-tedysis and within 10-20% for
the pre-test analysis. Local responses were capgatisfactorily by the pre-test
analyses and more accurately by the post-testsamly

Introduction

Engineers and architects often use structural \aalfsart of the primary lateral force
resisting system for buildings due to their higipiane strength and stiffness that enable them to
resist large lateral forces induced by loads sgahiad and earthquakes. The high in-plane strength
and stiffness of walls typically limit the lateraterstory drifts, thus resulting in reduced damtage
both structural and nonstructural elements. Anatbexmon practice in building design is to use
non-rectangular walls as they can form functioratdres such as stairwells and elevator core
while serving as the primary lateral force resgtgstem. Therefore, understanding both the
behavior and response predictability of non-reatéargvalls is as important as that of rectangular
concrete walls to ensure dependable structurabpeaince of the buildings during large earthquake
events.

In current seismic design practice (e.g., IBC 2@08| 318-05, Eurocode 8), structures are
designed to respond nonlinearly when subjectearelground accelerations resulting from
moderate to large earthquakes. This approachsfiemsmaller, more economical structural
elements to be used in buildings, while making tihesa sensitive to the actual acceleration history
of the input earthquake motions. Consequentlymaber of challenges ensue when analyzing the
expected seismic response of these structuresextéet of such challenges is dependant on the
capabilities of the analysis tools and the chosedeling techniques.
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This paper presents a modeling approach to actusateulate the global and local
behavior of T-shaped reinforced concrete wallsguibEam-column elements with fiber sections.
An open source finite element program (OpenSeesad for this purpose and the models and
analysis results are validated utilizing large-seedll test data from a PreNEESR project
(Brueggen, 2009). The topics covered in this papea summary of experimental testing, the key
modeling issues in accurately simulating the respar non-rectangular structural walls, a general
description of the analytical models, the analgéithe two NEES T-walls and comparison of the
analysis results with the experimental response.

Summary of Experimental Testing

Fig. 1a shows details of NTW1, which had a 228.6@min.) long web with a 182.9 cm
(72 in.) wide flange. This wall was 7.32 m (24t#)l and had wall thickness of 15.2 cm (6 in.) for
the flange and web. NTW1 was a 50% scale specohaf-wall designed by a practicing
engineer for a six story office building in Los Asigs, California (Brueggest al. 2007). NTW1
represented the standard practice of the desigmuaitural walls.

The loading protocol for NTW1 subjected the waltlitsplacements parallel to the web,
parallel to the flange, and in directions with caments parallel to the web and the flange to follow
specific lateral displacement paths. These spkeaaédlcases included a pentagon shaped path at
approximately 50% of the first yield displacementgd an hourglass shaped path at 2% lateral drift
and were intended to provide complex load patllemuately verify the accuracy of the analysis
models in simulating the wall response; these tatbgpare shown in Fig. 2. During testing, a
constant axial load ratio of 4% 6;[Ag (i.e., axial load of 829.6 kN (186.5 k)) was maindal at the
top of the wall to maintain the gravity load eflectNTW1 modeled only four stories of the six-
story high wall and thus a moment was applied tkenthe effective height of the shear force 792.5
cm (312 in.) above the base of NTW1. More compldtamation on the load path for NTW1 can
be found in Brueggen (2009) and Waugh (2009). Umonpletion of the hourglass shaped load
path at 2% drift, NTW1 experienced failure of thebatip. Upon deconstruction of NTW1, it was
discovered that a number of hoops in the web tgnayp leading to a loss of confinement of the
concrete and buckling of the longitudinal reinforant. Additionally, concrete crushing was
observed outside the boundary element. NTW1 westisted in the flange direction to 2.5% drift
without failure. Failure of the flange tips ocadrat the 3% drift level displacements; this was al
due to buckling of the longitudinal reinforcement.

The second of two T-walls tested at the UMN MASCility, referred to as NTW2, is
shown in Fig. 1b. NTW2 was designed to improverésponse observed for NTW1 by preventing
the transverse hoops from failing at the 2% deiel. NTW2 was also a half-scale specimen and
had the same gross dimensions as NTW1. Howeveny#ll specimen modeled only the bottom
two stories of the six-story prototype wall andarporated significantly different details for the
longitudinal and transverse reinforcement than NTWIW2 maintained nearly the same total
area of steel in the flange as NTW1. However, thtfgred in that NTW1 had the longitudinal
steel reinforcement concentrated in the flangeagppeecommended in the current design practice
(e.g., ACI 318-05), while NTW2 had the steel almmgnly distributed across the flange width.
The decision to distribute the flange steel wam&intain the width and spacing of flexural cracks
evenly across the flange width. Additionally, tmundary element containing the confinement



reinforcement in the web tip was extended basati®analysis of NTW1. To prevent opening of
the hoops and cross-ties in the confinement regtbeshoops were arranged so the hooks were as
further away than near the web tip, thereby redyttie demand on the confinement splices.
Finally, the continuous longitudinal reinforcemesed in NTW1 was replaced in NTW2 with lap-
spliced longitudinal reinforcement with the splieagending upward from the bottom of the first
floor level. Splicing at the first floor level watiosen to minimize the influence of the splice on
development of the plastic hinge.
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Figure 1. T-wall sections and reinforcement itketa
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Figure 2. T-wall sections and reinforcement itketa

The loading protocol for NTW2 was the same as fovWN so the effect of the distributed
steel and other modifications could be evaluatédomt having load path dependant effects
interfere. The shear-to-moment ratio at the b&sieeovall was also maintained. However, the
axial load was increased to 895.4 kN (201.3 khotuide the weight of the third and fourth stories
of the wall that were not included in NTW2, resudtin the same axial load ratio at the base of the
two wall test units.  Overall, the experimentaifprmance of the NTW2 was better than NTW1
and reached a lateral drift of 2.5% in the webdtiioe, and 3% in the flange direction without
experiencing any strength degradation. The impregtbrmance of the wall was attributed to the
enhanced details adopted for NTW2.



Key Issuesin Non-rectangular Wall Simulation

A well-designed wall subjected to lateral loadd experience both shear and flexural
deformations. The analysis presented herein ltaséal on slender walls with large aspect ratios
(i.e., the ratio of the height to the length of tll), whose lateral load behavior is dominated by
flexure. The response of this type of structwmalls is influenced by nonlinear material behavior,
axial load effects including P-delta, the extenstohin penetration, shear deformation effects,
shear-flexure interaction, and shear lag effeEech of these components needs to be included in
the analytical model to accurately simulate botibgl and local responses. These issues are
discussed in greater detail in Waugh (2009).

In addition to the aforementioned issues, the respof a flexural dominated wall may be
influenced by the presence of lap splices in thieal regions (Wauglet al. 2009), anchorage
failure of the longitudinal reinforcement, shealui@ due to yielding of the transverse
reinforcement, web crushing, and/or horizontalistjcbf the base of the wall (Park and Paulay
1975). However, these additional issues may belegtavith proper design and detailing of a wall.

Description of Analytical Model

The fiber-based beam-column approach was chogéisistudy to simulate the response of
two T-walls under multi-directional loads due t® domputational efficiency, but the
aforementioned challenges are adequately addrassdelscribed later in this section. The models
were developed in OpenSees using force-based belamit elements (Tauceral. 1991), as
these elements have been shown to better simhtatertgth and rotation of the plastic hinge
region, which are important for accurate predicbbthe flexural behavior (Neuenhofer and
Filippou 1997). These beam-column elements inclide integration points along the member
length, where the strains in all fibers in the isectvere calculated. The cross-section for therbea
column elements modeling the wall included the oetecfibers and the steel fibers representing the
longitudinal reinforcement as per the details efwrall. The confinement effects of the transverse
reinforcement were accounted for by appropriatefinthg the hysteretic behavior of the concrete
using the model proposed by Chang and Mander (28®4)modifications introduced by Waugh
(2009). The longitudinal reinforcement was modelsthg a Mennegotto-Pinto hysteretic model
(Mazzoni 2004) with isotropic strain hardening mialevhich was available in OpenSees.

The fiber-based beam-column element in OpenSeesrbenclude the effects of shear
deformation, requiring it to be handled separat@yuniaxial material model was used to describe
the shear force vs. shear deformation of the bedomms modeling the T-walls. The envelope of
the uniaxial material model as defined to capthesshear deformation included a point
corresponding to the nominal yield and correspandecrease in stiffness. This causes the
inelastic shear deformation to occur simultaneowdly the inelastic flexural deformation,
following the observations reported by Massone\Afadlace (2004). The shear material was then
aggregated onto the defined fiber section and agedshear spring in parallel with the beam-
column element.

The strain penetration effects on the wall respevese simulated with a zero-length
element using the strain penetration model develapé introduced into OpenSees by Zhao and
Sritharan (2007). This model quantifies the tbtal slip at an element end due to strain penatratio



along the bar into an adjoining member to the tvass at the element end under monotonic or
cyclic loading. The section of the zero-lengtmeat was identical to the section used for the
beam-column elements modeling the wall; howeverntiaterial for the fibers modeling the
longitudinal reinforcement was changed from the Megotto-Pinto (Mazzoni 2004) steel model to
the strain penetration model of Zhao and Srith§2807). Additionally, the uniaxial behavior of
concrete fibers was modified according to the reoemdations of Zhao and Sritharan to account
for the additional confinement effects expectediftbe foundation. The boundary conditions for
the zero-length element were to fully fix the bottnode against all deformations, while restraining
the top node against translation in all three timas and torsion. The top node was then utileed
the bottom node of the beam-column element modé#tiadirst floor of the wall for the 3D
analysis.

To simulate the effects of shear lag, a modificatmthe determination of fiber strains at
the section level was made in OpenSees. This Wwasvad by creating a new fiber section based
on the previously available fiber section in OpezsSand modifying the tension strain distribution
across the flange due to “flange-in-tension” logdiithe equations used to account for shear lag
effects are presented in Waugh (2009). The shgaduations are second order equations that
account for the length and thickness of the flange; equation represents reinforcement
concentrated in the flange tips, while the othprasents reinforcement distributed across the
flange.

Both T-walls were subjected to multidirectionaldoay, with both a displacement and a
moment applied at the top of the walls during testiThe moment was applied to give a specific
shear-to-moment ratio at the base of the walleesvalls did not model the entire height of the
prototype wall. To ensure that the proper sheandment ratio was applied in the simulation, the
displacements at an imaginary control point locaittea height of 792.5 cm (312 in.) above the base
of the wall, which eliminated the need to imposg moments to the analysis models.

Furthermore, displacements for the analyses we@fsgal for both the lateral translational DOFs
to model the multidirectional nature of the testidny displacement pattern could be applied to
these wall models by specifying the appropriatemament values for the translation DOFs.

All wall analyses were conducted in OpenSees wsikgylov-Newton solver (Mazzoni
2004) to increase the efficiency of the analysisdyreforming the stiffness matrix at each
iteration and using subspace acceleration. Tha obthe displacement increment was used to
determine when a converged solution was achieVed. PA effects were included in the analysis
using a geometric transformation option availabl®penSees.

Test Specimen NTW1

The OpenSees model for NTW1 was developed followhegyeneral concept described
above, using a beam-column element for each dbtirdfloor levels. The analysis presented here
for this wall is based on a post-test analysise Whll cross-section for the beam-column element
was discretized using fibers that were approxing&e&5 mm by 6.35 mm (0.25 in. by 0.25 in.).
The shear deformation was aggregated onto theddmtion, with a separate material model for the
two orthogonal directions at each floor level. iAdhing4 material model was used to model the
shear response parallel to the web and flangdéoifirst floor, while an origin-centered hysteretic



material model was used for the second and thoat 8hear responses parallel to the web and
flange as nonlinearity in shear response was lihatehe upper floors. The fourth floor shear
response was simulated using an elastic materidéhfior the response parallel to both the web

and flange.

Figs. 3a and 3b show the global force-displacemesmtonse at the top of fourth floor level
in the flange and web directions, respectivelye ®tierall response of the wall was well captured

by the OpenSees model.

Figs. 4a,b and 4c,d dteferce-displacement response in the flange

and web directions for the pentagon and hourglasgptadement paths. These cycles show the
ability of the analysis to capture complex mulédtional displacement paths. The peak forces
were accurately simulated by the analysis, witiipraximately 10% of the measured values for
displacements parallel to the flange or the web vaithin approximately 15% for the
multidirectional displacements. The lateral safe of the wall was well captured in virgin temyto
as well as during unloading and reloading.
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Figs. 5a, b, ¢, and d show the curvature near #ilbase in the web and flange directions.
The experimental curvature was determined froninstyauges located 15.2 cm (6 in.) above the
base of the wall. This location was selected éongarison because more reinforcement was
instrumented at this height and it also minimizeg eonfinement effects of the foundation. In the
flange-in-compression and flange-in-tension dimett] OpenSees simulated the strain profile and
location of the neutral axis satisfactorily. Theam profile for the flange-in-tension direction
shows that strains above 0.005 mm/mm (0.005 ipviare predicted outside the web boundary
element for lateral displacements correspondirftsdyf above 1.0%, which is consistent with the
observed concrete crushing at that location. k®flange direction, the curvature is again well
simulated by the analysis. However, only one dispinent level is shown because the majority of
the flange direction loading occurred after failaféhe web tip and the gauges had failed.

0.05 0.035
= 0.25 Yield Experiement = 0.25 Yield Experiment

4 0.5 Yield Experiment A 0.5 Yield Experiment

% 0.75 Yield Experiment 003 0.75 Yield
1.0 Yield Experiment « 1.0 Yield Experiment
® 1.5 Yield Experiment 1.5 Yield Expeiment
005 + 1.0% Drift Experiment 00251, 19 Drift Experiment

* 1.5% Drift Experiment o i

3 AV An‘;ws 1.5% Drift Experiment
0.5 Yield Analysis

0.02 0.75 Yield Analysis
— — 1.0 Yield Analysis
1.5 Yield Analysis

0.01 1.0% Drift Analysis

1.5% Drift Analysis

.

.

0.25 Yield Analysis
0.5 Yield Analysis

- ---0.75 Yield Analysis

--1.0 Yield Analysis -

1.5 Yield Analysis

o
o
N

o

o

o
|

1.0% Drift Analysis

o
°

Longitudinal Strain (mm/mm)
Longitudinal Strain (mm/mm)

.
.S __ . " 1.56% Drift Analysis -
0 ) i SR (S SNP L i LR -
- 0.005 e = —F
. * domm e o | 4 4
. T AU (L Bt ]
0.01 PR FAPEEEE - » S 48 p
.
-0.02 -0.005
0 50 100 150 200 250 0 50 100 150 200 250
Distance from Flange (cm) Distance from Flange (cm)
a) Flange-in-Tension Direction b) Flange-in-Compression Direction
0.001 0.001
.
0.0008 0.0008
+ Experiment *
0.0008 — 0.0006 L= OpenSees _
Sol n g * .
0.0004 MENE — — OpenSees 2

o o
o o
3 38
s 8
[N

0.0002

-0.0002 —

-0.0004 ==

=)
o o
3 3
s 38
N

Longitudinal Strain (mm/mm)
/

Longitudinal Strain (mm/mm)
°o

-0.0008 —

.0.0008 -0.0006

-0.001 -0.0008

-0.0012 -0.001
0 50 100 150 200 [ 50 100 150 200

Distance from North Flange Tip (cm) Distance from North Flange Tip (cm)
c) Positive Flange Direction d) Negative Flange Direction

Figure 5. Curvature of NTW1 in the web and flangedtions.

Test Specimen NTW2

The OpenSees model for NTW2 was modeled followlegarocedure used for NTW1,
using a beam-column element for each of the twar flevels. However, the model for NTW2 was
used to predict the response of NTW?2 prior to éis& t The wall cross-section for the beam-column
element was again discretized using fibers thagwpproximately 6.35 mm by 6.35 mm (0.25 in.
by 0.25 in.). The shear deformation was againeggged onto the fiber section, but because
NTW2 was analyzed prior to the test, the shearitanions were modeled based on the response
of NTW1.

The lateral force-displacement responses predictéee flange and web directions are
shown in Figs. 6a and b, respectively. The experialeesponse in each direction shows the
average of the recorded string potentiometer dispteents measured at the flange tips and the force



resistance recorded by actuator load cells duheddst. The analytical response was taken from
the lateral displacement recorded at the nodeseptiag the second floor level of NTW2 while the
force resistance was established from the membszda@t the bottom end of the beam-column
element modeling the wall at the first floor levély. 6a shows the flange direction response was
overpredicted at approximately 3.0 cm (1.2 in.pbgut 25%. However, the rest of the response is
predicted within 10%. As seen in Fig. 6b, the w&bction response was generally well captured
by the analytical model until NTW2 experienced it degradation due to buckling of the
longitudinal reinforcement in the web tip boundalgment at a lateral displacement of -8.4 cm (-
3.3in.). A good agreement between the experimantksimulated force-displacement responses
are observed in terms of the force resistancedflimge-in-compression loading direction, the
unloading/reloading stiffness, and the residuglldisements after unloading from peak lateral
displacements. The force resistance in the flamgension loading direction was underestimated
by the analysis by approximately 5%.
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Figs. 7a,b and 7c,d show the force-displacemepbres in the flange and web directions
for the pentagon and hourglass displacement pdihs.peak forces, as well as the unloading and
reloading stiffnesses, were accurately capturgadmweb direction. Between the peaks, the force
in the flange-in-compression loading direction waderpredicted by approximately 20% at the
largest difference being at about 1.25 cm (—0)sahdisplacement. In the flange direction, the
overall shape and stiffness of the response lo@ps gatisfactorily predicted given the complexity
of the load path. The flange direction responsem@a® accurately predicted in the positive
direction; however, in the negative displacemergation, the force was overestimated by as much
as 40%. This discrepancy was likely caused by cmirately simulating the accumulated damage
in the flange direction that was present prioragibning this specific load path.

Figs. 8a and b shows the curvatures in the webtdirefor NTW2. As with NTW1, the
experimental curvature was determined from straurggs located 15.2 cm (6 in.) above the base of
the wall. As before, in the flange-in-compressao flange-in-tension directions, OpenSees
simulated the strain profile and location of thatra axis with sufficient accuracy. No gauges in
the flange direction loading survived, and thus panson of strain distribution was not possible in
that direction for NTW2.

Conclusions

The beam-column elements with fiber sections adetyusimulated the response of the T-
walls subjected to multi-directional loading. Tlede-displacement response at the top of the walll



was satisfactorily captured by the post-test ammab@nducted for NTW1 and by the pre-test
analysis of NTW2. In each of these models, an inguiaconcrete hysteretic model and a strain
penetration model, which have been implemented@uenSees, were incorporated. In addition,
the wall models accounted for the shear lag effmutksshear deformation as accurately as possible
within the current capabilities of OpenSees.
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Figure 8. Curvature of NTW2 in the web direction.

The model of NTW1 yielded a very good simulatiorired force-displacement response,
giving forces within 5 to 10% of the measured k@térrce resistance for a given displacement in
both the flange and web directions. The hourgladspgntagon load paths chosen to investigate the
wall behavior to complex multi-directional loadsreevell simulated by the analysis model, in
terms of the lateral force resistance and stiffnéssder this complex loading, the lateral force
resistance was well simulated except for the pedlke web direction where the peak resistance
was over estimated by approximately 20%.

The model for NTW2 was able to capture the meadatedal force within 10-15% of the
measured values, with one region in the flangectioe at approximately 3-5 cm. (1.2 — 2.0 in.)



where the force resistance was over predicted psyoapnately 25%. The lateral force resistance
to the multidirectional loading was generally wathulated with the response typically within 15%
of the measured values; except for peaks in thativeglange direction, 30% over predicted.

While the method used in this study to analyze Tssaibjected to multi-directional
loading yielded adequate simulation of the expemiaaesponse, a few limitations of the analysis
should be noted and appropriate improvements shomuidade in the future. First, only well
detailed, flexurally dominated walls were investisgh Second, the shear behavior of the walls was
taken from the measured shear deformation respdM$é€W1. More research and development is
needed to properly predict the shear deformatitiadier. Finally, the shear lag had a different
effect on the strain distribution in the flangedNGiW1 and NTW2. While the distribution
functions used for this analysis can be used, gagatshould be given in determining the
appropriate function, which depends on the distigouof the flange reinforcement.
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