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ABSTRACT

A full scale slice of a 7 story reinforced concrétglding was tested on the shake table at the UCSD
Engelkirk Structural Research Centre in 2006. pasg of the research project, a blind predictiontest
was sponsored to assess the capability of currentiylable analysis procedures to predict the deism
response of cantilever reinforced concrete shellrstvactures. This paper describes an entry baseal
nonlinear finite element model, using macro eleméatrepresent both the shear and the flexural snode
of behaviour. A comparison of the predicted resgowith the test results showed that the analysis
procedure produced reasonable predictions of defilons for the lowest and highest of the four
earthquakes but under-estimated response for ihentwderate earthquakes by approximately 30%. For
all earthquakes, the analysis base moment was fowdr than the test value. Modifications to the
procedure to improve the correlation were iderdifeed implemented but did not remedy the deficit in
base moments. Detailed results of the test pnogevealed that the causes for this discrepancg wer
the contribution to overturning results of grawiglumns and the flange wall, neither of which hadrb
included in the model. When these were incorgatéte average error between test and analysisresu
was less than 10% for all earthquakes, well witgoeptable limits for a design office type of model
The correlation of tests and analysis also provigeeful information on design aspects for sheatsyal
such as the influence of secondary components ymahtc magnification factors.

Keywords: Reinforced concrete shear walls, reinforced cdegneonlinear analysis, capacity curve,
pushover analysis, hysteresis, earthquake, perfarenbased design.

1 INTRODUCTION earthquakes by approximately 30%. For all eartkgsiathe
analysis base moment was much lower than the tdaey
with the discrepancy increasing from 12% at EQ#4560 at

EQ4.

A full scale slice of a 7 story reinforced concréieilding
was tested by the University of California at Saredo
(UCSD) at the unidirectional NEES-UCSD Large High
Performance Outdoor Shake Table at the Englekirk A number of relatively minor modifications to theadysis
Structural Research Centre in 2006. The test progwhich procedure were identified and implemented. Thegedved
included various low intensity white noise testasph low the displacement and acceleration correlations thet
intensity earthquake motion (EQ1), two medium istgn discrepancy between test and analysis base moments
earthquakes (EQ2 and EQ3) and a large intensitheazake remained. In late 2006 the results were preseate@
(EQ4), is described by Panagiotou et al [2006a]. workshop held at UCSD for all participants [KelBQ06].

A blind prediction contest sponsored by UCSD, toetlBnd
Cement Association and the Network for
Engineering Simulation (NEESinc) invited particifgrto
predict the response of the test wall to the fooput
earthquake motions. This paper describes an easgd on
a nonlinear finite element model, using macro elseo
represent both the shear and the flexural modéglwdviour
as described in a previous paper by Kelly [2004].

A comparison of the peak predicted displacemenéseb
shears and base moments with the test results dhtbvaethe
analysis procedure produced reasonable displaceesuits,
within 8%, for the lowest and highest of the foartequakes

but under-estimated the response for the two moelera

Earthquake

Presentations at this workshop by the test per$oenealed
that two construction aspects which had been ighdrg
most contest participants significantly influendbé results
[Panagiotou and Restrepo, 2006b]. These wergtinéty
columns and the flange walls, which were not ineshtb be
part of the lateral load system but in fact conitéal
significantly to the overturning resistance of theb wall.

The effects of the gravity column and flange wakres

incorporated into the model and this improved thealation

to the extent where the average error of displao&ne
accelerations, base shears and base moments whais wit
+10%, which is well within expectations for the &or
macro model used.

Technical Director, Holmes Consulting Group, Aucida



This paper identifies improvements to analysis pdoces
for shear wall structures as a result of this pgegram and
also discusses general aspects of the seismic nesspaf
shear wall structures. This influence of elemenitéch are
not considered to be part of the structural systamd
methods by which they may be incorporated intoathalysis
procedures, is also discussed.

2 UCSD TEST STRUCTURE

The test structure was a full scale slice of aorystesidential
building incorporating structural walls as the tateforce-
resisting system. The test comprised a 3.658 rg leab
wall 19.202 high which provided lateral force résice in
the E-W direction of loading, as shown in the Etomin
Figure 1.
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Figure 1 Elevation of Test Specimen

Two transverse walls, a precast segmental pieraafidnge
wall, provided lateral and torsional stability dwgithe test.
These are shown on the elevation in Figure 1 asd tile
typical floor plan shown in Figure 2.

A slab, 3.66 m x 8.12 m in plan, was supported @vity
columns at every level. The slab was 203 mm thickhe
lowest and highest levels and 152 mm thick at all
intermediate levels.

The floor slabs were extended to connect the wdbta#he
flange wall but the slab was slotted adjacent whesall to
reduce the effective thickness to 50 mm with therition of
implementing pin-pin connections in the slab. The
segmental pier was connected to the floor slataeh ¢evel
with pin ended angle sections. Gravity columnsengn-
pin 44 mm diameter high strength rods grouted 116 mm
pipe sections.

The total height of the specimen was 19.20 m aedtdkal
weight 2,450 kN. Figure 3 shows the completed tes

structure.
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3 TEST EARTHQUAKE MOTIONS

The test motions applied to the wall were four leguiake
accelerations records, separated by a series 0fo2%86 g
0.25-20 Hz band-clipped white noise tests.

The four earthquake motions were historical Souther
California earthquakes (San Fernando and Northyiddgee
first earthquake motion, EQ1, was a low intensitytion
(approximately one-half the amplitude of EQ2 andltGhe
second and third earthquakes, EQ2 and EQ3, werimed
level motions (probability of exceedance 50% iryB@rs)
and EQ4 was a large earthquake (probability of edasce
10% in 50 years). EQ4 was the record from then8yl
Hospital during Northridge and contained a distimear-
fault velocity pulse. That input motion generatiect
damage to the Hospital alone of $6 million dollars.

Figure 4 plots the 5% viscous damped acceleratattsa

for elastic response of the 4 motions used for tewsds,
generated from the digital records measured duhegests.
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4 ANALYSISPROCEDURE

The reinforced concrete wall analysis procedurgptatbfor
this evaluation uses a combination of plane stedssients,
to represent shear behaviour, and pairs of gap/glements
to represent flexural behaviour. This formulatisfbased on
macro modelling,
modelling.

In macro modelling, wall elements are defined useng
relatively coarse mesh, generally restricted toréfmement

required to define the wall geometry and changes in

reinforcing. This differs from more general finisdlement
analysis in that the wall segments are not sulddviinto
portions small enough to accurately model
distributions. The use of large macro elemendsices the
size of the model and the resources required tdomwer
nonlinear analyses. It is the type of structuraldeiling
typically used in design office environments.

For implementation, both element properties ancptaace
criteria are based on code requirements and onishelol

rather than classical finite element

stress

Guidelines [ASCE, 2000].
modified version of ANSR-II, originally developed the
University of California, Berkeley [Mondkar and Pelly
1979]. The wall analysis procedure, fully delsed in
Kelly [2004], uses empirical parameters based enrésults
of static tests. This test program representedpgoortunity
to refine these parameters using dynamic testteesul

5 MODEL DEVELOPMENT

5.1 Element Types

The objective of this test prediction was to asstss
accuracy of the procedures currently used in agdesifice
for evaluating reinforced concrete shear wall stmes. The
model was developed using these procedures, witicisat

detail to capture structural geometry and discreteforcing

regions. The model was fully three dimensiondthwhe
strength and stiffness of all walls included, alihb the
evaluation was only in the test direction, paraitethe web
wall.

Implementation of the procedure is based on inpuinfan
Excel spreadsheet which contains all geometricraatérial
data to fully describe the model. Visual Basiccrmoa
translate this information into the input file fomin for
ANSR-II. The finite element model is shown in Figb.
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Figure 5 Model of Complete Sructure (a) Finite Element
Model (b) Rendered View

Features of the model shown in Figure 5 are:

* The web wall, flange wall and post-tensioned coluana

modelled as assemblages of nonlinear plane stress

elements.

« Reinforcing at the base of each wall is modellethgis
pairs of nonlinear gap — truss elements.

e Gravity columns and bracing elements are repreddnte

The analysis program is a



linearly elastic flexural members.

* Floors are assumed to form rigid diaphragms foplane
loads. The rigid diaphragms are disconnected ftioen
column lines defining the post-tensioned column but
slaved to all other column lines. Flexural sti§aeof the
slab is not included. As discussed later, thisy@dato be
an important omission as the test results showadsiab
flexure transferred shear forces to the gravityucois,
which helped resist overturning effects.

e A pair of torsion springs is located one on eithigle of
the table at the centre of gravity to incorporatenidation
flexibility. The entire model is supported on tees
springs, which are linear elastic. As all fourtbquakes
were analyzed sequentially in the same run, ordingle
torsion stiffness could be defined, whereas the tes
documentation provided a stiffness which reduced fo
subsequent earthquakes. An average stiffness wedise
used. The results did not appear sensitive to the
foundation stiffness.

* Rigid elastic flexural elements are used to repregee
table and connect all elements to the supportimgico
springs.

« Self weight and mass is defined in all elementsstam
their geometry and material density. As floors ac
explicitly modelled, the slab seismic mass is agptod the
centre of mass of the rigid diaphragms. The slalgk is
applied to column lines along the wall and at theviy
columns.

The model as developed has a total of 686 degrées o
freedom, relatively small compared to the maximure of
25,000 degrees of freedom for models of this typekvcan
analyzed on desktop computers using ANSR-II.  Ténel

of refinement allows the modelling procedures userk to

be extended to complete building models for theigtes
office evaluation of buildings containing multiplshear
walls.

52  WebWall Model

Figure 6 shows the form of the model developecepresent
the two response modes of the web wall, shear lexdre.
Similar procedures were used to model the orthdgitarage
wall and post-tensioned column.

Shear

Plane stress elements represent the shear behafidhe
wall. These elements are defined by horizontal gres at
each floor level and vertical grid lines to defithe regions
with different vertical reinforcing ratios. The eehents
degrade in stiffness and strength as a functiomafimum
imposed shear strain.

Flexure
Pairs of gap / truss elements represent potenigxiurfal

yielding. These are defined at the bottom two Ieet each
plane stress element intersection. The compmesgjap)

element is linear elastic; the tension (truss) elems bi-
linear with strain hardening.
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Figure 6 Web Wall Finite Element Model

53 Material & Mass Properties

Material strengths were based on average measured
strengths, £= 41.4 MPa (6.0 ksi) for concrete and-f458.5
MPa (66.5 ksi) for reinforcing steel. From these=rsgths,

and the drawings, reinforcing ratios and strengivere
calculated for the web wall segments as listedabld 1.

Table 1 Web Wall Plane Stress Properties

Seg. | Wall Reinforcing Concrete Steel
No. T Ratio Shear Shear
Strength | Strength
Ve Vs
(m) oo e MPa M Pa
Base to 1 Floor
1 0.203| 0.0256 0.0100 1.287 6.154
2 0.203| 0.0041 0.0100 0.714 6.154
3,4 | 0.203| 0.0023 0.0031L 0.598 1.407
5 0.203| 0.0256 0.0100 1.287 6.154
15" Floor to &' Floor

1 0.152| 0.0334 0.0041L 1.287 1.87¢
2 0.152| 0.0027 0.0041L 0.626 1.25(
3,4 | 0.152| 0.0031 0.0041 0.648 1.250
5 0.152| 0.0334 0.0082 1.287 1.25(




For each segment (five across the wall, as shoviAigare 6,
numbered from the precast column end) the modgigsties
for the two flexural and shear modes of responseewe
calculated as follows:

1. The concrete shear strength was approximated, &s v
(0.07 + 10p)\f' . and the steel shear strength as vy
Material properties for concrete were calculatedEas
3320\f' + 6900 and G = E/2(}) where Poisson’s ratio
v =0.2. The initial modulus for the shear panet wat at
the calculated G until ywas reached. The cracked
stiffness was defined such that a stress level.of v
was attained at a shear strain of 0.004.

2. For each location where flexural yield was modelled
properties of the gaps and trusses were the sutheof
steel and concrete areas of all panels incidetitemode.

The area of reinforcing was calculated as=A0.5,TL

and the area of the concrete stress blockas A8.5TL,
where T is the segment thickness and L the segment
length.

The flexural stiffness is a function of the assureééctive
length of the reinforcing bar elements. Earliesearch
suggested this was related to bar size, with anmewended
value of 10g. An effective length of 160 mm was used,
based on a 16 mm (5/8") average bar size.

6 ANALYSISSUBMITTED FOR BLIND TEST

6.1 Model Characteristics

The model characteristics were evaluated by extigct
periods and mode shapes, by applying a lateralttoaefine
the capacity curve and by applying a lateral disgtaent to
define the wall hysteresis. These steps are iptbtal verify
that model behaviour is as expected.

Table 2 lists the first three periods in the di@etparallel to
the web wall. The fundamental period was 0.56 g0
The mode shape exhibited a typical cantilever deédion
pattern as shown in Figure 7.

Table 2 Periods and Effective M asses

Mode Period | Effective | Cumulative
Number | (Seconds)] Mass Mass
1 0.557 66.3% 66.3%
5 0.094 17.5% 83.8%
14 0.031 4.7% 88.8%

The capacity curve was generated by applying adtikar
lateral load vector incrementally and recording tibye floor
displacement, as plotted in Figure 8. This showed
approximately linear response to a force level @ &N (90
kips) at 25 mm (1") displacement, after which thexdral
hinge formed and the stiffness reduced. The beaetion
was also recorded and was higher than the appireé by a
value equal to P..

A cyclic applied displacement, applied at approxeha2/3
the height of the structure, was used to genelsteoterall

hysteresis for the wall, as shown in Figure 9. Thisteresis
shows the “pinching” characteristic of axially lea
reinforced concrete components.
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6.2 Solution Procedures

The analysis used direct, step-by-step integratbnthe
equations of motion based on Newmark’s beta methidte
main parameters for this type of analysis are #raging, the
time step and the method of maintaining dynamic
equilibrium.

Damping was implemented as Rayleigh damping. Ageht
structure did not have cladding or interior paotis etc.
which provide damping in complete buildings, thegé&t
damping was set at 3%. The mass damping coeffigias
defined asa = 0.3065 and the stiffness coefficient s
0.00078, which provided 3% damping at periods @&50.
seconds and 0.02 seconds. Damping at periods &etwe
these two limits would be less than 3%. The st
coefficient was applied to the original stiffnesather than
the tangent stiffness, for all elements except fap
elements. Original stiffness damping is numencatiore
stable than tangent stiffness as it avoids a largelanced
damping load when the stiffness of an element obsng

For nonlinear analysis, the maximum time-step isegally
set< T,/100 where T is the longest elastic period. For this
structure, this set the maximum time-step as 0s¥¥®nds.
As input records were digitized at 240 points perosd the
time step was set equal to the digitization inteofal/240 =
0.0042 seconds. A time step less than the typiakievwas
desirable as the output included a comparison
accelerations, which are more sensitive to time stean
displacements. A convergence tolerance of 0.00%4 set,
such that iteration within a time-step was perfainenen
unbalanced loads exceeded this value. The reswdte
relatively insensitive to smaller time-steps oetahces.

of

The four earthquakes were analyzed sequentialigh éar
the full duration, with the state at the end of eaethquake
defining the initial conditions for the subsequemént. The
model ran at approximately “real” time on a desktop
computer, with a run time of 523 seconds for altotput
duration of 503 seconds for the four earthquaked,®20
time steps).

6.3 Processing Analysis Results

The analysis for each earthquake produced envelkepéts

of forces and deformations plus time histories ffoif
displacements, accelerations, shear forces anduoniry
moments. The latter two quantities were derivedttees
summation of inertia forces and the summation of th
moment of the inertia forces about the base level
respectively.

The displacement, total acceleration, shear foncenaoment
at each level was extracted directly from the asialy
envelopes and compared with test results. Theretc
compressive strain was extracted as the maximuricakr
strain in the plane stress elements in thetary.

The flexural model used truss elements to represieat
reinforcing. The extension in the truss elemerns assumed
to be distributed over a plastic hinge length),%1.31 m (4.3
ft). This is discussed in more detail later irsthaper.

7 COMPARISON WITH TEST RESULTS

Under EQ1 minor cracking occurred in the lower lsvef
the web wall, with a maximum shear strain of 0.QG0% the
reinforcing just reached yield with a plastic exsiem in the
flexural reinforcing of 1 mm. Under EQ2 and EQ3 th
cracking extended; the peak concrete shear stirainsased
to 0.0010 and 0.0024 and the flexural steel extentd 7.2
mm and 9.0 mm respectively. EQ 4 caused one manE!
story level to just exceed the ultimate shear gtienwith a
shear strain of 0.0063. Peak reinforcing bar @asttension
was 39.5 mm. The displaced shape when this oatusre
shown in Figure 10.

T

Figure 10 Maximum Displacement (Distortion Factor 10)

In terms of a FEMA 356 [ASCE 2000] evaluation, theb

wall performance would be classified as < |0 forlE@Q2

and EQS, for both shear and flexure, and < CP {p4 Ealso
for both shear and flexure. At EQ4, the maximureash
strain is 0.0063 compared to the 0.0075 CP limd #me

plastic rotation 0.011 radians, compared to thel®.CP

limit.

71 Deformations and For ces

Table 3 compares peak response quantities frorarthlysis

with results from the test program. For designiceff
purposes the most important response parameters are
displacements, as acceptance criteria for nonliaeatysis

are based on peak deformations, and accelerations f
assessing demands on non-structural components and
contents. In respect of displacements, the amalysitched

the test results well for EQ1 (+8%) and EQ4 (-7%f) ot so

well for EQ2 and EQ3 where response was underetgina
by 31% and 26% respectively. The correlation betwest

and analysis was reasonable for accelerations asel $hear



but the analysis under-predicted the base momeiat layge analysis displacement traces exhibit less resontrare the
margin. test results.

For predictions specific to EQ4, the analysis ceterstrain
of 0.0022 compared well to the test strain of 06)0&s did
the steel strain (analysis 0.030, test 0.026). Hewethe
analysis residual displacement of 37 mm (1.45")eexied
the test value of 13 mm (0.53") by a wide margin.

—+—EQI Test
=< - EQ1 Analysis

Table 3 Summary of Peak Response as Submitted ; ; s ‘ ‘ ‘

0 20 40 60 0 50 100 150 200
| EQ1 | EQ?2 | EQ 3 | EQ4 | Mean Displacement (mm) Disphcement (mm)
Top Displacement (mm) . P
Test 52.1 146.0 159.8] 395.0
Analysis 56.2 100.0 119.0 366.0
Error +8% -31% -26% -71% -14%
Top Acceleration (g)
Test 0.420 0.593 0.728] 1.078
Analysis 0.481 0.618] 0.728 0.838
Error +14% +49% 0% -22% -1% 0 50 100 150 200 0 200 400 600
Base Shear (kN) Displacement (mm) Displacement (mm)
Test 425 628 704 1185 Figure 12 Displacement Profiles as Submitted
Analysis 426 564 537 939
Error 0% -10% -24% -21% -149 60 - -
Base M oment (kN-m “ EQ 1Top Displacement ‘ ‘_i:::ysls -

Test 5606 8093 8490 11840 7 | | A‘
Analysis | 4955 | 5417| 5594 6485 £ Y il \‘\ \\ [/
Error 2% | -33%| -34%| -45%| -31% o v itlt “\f‘d‘w‘l“”"\"‘ i 'AW N

EQ 4 Results Test | Analysis 2 {1 e ) J 1 AN go
Residual Displacement (mn)) 13.5 36.8 | +172% & a V oy
Concrete Strain 0.00264| 0.00222| -16% 40
Steel Strain 0.02634( 0.03015| +14% -60

1
Figure 11 plots the base shear versus top dispkEtteand 1:2 EQ2Top Displacement
the base moment versus top displacement for thenesthe -
analysis. The shear matched reasonably well baittéist £ k‘ \ Wi
predicted a much higher increase in base momert wit g of—v;/ff—m!;,-fhlﬂf\f"]%sfﬂd‘% } ﬂj—evv—u\) 4
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match is very good for EQ1 and EQ4 but not as good 5 -100 40\4 7 5 55
EQ2 and EQ3. | 20
-300
-400

Figure 13 plots the top floor time histories forckeaof the
earthquakes for the period of strong motion fromsé6onds

to 60 seconds. These show that the analysis appear . . . S
capture the frequency content of the wall respdngethe Figure13 Compan;r;)r?:‘itlfggf TimeHistories as

Time (Seconds)



The periods extracted after each analysis, asllistd@able 4,
confirm that the frequency content from the analys
similar to the measured frequency content. Thelyaisa
periods are extracted using the stiffness matrithatend of
each earthquake.

Table 4 Changein Periods Submitted M odel

Time Test Analysis
(Seconds) | (Seconds)
Before EQ1 0.595 0.557
Before EQ2 0.654 0.675
Before EQ3 0.813 0.743
Before EQ4 0.903 0.762
After EQ4 1.168 1.013

Top floor response spectra were generated from thethest
and the analysis acceleration time histories ambethare
compared in Figure 14. Also shown on these plots a
spectra of the input motion. These plots show thath
period and amplitude match closely for EQ1 but foe
remaining earthquakes the analysis peak is widdrnamch
less pronounced than the test peak. It appeatshbaest
specimen responded essentially with a constantogeri
whereas the analysis reflected a higher
nonlinearity, which produced a wider spectral peaid
inhibited resonance.
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Figure 14 5% Damped Top Floor Spectra as Submitted

8 MODIFICATIONSTO MODEL

On completion of the blind prediction contest, Eapants
were provided with digital results of the four émptake tests
(time histories of displacements, accelerationgastorces
and bending moments). These results were usewttify
the submitted model in an attempt to improve theetation.

A number of modifications to the analysis paranset&rthe
model, described below, were identified as progdin
incremental improvements in the comparison witht tes
results.

degree of

The modified analysis parameters improved the taioa in
maximum displacements and accelerations but did
remove the discrepancy in bending moments or tHaeced
resonance in the time histories.

At a workshop held in December, 2006 it was shdvat two
construction aspects which had been ignored by owgest
participants significantly influenced the resulapagiotou
and Restrepo, 2006b]. These were the gravitynmotuand
the flange walls, which were not intended to bet parthe
lateral load system but in fact contributed sigmifitly to the
overturning resistance of the web wall. The dffexf these
two components were subsequently implemented ih&o
model.

—

8.1 Analysis Parameters

A number of changes to parameters defining the medee
found to improve the correlation, in particular:

1. The concrete shear strength in the hinge zoneafiott
story) was changed from the calculated value @76
10 py)Vf' . (see Table 1) to 0.688 ., whichis the
minimum value. This provided a constant shear gtten
Ve = 0.515 MPa across all segments, rather thannguryi
values from 0.598 to 1.287 MPa listed in Table 1.

2. The unloading parameter for shear deformationgs
increased from 0.50 to 0.75.

3. The parameters of the truss elements used to rtioelel
reinforcing bars were based on mild steel, witkrairs
hardened strength of 1.2 &t an elongation afy, = 70¢y.
The test specimen used 458 MPa (66 ksi) steelavith
shorter yield plateau and so the parameters wete se
reach the strain hardened strength of $.&tf46 times
Ey.

4. The model included flexural yielding at the base tre
floor immediately above, L2. Because of the higher
strain hardening associated with 458 MPa steelyjpiper
hinge was extended to the next floor, L3, as well.

5. The upper limit to define Rayleigh damping was
increased from 0.65 seconds to 1.0 seconds, better
reflecting the actual period of response.

These changes do not violate the engineering mehan
principles on which the model is based but do mothie
shape of the force-displacement function. FiglBeshows
the change in the shear mode of response, duens it and

2 above. The total shear strength is reducedtbliglue to
the change isyv The amount of energy dissipated by the
shear mode, a function of the area enclosed within
hysteresis loop, is reduced by reducing the uniaadi
parameten from 0.50 to 0.75.

The wall configuration is such that it responds mhain the
flexural mode and so the total wall hysteresis,wshan
Figure 16, is influenced mainly by the changeshtohinging
model from items 3 and 4 above. The major inflgeiscthe
increase in strain hardening for high strength foeging,
which increases the post-yield stiffness of thel.wal

not



The total of the effect of these changes was taowg the
correlation with test results, such that maximumorem top
displacements was reduced from -31% to -17%. Hewev
the time histories of displacements continued tuldkmuch
less resonance in the analysis than was measutbd bests
until the two items identified at the workshop, theavity
columns and the link to the flange wall, were irpmated
into the model.

Submitted Model
| Improved Model | --2600-

Shear Force (kN)

100
=3006

Displacement (mm)

Figure 15 Changein Hysteresis of Shear M ode

1066
Submitted Model|....
.|~ Improved Model |

Shear Force (kN)

1066
=10b6

Displacement (mm)

Figure 16 Changein Total Model Hysteresis

8.2 Repr esentation of Gravity Columns

The initial model used standard design office pcacfor
concrete diaphragms, which were assumed to be ingilde
plane of the floor but to have no stiffness nortoahe floor.
With this type of model, there is no shear trangtieough the
floor between components such as the web wall &ed t
gravity columns in the absence of any floor beams.

At the time the model development was performedas
assumed that the gravity column would provide $tgttio
the structure but not resist significant earthqualeels. This
was based on the relatively small size of the calgections
(44 mm threaded rods grouted into 100 mm diametsl s
pipe to prevent buckling) and the initial slacknbs$ore the
rods could take any tension (2 mm at L1-3 and 10ahixd-
7).

Measurements and observations from the test program
revealed that the deformations of the wall causguificant
bending moments in the slab, such that the segimlded,

and so transferred axial loads into the gravitypois. To
incorporate this effect, two components were inetlich the
model:

1. The columns were modelled as pin ended flexural
elements with an area based on 100 mm diameter pipe
An effective area factor of 0.5 was applied so tthet
model area was % the calculated area, an appragimat
to allow for the slack in the gravity columns under
tension loads. The columns were set to remastiela

The slab was modelled using beam elements spanning
from each end of the web wall to each gravity calum
(see Figure 17). These slab beams each had section
properties based on a tributary width of % thel taidth

of the slab (1.829 m) and the specified slab theskn
(0.203 m). An effective inertia factor of 0.5 wasplied,

so that the effective flexural stiffness was % tess
value, the factor specified by FEMA 356 for bearise

slab flexural steel top and bottom was providedlByx

12.7 mm bars plus 7 x 15.9 mm bars, a steel comtent
0.0063 over the 3.66 m width. The beam strength wa
based on the calculated moment capacity per umithwi
times the tributary width the element representad,
capacity of 138 kN-m.

As the walls are modelled with plane stress elemesithout
rotational degrees of freedom, a beam element viss a
included spanning from end to end of the web wakach
floor level and connecting to the slab beams. Tidéam
element was set to remain elastic.
§ §
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Figure 17 Revised M odel : Typical Floor Level

8.3 Linkage of Web Wall to Flange Wall

As shown in Figure 1, and discussed earlier, thie Between
the web wall and flange wall was slotted with thintion of
implementing pin-pin connections in the slab. tdwer, as
for the gravity columns, measurements and obsemnsti
from the test program revealed that under extremié wplift
forces were transferred into the flange wall frame slab.
This force transfer was non-symmetrical as theldcgment
of the web wall adjacent to the flange wall wasaggee when



this wall face was in tension than when it was in

compression.

To model this effect, a yielding truss link was rathed
between the web wall and flange wall, as showriguife 16.
The stiffness properties of the truss were basedthen
reduced dimensions of the slab at the slot (4.877 0051
m) and the axial strength was based on the toked af
reinforcing through the slot times the steel yisldength,
2033 kN. The truss strength in both tension andpression
was assumed equal to this value.

The transfer of shear forces between the two wafligshe
truss element is a second order effect and so dhdicn
procedure required a full large displacement aiglyshich
increased computer execution times by a factor v&fr 8
(from 9 minutes to 31 minutes for the four eartHgs).

84 Best Fit M odel

The best fit model incorporate the changes to aimly
parameters described above plus the gravity colanchlink
slab contribution to overturning resistance. Tdtal effect
of all these changes is illustrated in the totadtéyesis curve
plotted in Figure 18.

Shear Force (kN)

Submitted Model
Modified Model

— Final Configuration

Displacement (mm)

Figure 18 Total Hysteresis of Modified M odel with Slab
and Flange Wall Included

The major effect of the gravity columns and linktswas to
increase the post-yield stiffness further, abowe iticrease
caused by the analysis parameters. The other reffect
was that the hysteresis was no longer symmetricBhe
maximum force at +350 mm displacement (away froe th
flange wall) is 1400 kN, but only 1040 kN for -3%0m
displacement.

The non-symmetry arose because the truss forceliginer
when the wall face adjacent to the flange wallnigeinsion,

as wall extensions are higher than compressiverahefiions.
Figure 19 is a screen plot of the model at maximum
deformation which shows the extension in the libksveen
the web wall and the flange wall.

Figure 19 Best Fit Model at Maximum Negative
Defor mation(Distortion Factor 10)

9 CORRELATION OF BEST FIT MODEL WITH
TEST RESULTS

The model incorporating the changes to the analysis
parameters, the gravity columns and the link sladis w
evaluated for the set of four input time historiaad
processed as for the original model.

9.1 For ce-Displacement Relationship

Figure 20 plots the base shear force versus replatiement
and the base moment versus roof displacement ®otest
and the analysis (compare to Figure 11, the cooredipg

plot for the original analysis). Both the sheard athe

moment match much better than they did in the oagi
model. The much improved match for moment dematestr
that the contribution to overturning of componegtsored in

the initial analysis was important in matching r@sge.
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Figure 20 Wall Capacity Curve Best Fit Model
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Figure 21 plots the moment-displacement relatiqgnéini the
wall from both the analysis and the test. Thiswshdhat
although there are some differences in detail thalyais
captures the overall relationship well. Figurea®lo exhibits
the non-symmetry expected from Figure 18, in tha t



moments for positive displacements are higher thzen Detailed profiles of each of the peak response ftifien
moments for corresponding negative displacements. listed in Table 5 are plotted in Figures 22 to 2% f
respectively displacements, accelerations, sheaegoand
bending moments.

4

A/ﬁf The displacement profiles in Figure 22 show tha¢ th

differences between test and analysis at the tap,flisted in
f Table 5, are approximately constant up the heighthe

building. The deflected shapes show that the model
accurately captures the curvature at the plastigehiat the
: e S R base of the model. There were 28 individual disgiaent
B0 A 100, 200, 300 400 peaks recorded (7 floors x 4 earthquakes) and tkeage
error between test and analysis over these 28 oits
+2%. The individual errors ranged from -19% to %2foth
TestMomentEQ4 for EQ3), although the highest discrepancies oeclat the

— Analysis Moment EQ4 |........ lower levels where displacements were smalll.

Moment (kN-m)

425

Displacement (mm)

Figure 21 Hysteresis for EQ4 Best Fit Model

——EQ2 Test

9.2 Peak Response Parameters

- < - EQ2 Analysis

. . T T T
0 20 40 60 0 50 100 150 200

Displacement (mm) Disphcement (mm)

Table 5 summarizes peak response values for defiomsa
and forces for the four earthquakes. The cor@iag much
better than for the original model (Table 3). Measults
with within +6% for all parameters and individuadsults .
within +17%, although all displacements were with8%b. 1

Two parameters where the best-fit model correlaticas
worse than the original model were maximum strairisoth
the concrete and steel. The macro model is rtehdted to iy4 - < - BQ3 Analysis

—— EQ3 Test

capture detailed stresses or strains and so tloks & : : :
correlation is not surprising. This is discussedtfer later. 0 50 100 150 200 © 200 400 600
Displacement (mm) Displacement (mm)

Table 5 Summary of Peak Response Best Fit Model Figure 22 Comparison of Displacement Profiles Best Fit

[EQL | EQ2 | EQ3 | EQ4 | Mean Model
Top Displacement (mm)
Test 52.1 146.0 159.8 395.0 1
Analysis 50.6 136.0 172.0 395.0 ]
Error -3% -71% +8% 0% -1% |
Top Acceleration (g) ] :
Test 0.420 0.593 0.728 1.078 i 7 BQ2 Test
Analysis | 0.490| 0561 0.730 1.01d | 12 BQ2 Analyols
Error +17% -5% 0% -6% +1% ‘ ‘ ‘
Ba.% g,]ear (kN) 0.00 0.20 0.40 0.60 0.00 0.20 0.40 0.60 0.80
Test 425 628 704 1185 Acecleration (g Acecleration (g
Analysis 474 677 677 1302 g
Error +11% +8% -4% +10% +6% 1 -
Base Moment (kN-m) T——EQ3Test]

Test 5606 | 8093] 8490  1184Q 1ios |
Analysis 5432 7112 7112 12794 | Analysis ] o-ms
Error 3% | -12%| -16% +8% | 6% ] S

EQ 4 Results Text Analysis 0.00 0.20 0.40 0.60 080 000 0.50 1.00 150
Residual Displacement (mn}) 135 | 249 | -84% | e o e
Concrete Strain 0.00264| 0.00485 | +84% Figure 23 Acceleration Profiles Best Fit M odel
Steel Strain 0.02634| 0.01755| -34% The total acceleration profiles in Figure 23 exhibimore

complex distribution with height than the displaesn
profiles as higher modes have a larger influence on



accelerations than on displacements. Consequéndyerror only an approximation to the true nonlinear behawiof
function also exhibits much more variation than for these components. It could be implied from theseilts that

displacements. From the 28 individual accelerapaaks the actual effect was probably higher than modedietbwer
recorded the average error between test and amalyass displacements and less at higher displacementshwiould
only +1%. However, the individual errors rangeahfir-22% be expected from a softening nonlinear system.

to +24% (both for EQ3, see Figure 22).

The error in accelerations also appeared to béhgqaake —*—EQI Test
specific, as the maximum variation in EQ4 was 08%, ’
compared to the 24% variation in EQ3. Total amadions

define the demand on non-structural components and

- o - EQ1 Analysis

contents. Performance based evaluations asseseitic A N
performance of all components of a structure andthso . SN
ability of an analysis procedure to predict acalens with ‘ ‘ - ‘

iSi 0 2000 4000 6000 0 5000 10000
a reasonable level of accuracy is important. Moment () Moment (N-m)

The shear force and bending moments listed in Taband
plotted in Figures 24 and 25, are indirect measangmin
that they are not obtained directly from the timetdry
output as are the displacements and accelerations.

The procedure used to calculate shears and mongents o <

extract the inertia forces at each degree of freedod sum ® h N

them down the height of the structure to obtain shear ‘ i ‘ i o
force diagram. The moments of these inertia formtesut 0 Vomem tixamy ! Moo oy

each elevation down the height of the buildingsamamed to

obtain bending moments. This process is perforateshch Figure 25 Bending Moment Diagrams Best Fit M odel
time step of the analysis.

Figure 24 plots the total shear force at each lefethe 9.3  TimeHistory Characteristics

structure. From the 28 individual shear forcedl¢drs x 4

earthquakes) the average error between test amyssnaas The preceding section has shown that the best ditlemn

only -1% but individual errors ranged from -15%-+2%. developed using information obtained from the iestble to

For 3 of the 4 earthquakes the analysis predicigtieh predict maximum forces and deformations well witkin

shears at the base than were measured in the tests. accuracy acceptable for design office use. Inghiion, the
variation of response with time between the analgsid test

is compared.

Figure 26 plots the periods of the structure agiobt from

the test program and compares them with the periods
extracted from the submitted analysis and also ithse
from the best fit analysis.
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Figure 24 Shear Force Profiles Best Fit M odel
0.00 - ‘ ‘ —
Figure 25 plots the total bending moment at eacél lef the Start  EQl  EQ2 EQ3 EQ4

structure. From the 28 individual moments, therage error
between test and analysis was -3% with individuabre
ranging from -16% to +13%. For all except EQ4 the
analysis predicted smaller moments than were medsiar The periods extracted from the submitted analy&ise on
the tests. This suggests that the effective s§napproach average lower than those derived from the testeréae -
for modelling the gravity column and link slab effe was 8%, range of -16% to +3%). With the best fit motted

Figure 26 Comparison of Periods



periods lengthened such that they were on averégieeth
than the test results (average +9%, range of -5%l&9%0).
This suggests that the analysis captured the dgetnera of
softening during the test program but did not dyactatch
the nonlinearity of the test wall

In Figure 27 the time histories of displacementthattop of
the wall are compared for the test and the beanfilysis for
the four earthquakes. These plots are for thengtrotion
period of each record, a 20 second window startg
seconds from the initial point of each record.
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Figure 27 Comparison of Roof Time Histories of
Displacement for Best Fit M odel

These plots illustrate that the performance predidiy the
analysis is initially very accurate but tends teetlge in some
aspects as the analysis progresses:

1. For EQ1, the analysis trace matches the test waoe
well for both frequency content and amplitude fhe t
first 15 seconds of strong motion. In the lastbonds

the analysis predicts displacement amplitudes taign
the test.

2. The analysis of EQ2 matches the build up of mofiom

the test well for 12 seconds, which takes the nespo
beyond the point of maximum displacement for this
record. After that point the analysis period appea
slightly shorter than the test period so that the t
records get partly out of phase.

3. At the start of the EQ3 strong motion the analgiews
residual displacements from EQ2 of approximately -8
mm, which did not occur in the tests. This pernmane
offset introduced a bias in response between thé/sia
and test for the remainder of the record. Genger#ile
period of response matched well and negative
displacements matched well, with analysis positive
displacements lower than the test values.

4. EQ4 had the near fault characteristic of a large
acceleration pulse at the start of the strong motidhe
analysis matched the test displacement well thrabgh
pulse but beyond that point the analysis preditbagcer
amplitudes than the test for the first few cycles did
not damp out the latter cycles as quickly. Thelysiga
also showed a residual displacement of 25 mm, almos
twice the test value of 13.5 mm.

The displacement plots in Figure 27 demonstrate tha
analysis parameters which match the peak amplitddesot
provide such a good match in the lower amplitudeiqo of
the record, as shown for example in the later portf the
EQ 4 record shown. This suggests that the damfng
nonlinear and more complex than the Rayleigh tygapming
used for the analysis.

The most comprehensive measure of the dynamiclatioe
between the test and analysis, in terms of botjuacy and
amplitude, is by comparing in-structure responsecsp
generated at roof level. Figure 28 compares thed&fbped
spectra for each earthquake. Each plot also slbev$%
damped spectra of the input motion at the basehef t
structure.
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For EQ1, the analysis matches the test spectrugpn well.
For EQ2, the test showed double peaks at 0.83 a@@l 0
seconds whereas the analysis showed a strong peaRla
second period. The periods matched well for EQBthe
analysis spectral amplitude was lower, which reflethe
lower amplitude in the time history (see Figure.2Bpr EQ4
the spectral amplitudes correlated well but the ldaoge
peak at 1.44 seconds was at a slightly shorteogéhan the
test peak at 1.51 seconds.

10 SIGNIFICANT OF TEST RESULTSFOR SHEAR
WALL ANALYSISAND DESIGN

The aim of the blind prediction contest was to ssske
accuracy of analysis procedures in predicting totuad
response of full scale structures. In this respbet exercise
has provided changes to improve the evaluation quhae
and evaluate material demands.

Additional to these changes to analysis proceduhes test

Although the effective stiffness of 0.40 produced a

reasonable mean error, the error in individual résovas
much greater than for the nonlinear model, as sho\iliable
6. The only parameter for which the equivalentdinmodel
produced a smaller error was in the mean base $bvear (-
5%, compared to +6% for the nonlinear model). Heere
even for this parameter the variability was mucbager for
the linear model (-24%, +14% compared to -4%, +Xb%o
the nonlinear model).

It is apparent from these results that the nonfirgzear
model, even though based on empirical relationshups/ed
a more accurate predictor of performance than etpniv
linear models. If a linear model were to be used,
effective stiffness factor of 0.40 for shear appdao provide
the best result.

Table 6 Comparison of Nonlinear and Linear Shear
Models

program and correlation provides more general inédion Nonlinear | Equivalent Linear Shear Model
on the dynamic response of shear wall structur&hese Shear
include post-yield stiffness, the effective heiglft inertia Model 1.0G 05G 04G
forces and dynamic magnification of shear. Thessigh Top Displacement Error
aspects are also discussed below. Mean 1% 21% LY, 39
Min +8% +8% +19% +24%
- . Max -7% -52% -24% -219
10.1  Suitability of Combined Flexure/ Shear Model Top Acceleration Error
Mean +1% +68% +249 +9%
The model used for this correlation is a combimaid two Min +17% +85% +31% +269
models, which respectively contribute flexural askear Max 6% +58% +21% 69
deformations to the total wall deformation.  THex@ral Base Moment Error
mechanism for shear walls is well defined and candrived Mean 6% +59%) 200 26%
from engineering mechanics. The shear mode is less iy +8% +19% 8% +8%
amenable to a theoretical formulation and the madbhsed 3 0 0 0
= ) S Max -16% -2% -36% -45
largely on empirical evidence beyond the initiahstic
. . - . Base Shear Error
stiffness. As the shear mode is so empirical, ghestion
. ) . Mean +6% +38% +29 -5%
arises as to whether a simpler model based on tieffec -
elastic stiffness would be as effective. Min +11% +57% +21% +149
Max -4% +5% -12% -249
Table 6 compares the mean errors from the nonliskear
model as reported above with three equivalent timeadels. o ]
All models used the same flexural model, the oiifffecence 102 Modificationsto Analysis Procedure

was in the formulation of the plane stress elemesed to
model the web wall.

The original analysis procedures were developeedam
the results of static cyclic tests [Kelly, 2004]dathis test

1. A base linear elastic model used the calculatedirshe program has provided the opportunity to refine ¢hes
modulus, 1.0 G. This model produced reasonable include dynamic tests. Although the changes tdyaisa
displacements for EQ 1 (+8%) but severely procedures identified below are based on a sirege they
underestimated displacements for the three larger are more conservative than the procedures currasty and
earthquakes, with a mean error of -21% and maximum can be justified from engineering mechanics:

error of -52% (Table 6). This model also overeatid
accelerations, with an average error of 68%. 1. Specify the concrete shear strength in the hinge zs a
constant 0.0€f ., rather than a function of reinforcing
2. The effective stiffness was then reduced using earsh ratio. This reduces the value currently used.
modulus based on 0.5 G. This still underestimated
displacements, although by a lesser amount. 2. Increase the unloading parameter for shear def@nsat
a, from 0.50 to 0.75. This reduces the energy plged
3. The effective stiffness was reduced further to G4 by the shear mode of response.
With this shear modulus the mean error on top
displacements was minimized (-3%, only slightly ser 3.

than the nonlinear shear model mean error of -1%).

For high yield steel, set the parameters of thestru
elements used to model the reinforcing bars so as t
reach a strain hardened strength of 1.2tf46 timesy,



compared to the default value of 1,2at an elongation
of 70¢y for mild steel.

4. For high strength steel, because of the higheinstra
hardening than mild steel, it will sometimes beisable
to model hinging at upper levels to allow for hinge
spreading.

5. It may be advisable to increase the upper perrod li
used to define Rayleigh damping to reflect the a@ctu
period of response. In this case, a period ofiin&s the
elastic period provided a better representaticectidal
damping.

For this evaluation Rayleigh damping using coeéfits on
the mass matrix and original stiffness matrix sdoagrovide
3% of critical damping provided the best correlatwith test
results. As the model did not include componesuish as
cladding or non-structural components, there ievidence
to suggest changing the design office practicepetiying
5% Rayleigh damping for complete buildings.

10.3 Evaluating Material Performance

The analysis procedure provides the maximum exdansi
the truss elements representing the reinforcings.bailo
convert this to steel strain, as provided from tesults, the
extension is divided by a plastic hinge lengthfoAmula for

the plastic hinge length L [Priestley, 2000] is the greater of:

Ly = 02L, + 003h,
Ly = 0,054y, + 0.022f d,

(1a)
(1b)

where L, = length of wall h, = wall height and gand f{, are
the diameter and yield stress of the vertical meirihg. For
this wall, equation (1a) governs and provides atflehinge
length of 1.31m.

The test steel strains measured in the test [Patoaget al
2006a] under EQ 4 reached the maximum of approximat
0.025 at strain gauges at elevations 0.254m, Ori62nd
1.27 m (107, 30" and 50”) and reduced to 0.005 .&24 m
(60"). This implies a plastic hinge length of apgmately
1.27m, which corresponds well to the Priestley ®abf
1.31m. The maximum truss extension from eachyaisal
was divided by this value to obtain strains. Thaximum
concrete strain was assumed to be the verticahsmathe
plane stress elements representing the web wéikitowest
story.

Table 7 lists the test strains and the maximumrstricom

the submitted model, the model with modified paramrgebut
no gravity column or link and the final best fit ded which

included gravity column and the links.  The sulbeoit
analysis values were reasonable close to the &hse,vwith

both steel strain and concrete strain within 15Pwever,

the best fit match was not as good, with steelr&tra5% less
than the test results and concrete strains 85%ehigh

In terms of steel strain, the modified analysisainich the
analysis parameters were varied but the gravityrook and
links ignored provided a steel strain within 4%tbé test
value. It appears that the approximate representaf the

gravity columns and links improved the overall etation
but resulted in less accuracy in the reinforcingrbaponse.

Table 7 Material Strains

Steel Concrete
Strain Strain
(mm/mm) | (mm/mm)
Test 0.026 0.0026
Submitted Analysis 0.030 0.0022
+14% -15%
Modified Analysis 0.027 0.0047
(No gravity column / flange wall +4% +81%
Best Fit Analysis 0.017 0.0048
-35% +85%

The use of equations (1a and 1b) is only an appraon
for this application and this may explain the dégancy.
These equations were developed for cases wherécjtlas
can spread freely, such as bridge columns. Irdimg$ the
spread of plasticity may be constrained by thefoecement
detailing and construction staging and this wascdse in the
building tested. Therefore, although there appéarbe a
good agreement between these equations and theineeéas
spread, this may be more apparent than real asgtietions
are for the equivalent plastic hinge length andrtteasured
strains are for the actual spread. In some case$, as for
longer walls, there may be substantial differences.

For concrete strains, the type of macro model useck
would not be expected to predict maximum values ted
relatively close match in the submitted analysiss waost
likely coincidental. The strains listed in the kexdion are
taken from the coarse modelling, where a singleepan
represents a full story height and this resolutionld not be
expected to provide an accurate strain distributionThe
evaluation procedures do not rely on concreterstrand so
this restriction does not inhibit use of the praged.

10.4  Effect of Secondary Components

The correlation of test and analysis results regbhtere has
shown that a satisfactory representation of teatlitions is

only attained when the gravity columns and the Btdb to

the flange wall are included in the model. In dasoffice

type evaluations these components would be cladsiis
secondary elements, in that they do not form pérthe

primary seismic system, and would usually be exadufilom

the model as was done for the analysis submittedHie

contest.

The reason for excluding secondary elements is rgye
because they have a low stiffness relative to thmagry
system and so are not expected to influence respons
significantly. However, although the secondarymeat
stiffness may be low compared to the elastic prynsgstem,
its stiffness may be more significant once the priymsystem
yields. Figure 29 shows the capacity curves fertést wall
for the different models. The submitted model he
effective strain hardening ratio of 3%, which prdveo low
because of factors such as under-estimated stemih st
hardening. Once the model was adjusted, the eféestrain



hardening increased to 8%. When the gravity cokisnd
the link to the flange wall were included in the deb the
final configuration, the strain hardening increasedher to
15%.
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Figure 29 Effective Strain Hardening Ratio (SH.R)

It can be implied from the capacity curves that éiverage
stiffness of the “secondary” components in thelfinadel is
the difference in yielded stiffness, which is 15%% = 7%
of the primary system stiffness. However, the @ffen the

maximum wall moment was much more than this. The

average error (analysis moment to test momentjhi@rfour

earthquakes was -19%, which improved to -6% when th

secondary components were included.

105 Dynamic Magnification of Shear

Under the capacity design principles used in Newlated
the shear force in a cantilever wall is limitedtie shear at
the time the maximum base moment, including alrses of
overstrength, occurs. However, a number of stutieve
shown that under dynamic loads the shear forceinwgase
beyond this overstrength shear [Blakeley et al 197%0
account for this, the shear force is factored bgyaamic

the shear force can only increase if the effectieght of
application reduces.

Figure 30 plots the effective height of the ineftiece for the
test and the analysis models. The values are figedgo a
fraction of the wall height. The effective heigtdsumed for
design was 0.76 of the actual wall height, baseé dinear
distribution of inertia forces plus an additionabrde
component added at roof level.

The test results showed that the effective heigtiticed with
increasing earthquake, from 0.69 at EQ1 to 0.52(x. The
best fit model predicted a lower effective height the
smaller earthquakes (0.60 at EQ1) but a similanevab the
test result at EQ4, 0.51.

The analysis which incorporates the changes tattadysis
parameters in the best fit analysis but not thertameing
resistance of the slabs or flange wall providesnalication
of the response if lateral load resistance wergiged by the
web wall only. In this case, the model predictedirailar
effective height to the best fit model for the fir8

earthquakes but a much lower height for the largest

earthquake, 0.39 at EQ4, which was 25% lower thartest
result for EQ4.
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Figure 30 Normalized Effective Height of Inertia Force

The effective heights plotted in Figure 30 can lsedito
calculate the required dynamic magnification fadtmr the
test and the analysis results. The procedursyiesnarized
in Table 8, is:

magnification factore,, to develop upper bound shear forces 1. Calculate the probable moment strength of the Wédl,

[Standards New Zealand, 1995].

The dynamic magnification factor is a function lo¢ number
of storeys, N, calculated as follows:

&, = 0.9+N /10 for buildings up to 6 storeys, and

&, =1.3+N /30< 1.8for buildings over 6 storeys.

For a cantilever the shear force is calculated ftbenbase
moment M as V = M/, where Rgr is the effective height
of application of the force. As M is limited to eth
overstrength moment capacity of the wall, it is aept that

and the shear force corresponding to this base mipme
Vp, (assuming the distribution of forces used foriglgs
The probable moment using test material strengths w
10% higher than the nominal moment.

2. From the test, or analysis, time histories extrimt
ultimate moment, M, and shear force,

3. Calculate the moment overstrengthodvhs the ratio of
My/Mp and the shear overstrengtdéas \,/Ve.

4. The dynamic shear
calculated as ¥4Mgs.

magnification factor is then
Effectively, it is the factor by

which the shear overstrength exceeds the moment



overstrength. For no dynamic magnification theashe
and moment overstrength will be the same and the
magnification factor will be unity.

The calculated magnification factors are listedTable 8.
The test values are amplitude dependent, consiaiémtthe
reduction in effective height with amplitude shoimnFigure
30. A value of 1.11 at EQ1 increases to 1.46 ad4.EQhe
best fit model shows a higher value than the tet7 at
EQ1, but a similar value to the test of 1.49 at E@ghin as
expected from the ratios for effective height.

If the wall did not have the overturning resistaficen the
gravity columns and flange wall then the magnifmafactor
would be the values listed for the modified modehging
from 1.28 at EQ1 to 1.96 at EQ4. For a 7 storyding New
Zealand practice would require a factoy = 1.53. This is
higher than the factors for all earthquakes exde@4.
Based on this, it may be that the magnificatioridiecshould
be re-examined in light of current knowledge abwedr fault
earthquake motions such as EQ4.

Table 8 Shear Dynamic M agnification Factor

| EQ1 | EQ2 | EQ3 | EQ4

Probable Strengths
Mp 5329 | 5329| 5329 5329
Vp 365 365 365 365
Test Results
My 5606 | 8093| 8490 11840
Vy 425 628 704 1185
Mos 1.05 | 152| 159 222
Vos 117 | 1.72] 1.93 3.24
ov=VodMos | 1.11 | 1.13] 1.21] 1.46
Best Fit M odel
My 5432 | 7112 7112 12796
Vy 474 677 677 1302
Mos 1.02 | 1.33| 1.33 2.40
Vos 130 | 1.85| 1.85 3.57
oy = VodMos 127 | 139 1.39 1.49
Modified M odel (excl. Gravity Columns & Link)
My 5371 | 6646| 6646 8742
Vy 473 640 640 1174
Mos 101 | 1.25| 125/ 1.64
Vos 129 | 1.75] 1.75] 3.21

11 CONCLUSIONS

The blind prediction contest based on the UCSD $alle
reinforced concrete wall test provided a uniqueocopmity

to evaluate shear wall analysis procedures.  Alimear
analysis procedure, developed for design office, weas
shown to have some shortcomings when the predicted
response was compared to the measured respons@udth
predicted deformations were within 8% for the sestlland
largest earthquakes, the procedure underestimated
deformations by 30% for the two moderate earthgsiakel
underestimated moments for all earthquakes.

A number of improvements to the procedure weretified,
and changes were made to the concrete shear strientje
hinge zone, the amount of energy dissipation in shear
mode, the reinforcing steel properties and the dagnp

These changes provided a closer correlation to tés¢
deformations but the discrepancy with moments waly o
resolved by adding two components of the test walich
had been considered secondary, the gravity coluandsthe
orthogonal flange wall. These two components hadnb
ignored in the initial analysis but evaluation ebtt results
showed that they contributed significantly to therdurning
moment.

The effect of the slab, gravity columns and linglshere
included in the model using effective stiffnesstéas and
improved the correlation to the point where therage error
between test and analysis was less than 10%
displacements, accelerations, shears and moméns. efror
is well within acceptable limits for design officse.

for

The study has proved the importance of consideting
effect of all components which may contribute tspense,
particularly if variables other than displacemests defined
within the scope of a project. In this wall, th#fsess of the
secondary components was low relative to the elasdill
but significant relative to the yielded wall, suthat they
increased the yielded stiffness by a factor of 2.

The test showed that dynamic magnification effectshear

forces are amplitude dependent. For large earkegya
especially those with near fault characteristitee turrent

values for the shear magnification factor may lve lo

The UCSD test program has proved valuable infoiomati
beyond that which can be obtained from static tedtsis
expected to provide continuing value as analysiequiures
available to designers are upgraded to providetterbmatch
to the observed response.
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