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SUMMARY:

Eurocode 8 Part 1 provides criteria on the stoift datio to limit the damage due to frequent sesevent.
Although the regulation is simple, its practicalphgability is impeded in lack of standard definiti for
classification of non-structural elements.

The paper focuses on the behaviour and damageatiomt of deformation sensitive non-structural elatae
gypsum wall, infill masonry. Based on cyclic tessults from the literature, hysteretic behaviouthef elements
is characterized and major parameters are detedmifige elements are classified with respect toikiyct
deformation sensitivity and degree of damage. ¢biscluded from the results that type and degradaofage is
not correctly reflected by the ductility classifian. Based on the results, the required repaikvaod expenses,
different damage levels are defined for each elémimalysis and damage evaluation approaches aadyfi
illustrated through numerical example of a multrey hotel building.
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1. INTRODUCTION

In the recent period, design to limit damages cdmgeseismic events as well as research on
economical restoration procedures attracted moeatain due to series of powerful earthquakeseén th
seismic regions. One of the fundamental requiresnehthe European standard for seismic design,
Eurocode 8 is the damage limitation requiremerecédd in terms of interstorey drift limitation due
to a frequent seismic event (95-year return periBghfulfilling the limitation the amount of damage
can be kept on a low level and after a seismictetenbuilding can keep its original function.

In the Eurocode 8 Part 1, EC8-1 (EN1998-1) thetétion of interstorey drift depends on the
behaviour of the non-structural elements of thddmg. The non-structural elements have to be
categorized as brittle, ductile or isolated elermdndm the structure (in a way it does not intexfer
with the structural deformations). The brittle arctlle behaviour means small or large deformation
capacity. Practical problem of the regulation iattthe code does not provide any support for
practicing engineer on what basis can a non-straicelement be categorized as brittle or ductile.
Further shortcoming is that such classification leetg the fact that ductile behaviour — where
excessive deformations are experienced in the trantgral elements — does not necessarily ensure
economical repair of the damaged parts; consequéntloes not represent the amount of probable
damages and the repair costs. Furthermore, diffesenan be found in the displacement analysis of
the structures when comparing EC8-1 to internatiendes, indicating that Eurocode is strict with
many aspects.

The final goal of our research is to answer theimgi question on the limited damage criteria, with
special respect to the classification of non-stmadtelements, the acceptable drift values andhédo t
displacement analysis. This paper first illustrated compares the current Eurocode and interndtiona
regulations. Secondly, based on experimental eswailable in the literature, seismic performance



evaluation of various non-structural elements isygleted and proposal is given for the acceptable
damage levels and corresponding drift ratios. Austitative example of 7-storey building calls the

attention on the importance and differences expeeé with different displacement analysis and

damage evaluation methods.

2. CURRENT EUROCODE REGULATION

EC 8-1 prescribes two fundamental requirementsrilipg on the probability of occurrence: a) no-
collapse requirement corresponding to tittemate limit state and b) damage limitation requirement
corresponding to the serviceability limit stagguirement.

The ultimate limit state requirement includes, tinat primary objective is the protection of humida |
during a rare seismic event through the prevemifolocal or global building collapse. According to
EC 8-1 an earthquake with 10% probability of exesws in 50 years (475-year mean return period)
can be considered as a rare seismic event. Whibh auseismic event significant damage and
moderate permanent deformation may occur in thdédingi but the structure must preserve the
capacity and posses sufficient stiffness as wedlti@ngth to withstand further aftershocks. Theairep
costs can go beyond an economical level. In thesesaxf the second requirement, the damage
limitation requirement, no permanent deformatiom @xcur on the structure nor on any of its
elements and no significant stiffness and strerginction can be a result of a frequent seismiateve
According to EC 8-1 an earthquake with 10% prolighdf exceedance in 10 years (95-year mean
return period) can be considered as a frequenmseisvent. During such an earthquake the non-
structural elements can be damaged, but these eaeabily and economically restored. The
fundamental requirement can be considered fulfilele limitations listed in Table 2.1 apply fdret
maximum calculated interstory drifts. The paranwterthe table aret is the storey heighti,. stands

for the design interstorey drift calculated for #hé5-year seismic event; is the reduction factor
taking into account the lower return period of sieésmic action associated with the damage limitatio
requirement (in case of importance class | and410,5 and in case of importance class Il and/i¥
0,4). In different standards the design interstaheff is typically indicated with the drift ratithat is

the quotient of the displacement difference andstbeey heightd,./ h (%).

Table 2.1.Damage limitation criteria in EC 8-1

Limitation
Non-structural elements of brittle materials atetho the structure d,-v < 0,005 -h
Ductile non-structural elements d.-v < 0,0075 -h
Non-strugtural elements fixed in a way so as natterfere with structural d, v <0010 -h
deformations

3. INTERNATIONAL SPECIFICATIONS

In the following, drift limitations criteria of vaésus international specifications are compared.
Documents involved in the study are: Uniform BuilgliCode (UBC, 1997), NEHRP (NEHRP, 2001),
ASCE 07-10 (ASCE 07-10), ANSI/AISC 341-05 (ANSI, &), FEMA-445 (FEMA-445, 2006),
FEMA-356 (FEMA-356, 2000). Table 3.1 compares thgaus international specifications.

The first observation is that even if the same abilily of occurrence is considered in the
displacement analysis, the calculated displacenaatdifferent when using different codes. Noté tha
while in Eurocode the displacement behavior fagidsimilar to the displacement modification factor
Cq) in most cases equals to the behaviour factoiimgilés to the response modification factgy,
American standards usually prescribe lower valueCfo Accordingly, the deformation level that shall
be taken into account for the damage criteria daticun is higher in case of the European standard.
This may be interpreted as the different codes iredgifferent probability of exceedance for the
damage analysis.



Table 3.1.Comparison of drift criteria of international sf@ations

Code Design force Drift Modified drift Limitationfanterstorey drift

2,5

0,005 -+0,010-h
<

EC 8-1 ag-5-7-m d d.qd:dr . < ”
C, 1

UBC R T w Ag Ag ‘R-0,7=Ay A< 0,020 + 0,025 - h,
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ASCE, NEHRP ' I-w Oxe - = 8y A< 0,007 = 0,025 - hg,

where:y; (EC 8-1) orl (UBC, SCE, NEHRP) is the importance factgror R is the behaviour factors or
response modification factor, respectivedy;and C4 are the displacement behaviour factor and dispiect
modification factors, respectively is the seismic loadi, is the design ground acceleratiomjs the building
weight; S andSps are the response spectrum parametérsis the seismic coefficient (according to the gmbun
type and the seismic zoné); h, is the interstorey height.

To understand this difference, one may review theegalized classification of Performance Based
Design (PBD) methodology.

In PBD, the building performance levels are in adeoce with the expected damage. The
performance levels typically applied arenmediate Occupancy (IQ)ife Safety (LS)Collapse
Prevention (CP)and Not Considered (NC)At Basic Safety ObjectivéBSO) that is similar to the
Eurocode objective, two requirements have to dléd: LS— an earthquake with 10% probability of
exceedance in 50 years (475-year mean return pe®l— an earthquake with 2% probability of
exceedance in 50 years (2475-year mean returnd)el@ performance level, which is analog to EC
8-1 damage limitation requirement only have to &ised atEnhanced Rehabilitation Objectivin
case oflO the general requirements are: no permanent defamsaand no stiffness and strength
degradation shall be experienced. However, whil8-ECequires the analysis for an earthquake with
10% probability of exceedance in 10 years (95-ye@an return period), tH® level of PBD shall be
usually checked with 50% probability of exceedamc®&0 years (72-year mean return period). The
wider design spectrum which is used in PBD can deert into consideration with reliability
differentiation implemented by classifying stru@siinto different importance classes in EC 8-1. For
every importance class EC8-1 adjusts the so-caitggbrtance factory; The different levels of
reliability are obtained by multiplying the refemnseismic action by this importance factohe
importance factoy; = 1,0 is assigned to an earthquake which hassaerate return periobycg. This

is equal with a reference probability of exceedaPgg, in 50 yearsThe importance factgy; can be
calculated ag; ~ (T r/T.) /%, where the same probability of exceedancejilyears as in the
referencel g years (for which the reference seismic actioneBned); the value of the exponeht
depending on seismicity, but being generally ofahger of 3. Fig.. 3.1 illustrates that at impog@an
class I, buildings of minor importance for publiafety (e.g. agricultural buildings) the damage
limitation requirement should be satisfied for 49y mean return periog, (= 0,8), while at
importance class I, ordinary buildings for 95-y&amean return period belongingjp= 1,0. The 72-
years mean return period in PBD can be correspotadigaportance factar; = 0,91.

Further difference is that PBD does not categdhiezenon-structural elements as brittle or ductlie;
drift limitation is determined according to the &goof elements individually. It sets different lisfor
exterior veneers, heavy or light participationdeifior veneers, suspended ceilings. The Uniform
Building Code (UBC) against the EC 8-1 damage htiiin requirement has only two categories
which depends on the vibration peri@dand does not depends on the non-structural elsment
behaviour or the importance classes. The Nationghfuake Hazards Reduction ProgrdiEHRP)

has only three importance classes: minor importatass does not exist. The allowable storey dift i
NEHRP depends on the building structures type feasonry cantilever shear walls, other masonry



shear walls, structures other than masonry wallsg American Society of Civil Engineers (ASCE)
analysis is similar to NEHRPs with little differees; but none of them depends on non-structural
elements, or its behaviour.

After all, due to the intensity of the seismic etvanrmally considered and with respect that thé dri
limitation criteria differ, it can be stated tha€B-1 is found stringent in comparison to interowaail
specifications.
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Figure 3.1.Return periods of different importance factors

4. PERFORMANCE EVALUATION OF NON-STRUCTURAL ELEMENT S
4.1. Non-structural elements and the evaluation prmedure

In the current phase of the research, test regottanasonry infills, drywall participations and
anchored brick veneers are collected from availdibdeature. On a common basis, the results are
systematized and used for the seismic performanaleiaion as well as damage level qualification.
New limits can be defined according to the actddaviour of the elements on the basis of the rate o
the damage and the corresponding drift ratio.

Numerous studies and tests were explored with mnoomotand cyclic loading to evaluate the
behaviour of these elements. During the experiniets recorded the seismic response of the drywall
participations (NAHB 1997, SEAOSC 2001, Fulép dndbina 2004, Arnolet al.2002, Landolfcet

al. 2006, Bersofsky 2004, Le= al. 2006, Moghimi and Ronagh 2009), masonry infilldcgeer and
Zepeda, Calviet al. 2004, Braz-Césaet al. 2008, Baran and Sevil 2010, Yuksal al. 2010) and
anchored brick veneers (Klingnet al. 2010, Thurston and Beattie 2008, Jo 2010) foredkfit
structural constructions.

The recorded force vs. deformation curves — hysierdiagrams — are appropriate to calculate the
ductility of the tested specimens and thus thesdiffit non-structural elements can be categorized as
brittle or ductile elements. The classificationcempleted in accordance with specifications of the
FEMA-356 document, Fig. 4.1. The behaviour of tlement under investigation is considered ductile
if its hysteresis diagram is similar to curve ofp€yl or 2 in Fig. 4.1 and the strain hardening eafig

2) is longer than the elastic range (B 2g. In all other cases, the behaviour is considergtieb

The evaluation accordingly requires the multi-linételaization of the nonlinear response. For the
present discussion, the authors applied bilinegliaidation (elastic-perfectly plastic model, based
Frumento et al., 2009) as illustrated in Fig.4.Be Elastic stiffnesk,; is obtained from the 70 % load
value of the maximum strength of the experimentakdope (i.e. 70% aof,,.,) and the corresponding
actual deformation. The ultimate displacemgptan be evaluated as the displacement corresponding
to strength degradation equal to 20%Fgfy. The ultimate limit strength is determined so tte



“dissipated” energy in the actual and in the idesldisystem is equal. The ultimate ductility is dedi
as the quotient of the ultimate displacem&pand the yield displacemet;.

The recorded damage history allows the damage tpiaitification and can be evaluated with respect
to economy of possible rehabilitation methods.
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Figure 4.1.Component force versus deformation curves, FEMA-356
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Figure 4.2 Hysteresis envelope and its bilinear idealizatiEnumentoet al. (2009)
4.2. Analysis of Gypsum Board Walls

Bersofsky et al. (2004), Les=t al. (2006), Restrepo et al. (2010), Moghimi and Ron@flo9) and the
Structural Engineers Association of Southern Catii@ (SEAOSC) (2001) completed test programme
for drywall participations as non-structural eletseriThe NAHB [National Association of Home
Builders) (1997) Fulop and Dubina (2004), Arnolet al (2002), Landolfoet al. (2006) tested the
gypsum board walls as load-bearing elements, natoasstructural elements. Bersofsky analysed
eight different specimens, with different srew $pgs, gypsum board thicknesses, metal stud gages
and stud spacings. The SEAOSC tested thirty sid &inwall constructions, most of them were made
with OSB covering. Moghimi and Ronagh tests focuseddrywalls with strap bracing. In the
experiments of Leet al.two specimens were tested with and without an imgen

As representative examples, for the same gypsuckrieéss covering, Fig. 4.3 a) and b) illustrate
results from SEAOSC (2001) and Bersofsky (2004peetively. In the hysteretic curve, linear elastic
range is followed by plastic strain hardening. Réag the capping point, significant in-cycle stréng
degradation can be observed. Stiffness degradagipears in both loading and unloading part. Severe
stiffness degradation can be experienced duringadahg after unloading, along with stiffness
recovery when displacement is imposed in the opgpadirection (pinching behaviour). Idealized
model for SEAOSC specimen is shown in Fig. 4.4;dhleulated ductility igt,= 3,08; 3,33. Typical
response of the drywall participations can be dlesdras Type 1 behaviour, thus it can be considered
as ductile elements.



Load [kN]

26,8
Drift ratio [%]

Drift ratio [%]

Figure 4.3.Lateral force—drift ratio hysteretic responseS&A0SC (2001); b) Bersofsky (2004)
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Figure 4.4.Hysteresis envelope of SEAOSC and its bilineaalidation

For the assessment of damage of drywall parti@patiTaghavi and Miranda (2003) defined three
damage levels reflecting the feasibility of the uiegd repair works: slight, moderate and serious
damage levels. At the first level (Damage State minor damages, crackings and screw head
poppings can be repaired with tape, paste and. gdimioderate damages (Damage State 2), it may be
necessary to change the gypsum boards because afuhed panels, but no damage can be detected
on steel studs. At serious damages (Damage StateaB)al or total replacement may be needed
because of the drywall spalling, steel stud bugkl@ccurrence of the third level can be difficdt t
determine because of the gypsum board coveringsoBsity defined the Damage State 1 with tape
wrinkling at 0,3% drift ratio. The Damage State asmeached at 1,5% drift ratio with drywall
spalling. However in the test of SEAOSC wood stwdse used, the response were very similar.

Based on the gathered test data, drywall participatcan be categorized as ductile and deformation
sensitive elements. The concluded Damage Levelsttanaorresponding drift ratio limitations are
summarized in Table 4.1. based on the observedgksrand the strength degradation on the force —
drift ratio hysteresis curves. It is suggested tteahages beyond Damage Level 1 are not allowable
neither on the level of damage limitation in EC Bek on Immediate Occupancy performance level in
PBD. Significant strength and stiffness cyclic gefstion can occur when Damage Level 2 is reached,
and major injuries on the gypsum coverings which peaevent the immediate occupancy and the
economic and rapid repairmen can be experienced.

Table 4.1.Suggested damage levels and corresponding anifsli- Drywall participations

Level Drift ratio | Expectable damages

Level 0 0-0,5% Tape uplifting, drywall crackingyew head popping

Level 1 0,5-1% Drywall buckling and crushing, ineséng of damages reached at Level 0
Level 2 1%- Drywall spalling, steel stud buckling




4.3. Evaluation of masonry infills

Calvi et al. (2004) completed experiments for analyzing theeliem of slight reinforcements of
masonry infills. One goal of their research is t@laate the positive effects of the mortar layer
reinforcements to serviceability and of the remaists. Braz — Césat al. (2008) analysed frames
with or without masonry infills. Their scope wasdompare the results of the experiments and the
numerical model. In the program of Baran and S@01L0) they examined the behaviour of one- and
two-storey masonry infilled frames. Altogether thead nine versions where they varied strength of
the concrete, axial load of the column, load speatretc. Yuksett al. (2010) focused on walls with
carbon fiber reinforced polymers (CFRP).

The lateral capacity of masonry infills dependstloa frame wall interaction. When horizontal loads
are relatively low and the connection between th# and the frame is rigid, the infills significéyt
increase the global stiffness of the frame. Wheneasing the load, due to the lack of tensile gtten
of the wall, the frame and the infill may separdthe further failure mechanism is governed by the
relative strength and stiffness of the frame arelwhall. The frame as a primary structural element
needs to transfer the vertical loads, and becabists @amage can be excluded with complying
requirements it is sufficient to observe only thasanry infills failures. The main difference in the
hysteretic behaviour between the drywall partiégpest and the masonry infills is the shortness er th
lack of strain-hardening range whereas the masuwriiis have great stiffness and strength before
reaching the first crackings. After the maximumdoeapacity the cyclic strength and stiffness
degradation can be the consequence of the diagmahings.

Cracks
width <1 mm

width between 1 and 2 mm
width > 2 mm

m detachment of plaster

amage of the brick unit

] J
- failure of the brick unit

0,2% drift 0,4% drift
Figure 4.5. State of damage at 0.2 % and 0.4 % drift, Gati\al. (2004)

In the experiments of Caleit al, as shown in Fig. 4.5, the diagonal crackings amakat a drift ratio

of 0,2%, followed by the damage and failure of vk units at 0,4%; at this deformation level
mortar at the top of the wall remained undamagedaBse of these failures, the restoration cannot be
simply carried out with injection of the gaps andakings; approximately 10% of the whole wall
would be required to change.

As confirmed in Fig. 4.6, in the experiment of BraZésaet al (2008) the highly stiff hybrid frame
could withstand a fairly high load until the firgtacks appeared in the wall at a drift ratio of0,2%.
Following this only a minor strength and stiffnessluction could be observed up to 0,81%. drift.
Baran and Sevil (2010) used a lower concrete chistheir test, the ultimate capacity was reachied a
a drift ratio of 0,36%. In the case of Yukstlal. (2010) the damages were only dominant in the frame
and the infill cracked only at a high drift ratidhe first damages were tensional cracks which
appeared at 0,22% in the frame column, the ultirfakere was the damage of the frame, too.

Concludingly, it can be stated that if masonrylirfilure is predominates, the full depth diagonal
cracking will occur at reaching the maximum loagaeity and by the opening of the cracks the
damage limitation requirement cannot be fulfilled.

Based on the bilinear idealization, it can be stateat the masonry infill walls are displacement-
sensitive and ductile, just like the drywall papations, but with greater degree of damage. 80%
strength degradation was reacheddgt=1,64%; 1,51% drift ratio, meaning, = 4,21; 3,02
displacement ductility. On the basis of the experel damages and the hysteretic responses, the



damage levels listed in Table 4.2 are defined #mphasized that although the behaviour is cledsif
as ductile, the expected damage is tolerable onlyaorelatively small deformation level. This
observation is in line with the statement that eleticlassification shall be completed individudty
each element type and not necessarily relatecetduhtility of the element.
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Figure 4.6.Lateral force — drift ratio hysteretic responseaB— Césaet al. (2008)

Table 4.2.Suggested damage levels and corresponding drifslinMasonry infills

Level Drift ratio | Expectable damage

Level 0 | 0-0,3% shearing of the mortar between wadl infill, first diagonal cracks

Level 1 | 0,3-0.55% ggglégllures in the corners, which is less th@&slof the wall, more diagonal cracks
Level 2 | 0,55%- the increase of the damages occumrkdvel 1

4.4. Summary of Results

The determined element classes and allowablelinits are summarized in Table 4.3. As a result of
the experiments both the gypsum board walls and rfasonry infill walls are ductile and
displacement-sensitive. The damages that can berierped at the damage limitation requirement of
EC 8-1 can be corresponded to PBD’s 10 performaesel and to Damage State 1 of the
experimental data. The evaluated limitation for gym board wall is in line with the current
regulations of EC8-1 and PBD. In case of masoniil} imalls, PBD provides acceptable values, but
EC8-1 ductile classification would mislead in thanthge limitation analysis, since the ductile
behaviour comes with damages that cannot be ecoabiyniepaired. It is expedient to set limitations
for the types of non-structural elements indivitjpaccording to PBD, rather than to the brittle-
ductile behaviour class in damage limitation reguent set in EC 8-1.

Table 4.3.Non-structural element classification and recomneendfift limitations

Behaviour| Limit of PBD, 10| Limit of EC 8-1 | Limit based on the amount of damag

Gypsum board walls| ductile 1% 0,75% 0,5-1%

Masonry infills ductile 0,5% 0,75% 0,3-0,55%

5. COMPARISON OF ANALYSIS METHODS

Analysis and damage evaluation approaches ardyfiitlaistrated through numerical example of a
multi-storey hotel building. The lateral load réisig system is dissipative eccentrical bracing. The
study investigates the following aspects: a) glohahlysis type (modal analysis vs. pushover
analysis); b) consideration of actual behavioufl{ence of non-structural elements on the global
structural performance); c) damage evaluation ntthal) cost calculation methods. The global
numerical model is shown in Fig. 5.1. As an examihle actual gypsum wall behaviour is modelled



with the ideal characteristics indicated in Fid.,%n the basis of the processed experiment resits
further details refer to Sods (2009).
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Figure 5.1.Modeled and idealized behaviour of gypsum boarlisveend the global modell, Sods (2009)

While existence of springs representing gypsum dealls slightly modified the overall behaviour,
the effect of masonry infill is considerable inestgth (20-25% increase) and stiffness. As expected,
the largest interstorey drifts were induced by mi@dal response spectral analisys, followed by the
push over analisys without walls, finally with mdléd walls. From the storey heights and interstorey
displacements the drift ratios can be calculatetitha expected damages can be defined. Associating
repair costs to the failure modes on the basithi®fwalls state the financial losses are estimated a
summarized in Table 5.1.

Table 5.1.Financial costs from different analysis methods

Gypsum board walls Masonry infills
Maximmum Average storey Maximmum Average storey
displacement displacement displacement displacement
Modalanalysis 1053 USD 845 USD 12529 USD 7064 USD
Pushover analysis 757 USD 620 USD 4253 USD 2850 USD

The results confirm that advanced displacementyaizaland damage evaluation leads to smaller
expected damage costs: the evaluations based omakenum storey drifts can overestimate the
expected damages; pushover analysis results in fower damages than the modal analisys. In the
current example, the repair cost of drywall is 28,@f the cost for masonry infill walls based onithe
actual behaviour, meaning that a much more faveratierium can be set for gypsum board walls to
have an expected repair cost similar to infill walThe example detailed in Sodés (2009) gives
guidance for simplified as well as advanced prooedinat allows designer to achieve more
economical design.

6. CONCLUDING REMARKS

On the basis of experimental researches, the mootstal systems and their hysteresis behaviour can
be analysed and the main behaviour parametersecatebtified. The results of the evaluation showed
that the categorization by ductility does not prbpeeflect the character and extent of the damages
therefore in verifying of the damage limitationthre Eurocode is misleading. The damage levels can
be defined for the different non-structural elemsebpased on the experimental results, these can be
expressed in the rate of the relative displacemeimat can be used directly to the examination ef th
damage limitation requirements. It is also illustchthat damage and the repair cost evaluatioriyhigh
depends on the analysis type. Advanced analysiking performance based design methodology
directly supports the proper decision between gifiealternatives.
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