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1.

Chapter IV
Seismic Action

Article 21°
(General considerations)

Introduction

Macau region consists in one seismic area, qualdie exposed to moderate
intensity earthquakes.

The seismic intensity grade and the correspondixgeaed peak ground
acceleration values, considered in present seismie provisions, are derived
from the basic seismic acceleration values andcessad risks included in the
“China Seismic Ground Motion Parameter Zonation M&mx Macau place,
according to the GB 18306 - 2001.

In full compliance with the relevant articles ofetiMacau RSAEEP -
“Regulamento de Seguranca e Accdes em Estruturddifieios e Pontes”, of
1996, these seismic code specifications gives goel#o the characterization and
guantification of the relevant design seismic actiralue and to the definition of
the adequate methods to analyze their effectswilrecigineering structures.

For the quantification of the Macau seismic actiansl the definition of the
corresponding seismic response spectra, includiogl ltesting and classification
of the site ground conditions, a very valuable @yapon of the Guangdong
Seismic Institute was provided, through their stafpertise in seismic field
research.

Scope

The code specifications of this Chapter IV of RSAERpply to the
construction design of buildings or other strucsutecated in the region of
Macau, in terms of adequate earthquake-resistaaicas.

Note: However, some of the present code prescriptionspgiecable only to building
structures (understood as the ones mainly used by humarepaogdlhenceforth called as
buildings or building structures along the corresponding texte as it happens in all the
Article 24 content.

The fundamental aim of this earthquake-resistasigdeis to ensure that, in
the event of earthquakes:

- human lives are protected,
- economic damage is limited and,
- important facilities for civil protection remain eational.

The random nature of the seismic events and thigelinmesources to evaluate
their effects are such as to make the fulfilledttafse objectives only partially
reached and only estimated in probabilistic terms.

Special structures such as offshore structuressdanother power facilities
are beyond of these code provisions.



3. Units and definitions

For the purposes of these seismic code provisithes,SI units system is

adopted and the following definitions shall be &l

Building — construction facility basically to be used dilgby people;
Return periodor average recurrence interval of an eventime period (in

years) equal to the inverse of its annual probghili exceedance (expressed
in decimal format), or equal to its probability ekceedance (in %) during
the life-time (or reference period) of a structifer example: an event with
a return period of 475 years, will occur in averagee in every 475 years,
and will have an annual probability to be exceedéd.002, or 10% of
probability of exceedance during an intended lifieet of a structure of 50
years;

China Seismic Ground Zonation Maps 1 and @fficial document where it is

assigned, also for the Macau region, the seisnpaitifior the following
seismic hazard: peak ground acceleratiB®A4) value and thespectrum
characteristic period(Ty), for a ground site-classtype I, with a 10%
probability of exceedance in 50 years (equivalena treturn period of 475
years);

Referenceor characteristic peak ground acceleration (PGA)defines the

seismic hazard on typeslte-classand it is derived, for Macau region, from
the “China Zonation Map” but adjusted for local pgpcal conditions. It
corresponds to the characteristic return period® years, and it is the
basis for the determination of the design seismimas, to be considered in
the analysis of structures qualified in ordinaryportance category;

- Spectrum characteristic periodg F spectral period parameter of the response

spectrum curve, depending of tfp@und site-classype, where the spectrum
curve starts its decay section;

Importance categoryf a building or structure — qualification of sttures

according to the social-economic importance ofrthsing functions. Higher
importance levels should correspond to lower sevgrades of after-shake
damaging effects. Reflected through the correspayidiportance factar

Acceleration response spectrums a plot of the maxima of the acceleration

response for a single degree of freedom (SDOF)esyswith various
fundamental vibration periods, when subjected toeamnthquake ground
motion;

Reduced-elastic or design response spectrum foflinear-elastic response

is an elastic spectrum corresponding to a targetnefasticity and is
estimated by dividing the ordinates of the elaspectra by théehavior
factor (q) Is to be used in the assessment of the seisrfectgfin the
ultimate (or no-local-collapse) limit state, andcsdled aslesign spectrum

Behavior factor (q)— is the quantification of the inelastic behaviof

structures, closely related to their ductility perhance. The valug is the
ratio of the seismic forces that a structure wangerience if its response
was full elastic with 5% damping, to the (smallsejsmic yield forces that
could occur in the system, and so enabling somealegraf inelastic
deformation occurrence. This is equivalent to redtlte seismic elastic
values induced in structures (or the elastic respospectrum ordinates),
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dividing them by abehavior factor (q)and then performing an explicit
elastic analysis. It should be pointed out thahhwglues of theébehavior
factor (g) correspond to large inelastic deformations, nolynadual to the
ones derived from the linear analysis, multiplieg the above defined
behavior factor (q)Otherwise, if non-linear analysis methods wereduse
then both the effective internal forces and disphaents are taken to be
equal to those directly derived from the non-linearalysis, therefore
without the intervention of thieehavior factor(c)

- Reduced-elastic response spectrum for serviceai&oation — is thedesign
response spectrumultiplied by thereduction factor(v) to be used in the
assessment of the seismic effects in the serviedahlt state (or damage
limitation).

- Reduction factor i) — factor to be applied to the characteristic se&isamation
in order to obtain theerviceability seismic actioffior damage limitation).

4. Reference codes

According to the general principles of structurafesy, where the present
RSAEEP of Macau is based, also these seismic comésns are following
closely some concepts of the EN (European codegshis case the “Eurocode 8:
Design of structures for earthquakes resistan@rsion EN 1998-1:2004.

However, the source for the definition of the seagty and peak ground
accelerationPGA assigned to the Macau place, was the “China $ei@mund
Motion Zonation Map”, published with the GB 1830662.

Several concepts of the GB 50011-2001 — “Code feisrBic Design of
Buildings” were followed in the definition of the &dau seismic response
spectrum curves, namely on their site geologic sidjent of some key
parameters.

Article 22°
(Performance requirements and conformity criteria)

1. Fundamental requirements

Only one seismic area is considered in Macau redignto the small size of
the territory and to the uniformity of the localiseic data records. This is
consistent with the “China Seismic Ground MotionnZton Map” where, for
Macau place, only one seismic intensity and one geaund acceleration value
(PGA)are assigned.

Following the updated Eurocode 8 concepts, theepteRSAEEP seismic
code provisions provide for a two-level seismicigesf buildings or other civil
engineering structures, with the following two egplperformance levels for the
requirements to be reached, each one with an atiedagree of reliability:

- No-collapse requirement protection of life under a rare or no-frequent
seismic action, through prevention of partial argll collapse of a structure,
or its parts, and retention of structural integatyd residual load capacity
after the event. This implies that the structuresignificantly damaged,



presents some moderate permanent drifts, but settrfull vertical load-
bearing capacity and enough residual lateral stheagd stiffness to protect
life, even with strong aftershocks. However, ifgaie may be costly onerous
or even uneconomic.

- Damage limitation requirement mitigation of property losses, and the
maintenance of their specified service demandsgewrficequent seismic
actions, through reduction of structural and nonetiral damage. This
implies that the structure itself does not prespatmanent drifts, its
elements have no permanent deformations, retaingtiength and stiffness,
and do not need repair. Non-structural elements beaglightly damaged,
but easy and economic repair could be done afteisvar

The no-collapse performance level corresponds tdemade but no-frequent
earthquakes where the drift of the structure iselm, or has already reached, the
elasto-plastic limit in some few vertical elemeriist the whole structure do not
collapse. The damage limitation performance levetesponds to weak/moderate
and more frequent earthquakes and the ductiletataucs full in elastic state.

Under the RSAEEP safety verification concepts nictires, the two explicit
performance levels — collapse prevention and dantiag&tion — are pursued
under two different seismic actions. The seismitoacunder which collapse
should be prevented corresponds todhksign seismic actiorand the one under
which damage limitation is pursued correspondsgergiceability seismic action

The buildings or structures are classified in foategories, A to D, according
to the social-economic importance of their usingictions (such as high-
occupancy buildings, schools, public assembly hafisiseums, etc.) and the
importance of their use as essential for civil petibn in post-earthquake period.
The Table IV.1 describes each importance categuidydefines the corresponding
importance factorgy,).

For buildings of ordinary importance (category Ghmj =1.0) the following
two seismic actions are defined, in terms of desigjective, risk of exceedance
probability and return period:

- a design seismic actiorffor collapse prevention) with 10% exceedance

probability in 50 years (characteristic return pdri475 years);

- aserviceability seismic actiofior damage limitation) with 10% exceedance
probability in 10 years (return period: 95 years).

For these ordinary importance buildingg £1.0) the above definedesign
seismic actionis equal to the reference or characteristic seisw@gtion,
corresponding to the reference peak ground acteleraalue PGA) assigned to
Macau seismic zone (see Article°28.2). For the same ordinary importance
buildings the serviceability seismic actiorcould be obtained applying the
reduction factor v8.4 (shown in Table 1V.1) to thdesign seismic actiomsed for
the collapse prevention, which is equivalent tordase the return period from
475 to 95 years.



Table 1V.1 — Importance categories for buildings and stregur

Importance _— Importance | Reduction
Category Building and Structural Cases Factor (y) Factor (v)
Buildings of minor importance for
D public safety, e.g. agriculture and] 0.4 - 0.8
storage facilities, etc. 04
C Ordinary buildings, not belonging t¢ 1.0

other categories.

Buildings whose seismic resistance

of importance in view of the

B consequences associated with 1.2
collapse, e.g. schools, assembly hals,

stadium, cultural institutions, etc.

S

Buildings whose integrity against 0.5

collapse or damage limitation havd
vital importance for civil protection 1.4
during and post-earthquakes, e.g )
hospitals, fire stations, power plant
etc.

For buildings or structures of importance categodther than catego the
correspondingmportance facto()) or thereduction factor(v) shall be applied to
the characteristic seismic action values, respelgtito verify the ultimate limit
state or the serviceable limit state, as describhéite next . 2.

2. Conformity criteria

a. Verification for no-collapse (ultimate limit state)

Ultimate limit states compliance are associateghrevent collapse or other
forms of structural failure which might endangee safety of people. It shall
be verified if the structure has the required tasise and energy-dissipation
capacity.

The resistance and energy-dissipation capacityetadsigned to the structure
are related to the extent to which its non-linesponse is to be exploited. In
operational terms such balance between resistandeeaergy-dissipation
capacity is characterized by the values of lledavior factor (g)and the
associated ductility classification, which are ulsugiven in the relevant
structural materials codes. In general, howevee, dctility classification
shown in Table IV.2 and the correspondb®havior factor (qlare suggested
to be used in the structural design.

Table IV.2 —Recommended values for thehavior factor (q)

Structural Structural
behavior model ductility class
Low dissipative

Behavior factor (q)

structural behavior Ly <15
Dissipative §tructura| Medium <3
behavior
High dissipative High See Structural Steel and Reinforced

structural behavior Concrete Codes, or other bibliography

Note: The values thigehavior factor(g) usually also account for the influence of the
viscous damping being different from 5%.




The relevantmportance factorsy(), shown in Table 1V.1, shall be applied to
the characteristic seismic action, and this shbeldione, as described later in
Article 23, n°.2, c, acting only in the relevant RSAEEP accidenta
combination.

In the analysis it shall be taken into accountghssible influence of second
order (PA) effects on the values of the action effects.

It must be call to attention that the foundatiosteyn deformability should be
considered in the assessment of the effects off@aidation-structure
interaction.

. Verification for damage limitation (serviceable limt state)

The damage limitation requirement for buildingssimply an upper limit
verification on the interstorey drift ratio demaundder the more frequent (or
lower return period)serviceability seismic actioas defined in hl of this
article.

The serviceability seismic actiois defined by multiplying the entineeduced-
elastic or design spectrum for non-linear-elast&sponse(see Article 23
n°.2.b.(4)) by the relevanteduction factor(see Table 1V.1) obtaining the
reduced-elastic response spectrum for serviceabtdication. And then the
values of the displacements to be used to calctitedrift ratios are those
directly obtained from the analysis with tregluced-elastic response spectrum
for serviceable verificatiomultiplied by thebehavior factorg.

The highest interstorey drift ratio determined Elnalt exceed the following
upper limits:
» 0.5% - for buildings having brittle non-structuedé¢ments
(e.g. masonry partitions) attached to the striectur
= 0.75% - for buildings having ductile non-structuedments
(e.g. composite partitions) attached to the stinect

= 1% - for buildings having non-structural elemented in a way so
as not to interfere with structural deformationsijnmoabsence of non-
structural elements.

As an alternative to the previous direct assessofehe displacements for the
verification of the damage limitation the followimgethod could be used:

Interstorey drift ratio =, v/ h

where: d, is the design interstorey drift from the analysighvthe design
seismic actiond, multiplied by thebehavior factor(d, = d q);

v is thereduction factorwhich takes into account the lower return
period of the seismic action associated with themalze
limitation requirement;

h is the storey height.



Article 23°
(Ground conditions and seismic action)

1. Soil ground conditions in construction sites

a. General

The site soils qualification, under the point oéwiof the increasing severity
of their seismic effects on buildings and strucsurearies from favorable to
unfavorable and hazardous. This increasing seveuitygition corresponds to:

- the more “favorable site soils” correspond tourssh rock or dense and
homogeneous medium-stiff soils in wide-open areas,

- the “unfavorable site soils” correspond to: soéty soils, liquefied soils,
silt soils, recently back-filled soils, stratifieahd heterogeneous rock
formations, boundary of slopes, river beds, fraedurones of faults, etc;

- the *"hazardous site soils” correspond to: logsiovhere landslide,
subsidence or fracture are possible to occur dwarghquakes or close
to active faults.

The location of the construction sites and the neatd the supporting ground
should privilege the favorable ground conditioria;as minimizing the risks

of ground rupture, slope instability and permansettiements caused by
liquefaction or densification due to earthquakesy possibility of occurrence

of these unfavorable ground conditions shall beaggncarefully investigated
under experimented and specialized geologic studibs construction on

hazardous ground condition shall not be allowed.

The above general principles and descriptions regai site-class code
gualification of the geotechnical site conditiondiere the buildings and
structures are to be founded. Therefore, the msutiuantification of the site
seismic actions (represented by response spestcd)sely depending of that
site soil profile classification, which is based @prudent site evaluation and
interpretation of the relevant soil parametershsas shear-wave velocities,
standard penetration testing results (SPT) andkriigs of overlaying layers,
in each site soil profile.

b. Qualification of construction site ground conditons

(1) Objective: Four types ofground site-clasgl, I, lll and IV) have been
selected to qualify the site soil profiles, as désa in the Table IV.3 and
Table 1V.4, where the corresponding site soil pesfiand geologic
parameters are described.

This soil classification could be used to consitiersite ground conditions
influence on the quantification of the seismic @ctiAs described later in
next specification h2, from the site-classclassification is possible to
obtain the important parametgpectrum characteristic peripdg, through
the Table IV.5, and so to define the elastic respaspectrum to be used
for each site ground condition.

(2) Geological prospection:As a general design guideline, to define the
adequateyround site-clas$or a seismic resistant structure, it is prudent t
perform a local soil investigation based in borehsampling that should
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include standard penetration testifgsgy) and shear-wave velocitys]
testing for each site soil layer, to allow the d#ifon of the corresponding
soil profiles, according to the criteria shown lire tfollowing Tables V.3
and IV .4.

Note: An alternative option, not requiring shear-wavéstesould be followed based on a
experienced interpretation of the correlation between tharsteve velocityys ,
and the more commonly availablgprvalue, for each type of soil layer.

Only for building structures assigned to lower importancéegwmies, the
categories C and D (see previous Table 1V.1), with lbas tL0 storeys and no
more than 30m height, if shear-wave velocity test resultsNgst values are not
available for each type of soil layer, then the follogviTable 1V.3 could be used to
estimate the shear-wave velocity of each soil layeat,pmoceed the selection of the
correspondingground site-class presented in Table V.4, based only in an
experienced interpretation of the available geotechnigiatlescription.

Table IV.3 — Classification and description of soil range retato their shear-
wave velocity vs, andNspr values

Tvoe of Shear-wave

yp Geotechnical description velocity, vs,0f a N o7
soil layer )

soil layer (m/s)
Sound rock, rock-like formations, -
Rock _ o .
o deposits of very dense sand, gravel, very stiff Vo> 500 > 70

] ) clay (about more than 20 meters of thickness),

stiff soil with a gradual increase of mechanical
properties with depth

sl Medium dense to slightly dense deep deposits,
Stiff soil dense to medium-dense gravel, coarse tp 500> v, > 250 70-25

medium sand or stiff clay and cohesive sojl

Slight dense gravel, coarse to medium sand,
medium- | fine to mealy sand other than that which is
soft soil loose, soft-to-firm cohesive soll, silt, sand
landfill

250=2vs>140 25-10

Mud soil, loose sand, new alluvial sediment| of

soft soil cohesive soil or soft clays/silts, soft landfill

Vs < 140 <10

Note 1: Nsprevaluated by standard penetration testing\andhe shear-wave velocity in m/s,
evaluated by direct site tests or estimated by coiveléd the availabl®sprvalues.

Note 2: Deposits including either thick layers of saedasoft clays/silts with high plasticity
index, or liquefiable soils, are not consider here as theyldead to severe failures.

(3) Methodologies for the classification of groundsites: The geologic
ground conditions on construction sites are remtesk usually by the
corresponding site soil profile, which is classifim one of the fousite-
classedlefined in Table 1V.4.

This classification depends on tthéckness of overlaying layed,, and the
site equivalent shear-wave velocityalue,vse corresponding to the above
mentioned soil site profile. These two values afnegd as follows:

(a) Thethickness of site overlaying layere ih m, shall be determined
according to the following rules:
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- In general is the distance from the ground sertaca soil layer level,
under which the shear-wave velocitywis>500m/s (such as a rock or
a stiff-soil layer).

- If a soil layer, with a depttd;, below the surface level less than 5m,
and its shear-wave velocity, not less than 400m/spore than 2.5
times the shear-wave velocity of the layer abokientthethickness
of site overlaying layer, {1 could be assumed as the distance from
the ground surface to this layek$ d,).

(b) Theequivalent shear-wave velogity. in m/s, of the soil profile shall
be calculated according to:

Ve, =d, /t

where: dp calculated deptlof the overlaying layer:
do=20m (if de>20m) or do=de (if de<20m)
t transmission time of the shear-wave from the gdou
surface to the calculated depth)( calculated as:

t=31d/)

di thickness of i-th soil layer within the range of
calculated depthdf), in m;

Vsi shear-wave velocity of the i-th soil layer withire
calculated depthdf), in m;

n number of soil layers within the range of calcetht
depthdy,

Table IV.4 —Ground site-classlassification of the site soil profiles

Ground Site-class of the site soil
Equivalent shear-wave veloCity - Ve profile
(m/s) | I I IV
Vse > 500 0
5002 vge> 250 <5 =5
2502 vg >140 <3 3-50 >50
Vee < 140 <3 3-15 >15 -80 >80

Note: The values of shear-wave velocities for eachighelayer ¢g) could be obtained by
direct site testing or, if these values are not availahke correlatedspr values could
be used to estimate the shear-wave velocities, and the \gaexpression could be
used to determine the relevaguivalent shear-wave velociyr the site soil profile.

2. Seismic action: quantification and representation

a. Seismic zone and assignment of its peak ground atE®tion seismic value

For the Macau seismic area, the seismic hazarefisedl through the value of
the referencePGA with the parametefag, derived from the already
mentioned “China National Zonation Map” &10g corresponding to a
ground site-classll and with a probability of exceedance of 10% an
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reference period of 50 years. However after locablaggical analysis
performed in the Macau region it was assumed a accarate reference peak
ground acceleratioragg , of 0.123g

This referencedPGA value assigned to Macau @sl23gcorresponds to the
design seismic actiofor the no-collapse requirement of an ordinaryctre
(#=1.0) localized in a ground site class II.

For otherimportance categoryof structures (or other return periods) the
design seismic actioshall be multiplied by the correspondiimgportance
factor (see TablelV.1 and the following.2-b).

From these general concepts results the definitibthe response spectra
presented in item b.(2), namely the two followiraggmeters:

- thecoefficient of influencealue for the horizontal seismic action shall be
assigned tooma= 0.30 (see the definition in®&-b.(2) in this article)
corresponding to a referen&&GA of agg = 0.123gm/s” for earthquake
events with a probability of exceedance of 10% OGnyBars or a return
period of 475 years, to be used in the definitibthe relevant response
spectra;

- the spectrum characteristic periody, depends on thground site-class
type, as shown in Table IV.5.

b. Basic representation of the seismic action

(1) General —On these code specifications the earthquake mati@ngiven
point on the ground surface and induced to the b&sestructure located
there is represented, in terms of structural dynanby an elastic ground
acceleration response spectrum. Where in the dedired the spectrum are
given the maximum elastic acceleration response ibyabscises the
fundamental vibration period of the structure. Tisigectrum will be
henceforth designated as elastic response spectrum.

The basic shape of the elastic response spectrtakda as being the same
for the no-collapse requirement (ultimate limit esat design seismic
action) and for the damage limitation requirement (sexalde limit state —
serviceability seismic actign

The horizontal seismic action is described by twibh@gonal components
assumed as being independent and represented bgathe horizontal
response spectrum.

The GB 50011-2001 provisions were followed to defithe relevant
seismic response spectrum curve, in close intexfioet of the reference
peak ground acceleration value consideringgtwindsite-classeffective

conditions, the fundamental vibration period ane thamping of the
structure.

(2) Horizontal elastic response spectrum- For the horizontal components of
the seismic action, the elastic response spectume &(T), normalized
by the acceleration of gravitg) is defined by the following expressions
(see Figure IV.1):
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0<T < 04(s): (M) =a, [042+ Oll 77, - 042)]

OUs) <T<T,: S(T)=a../7,
T,)
T, <T<5T: S(T) =a,..,/7, T
5T, <T <6(9): S(T) = e d17,02" =17, (T = 5T)]
Se A

nZGmax r

0.420 max

Se=[N:0.2Y Ny(T-5Tg)]ctmas

: >
0 01 Tg 5Tg 6.0 T(9

Figure IV.1 — Horizontal Elastic Response Spectrum CurS¢F),
normalized by the acceleration of gravity

where: amay coefficient of influencevalue for the horizontal seismic

. ) a
action, determined for Macau as followg;ax = —

max?

where: ag PGAparameterdy- agr if );
g acceleration of gravityy(= 9.8m/$);
B... magnification factor taken asg,,=2.4
according to the geological site conditions of
Macau;
So, if theimportance factoly) is equal to 1.0 theay = ag
= 0.123) and theomax Value is equal to 0.30 .
For the verification on damage limitation (or seeability
limit state) this valueanyax shall be multiplied by the
relevantreduction factor(v), (see Table 1V.1).
In cases where, by exception, a building need todilt in
a very unfavorable site soil conditions (such aly hills,
non-rocky steeps or boundary of slopes), an aroptifin
factor could be applied to this,.x value.
Ty spectrum characteristic periodefined in the following
Table IV.5:
Table 1V.5 — Spectrum characteristic periody, for the several
ground site-class

Site-class [ 1] " v
Ty 9 0.35 0.45 (0.65) 0.65 (0.85) 1.10

Note: The values ofly in blankets represent thepectrum characteristic
periodin saturated mud area (plasticity index >19).
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¢ damping ratio, in decimals;
Yy, 71 andr,  adjustment factors of the spectrum curve for the

different values of the damping ratio, according
to the following expressions:

y=09 +—0'05_ ¢
05+5¢
n,= 0_02+M (if 71 <0, thenn, =0.0)
= 1+L_Z (if 7, <0.55, themp, =0.55)
006+1.7¢

(3) Vertical elastic response spectrum- The vertical component of the

seismic action is represented by the vertical ielagtsponse spectrum
curve, S,(T), directly derived from the horizontal elastic respe

spectrum curveS(T), reducing namely theiimax and T, parameters in
50%.

This reduction in Macau region would result in asiga peak ground
vertical acceleration (verticdGA) near to 0.06g, much lower than the
0.25g value, beyond which the vertical componergea$mic action could
be important, and so to justify why, in this regiagnis not required to
consider this vertical component in the earthqualststant design of
structures.

Note: In addition it should be noted that the fundamentahtitor period of vertical

vibration of structures is controlled by the axial stiffnesvertical members and is
short, and so spectral amplification of vertical ground amots small. However this
does not occur if long span structural beam, slab otileger elements, or beams
supporting columns, or horizontal prestressed beams exist.

Therefore, these two conditions shall be complied, togetbeconclude that the
vertical seismic component is probably required to bentétk® account:

- design peak vertical acceleration value higher than 0.25g, and
- horizontal elements with significant span values exigénstructure.

(4) Reduced-elastic or design spectrum for non-lineartastic response—

The capacity of structural systems to resist seisantions in a non-linear
range normally allows their design for resistar@asdismic forces smaller
than the ones corresponding to a full linear etassponse.

To avoid the use of explicit inelastic structuralalysis methods in the
design the capacity of structures to dissipate ggnéthrough its own
ductile behavior or other devices) could be tak#a account if an elastic
analysis is performed, based on a reduced-elagtmonse spectrum. This
reduction could in general be obtained by introdg@abehavior factor (q)
with values related to that ductile ability, as gested in Table IV.2.
Similar behavior factors(or equivalent) could be found in the relevant
structural materials codes, such as the ones gogertme design of
reinforced concrete or steel structures.
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For the horizontal component of the seismic actio® reduced-elastic
(henceforth called as design spectrul®yT), shall be defined by the
following expressions:

0<T < 0X9): S(T) = @, [028+ Oll (LO/q- 028)]
0Ys) <T<Ty: (M) = a,./q
T 09
Tg<T35I'g: S(T) = gmax/q(?gJ
5T, <T < 6(9): SAT) = @y /Q[02°° — 00T —5T, )]

where: q behavior factar
T, spectrum characteristic peripddepending of the
ground site-classype (see Table IV.5).
Note: The chosen values of the behavior fa¢tpr also account for the
influence of the damping being different from 5% and then, in trexheced
expressions of the reduced-elastic or design spectruenyvdlues of the

parameters),, 77, andy of the elastic response spectrum are replacedby:
0.02,7,= 1.0 andy = 0.9 (see h2.b.(2) in this article).

The design spectra given by these equations aredexquate to design
structures with base-isolation or other energyipiégon devices. For these
cases special studies and methods are requiregritee dhe spectra to be
used in structural design.

c. Combination of seismic action with other actions

The design value of the seismic acti®a, shall comply with the Articles 5°
to 10° of the Macau RSAEEP, where the correspondmmbinations are
defined. Although, as present along this seismieca newmportance factor
() as been introduced in the accidental combinatiortife accident action
being an earthquake, as f(?nllows:

S = ZSGik + 1S +Z‘//2JSij
=) =1

The effects of the seismic action shall be assdsgeaking into consideration
the presence of the masses associated with alitgiteads corresponding to

the permanent IoadsZGk) and the almost permanent value of the variable

loads " ¢,Q, ).

Article 24°
(Design of building structures - Methods of analys)

1. Introduction

This article covers the general specifications fioe earthquake-resistant
design of buildings and shall be used in conjumctidth the previous Articles
21°, 22° and 23°.
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2. Earthguake-resistant characteristics on building stuctures

a. Basic principles

Although the seismicity of this region could be wamed as moderate, the
principles in which are based the earthquake msstistoncepts in building
structures are maintained as applicable, thus ewatile achievement of the
structural systems under an enlarged scope of @actions.

The principles to be considered, soon at the cdneéphase, should include
the following target concepts: structural simplicibi-directional regularity
and symmetry, translational and torsional resiganand rigidity,
diaphragmatic behavior at the storey level and aategfoundation.

In the following item (b) the structural regularity plan and elevation, of
building structures, are defined and described Hair teffects in structural
modelization and analysis methodologies choices.

b. Criteria for structural regularity

In these specifications, the earthquake-resistesigd of non-regular building
structures is not forbidden, but only the use gufar conditions are strongly
encouraged, due to (1) reasons of simplicity tadpoce adequate and reliable
design studies, (2) reasons of economy, taking radga of the ductility of
structural materials, and (3) to minimize severéagd risks of damage
occurrences, resulting from the hazardous natueahquakes.

It is evident, from the damage observation afterthemakes that regular
building structures tend to behave much better tht@a irregular ones.

However a precise definition of this regularitytarns of seismic response of
structures stays not yet clear in the more advaimtethational seismic codes.

Based on these difficulties, these specificatiomsiot establish strict rules to

distinguish regular from non-regular building stures and rather it provides

some set of characteristics that a structure shpod$ess to be classified as
regular.

In these terms, and following some concepts sugdest EN.1998-12004, it
is recommended, in Appendix A to Annex 4, a crédar the classification of
regularity in plan and in elevation applicable tolding structures.

This classification aims to provide qualitative apckeliminary criteria to
choose more or less simplified structural modeldg #me more adequate
methods of analysis. Effectively this regularitystéiction affects several
aspects of the seismic design, such as:

- the structural model to be analyzed, which caeitieer a composition
of several planar models, in case of regularityplan, or a spatial
model only, in case of non-regularity in plan;

- the method of analysis, which can be a simplifiesponse spectrum
static analysis (lateral force static method), ase of regularity in
elevation, or a modal response spectrum dynamilysieain case of
non-regularity in elevation;
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- the value of thebehavior factor (g) which shall be decreased for
structures non-regular in elevation (valuegjoh Table 1V.2 shall be
multiplied by 0.8).

The implication of the structural regularity on a&boaspects could be
summarized in the following Table IV.6.

Table IV.6 — Structural regularity versus seismic analysigca

Structural Regularity” Structural | Method of linear elastiq Behavior factor
Plan Elevation e S (@)
Y Y Planar Static Lateral For¢® Reference value
Y N Planar Dynamic Modal Decreased valye
N Y Spatial Static Lateral Foréd Reference value
N N Spatial Dynamic Modal Decreased valje

Notes: (a) - according to Appendix A to Annex 4;
(b) - if the conditiond; < (2.0s and 4T,) are satisfied (Article 24°18.c.(1))

It is important to note that the torsional effectsstructures, if they exist due
to structural irregularities in plan, are full cadered by the use of spatial
static or dynamic methods of analysis.

3. Structural analysis

a. General

Within the scope of these specifications the saisaffects on a building
structure shall be determined assuming, for aralysipose, that its behavior
is full linear, and so enabling an explicit usdioéar methods of analysis.

As a reference criterion, the method for deterngnihe seismic effects in
structures shall be the modal response spectrurantignanalysis, which is
applicable to all types of structures, assumingnaak-elastic model of the
structure.

However, depending on the structural regularityrabiristics of each case,
as defined in thed® of this article, a simplified lateral force stamethod of
analysis could be used, if the conditions detaifedppendix A of Annex 4
are verified.

Note: Both of the mentioned linear methods of analys#i¢sor dynamic) use the
reduced-elastic spectrug(T) defined in Article 23°, h2.b.(4), which is essentially
the elastic response spectrum divided bylibbavior factor(qg), and so assuming
some limited non-linear response of ductile structures

The masses to be considered in the methods pufposeismic analysis shall
be assessed according to what is exposed in A&Rla.’2.c.

Although these code specifications do not give gno for the alternative use
of non-linear methods, such as: the non-lineaiicstatalysis and the non-
linear time-history dynamic analysis.
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b. Accidental torsional effects

In both regular and irregular structures the ceafemass of each floor shall
be considered displaced from its nominal calculatedation, in each
direction, to account for the possible torsion&etf from the seismic ground
motion and the uncertainties in the location of seas by an accidental
eccentricity given by: £=+ 0.0,

where: @ accidental eccentricity of storey massom its nominal
location, applied in the same direction at all flgo
Li thefloor-dimension perpendicular to the direction bét
seismic action.

c. Simplified lateral force method of static analgis
(1) General

To be used as a simplified method to design bugldinuctures, this type
of linear static analysis is performed under adfdfteral forces in two

independent orthogonal directionsandy). In case of structural regularity
in plan the analysis can be processed by compositidwo independent
planar analysis, one for each main horizontal timec In case of no plan
regularity the structure shall be analysed undsadial structural model.

However this static simplification can only be apgl if the building

structural response is not significantly affecteg dontributions from

modes of vibration higher than the fundamental madeach horizontal

direction of analysis. This requirement is sat@fié the following two

conditions are met:

- the fundamental vibration periodg,, in the two directions has to be

smaller than 29and 4y (the spectrum characteristic periodlefined
in Article 23° 1.2.b.(2) and Table IV.5);

- the structure has to be regular in elevation.

(2) Base shear force
The expression to determine the base shear fdfge,for the two
horizontal directions in which the structure wid Bnalysed is as follows:
F, =S,(T).GA
where: S, (T,) the ordinate of the design response spectrumaicea by

the acceleration of gravityg) at the fundamental vibration
period of the structure in the horizontal directafrinterest

(To);
G the total gravity load of the building associateih the
permanent IoadsZGk) and the almost permanent value

of the variable IoadsZt/lek) above the foundation or

above the top of a rigid basement;

A a correction factor, the value of which is equalt=0.85 if
T.s 2Ty and the building has more than two storeys, or
A=1.0 otherwise.
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For the determination of the building fundameniaration period,T;, for
the two principal directions, some formulation regented in Appendix B
to Annex 4.

(3) Distribution of the horizontal seismic forces

To assess the effects of the seismic action irsthetures the base shear
force should be distributed along height of theudtire by horizontal
forcesF; applied to each storey level. These horizontaldsFi are given

by:

F=F. G
> 7,6
where:Fy, the base shear force;
Gi G the storey gravity loads associated with the paanaloads

(ZGK) and the almost permanent value of the variable

loads ) ¢,Q, );

zz the heights of the gravity loads G; above the level of
application of the seismic action (foundation op tof a
rigid basement).

It should be noted that this formulation for thestdbution of the base
shear force over height assumes that the horizaigplacements of the
fundamental mode shape increase linearly

These horizontal forcels; shall be distributed to the lateral load resisting
system assuming the floors are rigid in their plaDe the masses and the
moments of inertia of each floor may be lumpedatdentre of gravity (or
mass) and the lateral forces could be applied tliwestead.

(4) Accidental torsional effects

As an alternative to the concept of displacing ¢katre of masses (see
n°.3.b. of this article) in this method the accidéetcentricity can also be
considered by multiplying the action effects (theribontal seismic
components F;), by a factoi given by:

0 =1+ 0.6 X/Le.

where: x distance of the element under consideration frioencenter
of mass of the building plan, measured perpendilyuta
the direction of the seismic action considered;

Le distance between the two outermost lateral loaistiag
elements, measured perpendicularly to the direatiothe
seismic action considered.

If the analysis is performed using two planar medehe for each main
horizontal direction, the accidental torsional effemay be determined by
doubling the accidental eccentricityeg= + 0.1 - and for this case the
factord shall be equal tdl+ 1.2 x/Le.
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d. Modal response spectrum dynamic analysis
(1) General

This method is a dynamic method of analysis based dinear-elastic
behavior concept of the structures. Mainly it stelused in cases where
the simplified static method is not applicable,tsas for highly irregular
buildings in elevation (see Table 1V.5).

The dynamic method includes the modal superpositibthe relevant
modal contributions. The response of all modesilofation, contributing
significantly to the global response of the struetushall be taken into
account. And this may be deemed to be satisfieditifer one of the
following conditions are complied:

- the sum of the effective modal masses, for the madde taken into
account, represents at least 90% of the total wiatbe structure;

- all modes with effective modal masses greater t#nof the total
mass are intended to be taken into account.
Note: The effective modal mass, corresponding to a mode is determined so
that the base shear for€g,, acting in the direction of application of the seismic
action, may be expressed Bg=Sy(Ty).m. It can be shown that the sum of the

effective modal masses (for all modes and a given dirgdsaqual to the mass of
the structure.

Whenever the previous two requirements cannot lisfisd (e.g. in
buildings with significant contribution from torsial modes), then the
minimum numbek of modes to be taken into account in a spatialyaisa
should be satisfied by the two both following cdiudis:

k>3+/n and Tk <0.20sec

where: k number of modes taken into account;
n number of stories above the foundation or thedabp rigid
basement;
Tk vibration period of modeg.

(2) Combination of modal responses

The elastic response in two vibration modes, miaatedj (including both
translational and torsion modes), can be takendependent of each other
if their Ty andT; periods satisfy the following conditioffi; < 0.9T; .

Thus, the maximum value of a seismic action effEgt,assessed with all
the relevant modal responses (see previols.(h)) and considered
independent from each other, may be taken equaktsquare root of the
sum of squares of the modal responses (SRSS asl&)|lows:

Ee= /Z =
N

where: Eg seismic action being considered (force, displaa#m
etc);
Eg peak value of the seismic action effect due taatibn
modei.
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Note: If the response in two vibration modesand j can not be taken as
independent of each other, then more accurate procedures fwonténation of

modal maximum responses shall be used, such as the &@emPluadratic

Combination (CQC rule).

(3) Accidental torsional effects

If a spatial model is used in this method then diceidental torsional

effects referred in item 3.b of this article may bdetermined as the
envelope of the effects resulting from the appi@ratof static loadings,

consisting of sets of torsional momeMs; about the vertical axis of each
storeyl, defined as follows:

Mai = €4 Fi

where: My torsional moment at storéyabout is vertical axis;
€, accidental eccentricity of storey mass accordance with
point 3b of this Article and for all relevant ditems;
Fi  horizontal force acting on storeyas derived in 13.c.(3)
for all relevant directions.

The effects of the above mentioned loads shouldaken into account
with positive and negative signs (the same sigraliastorey), such that the
most unfavorable result is produced for the seisamtion effect of

interest.

Whenever two planar models are used for the arsilyghis method, then
the torsional effects may be accounted by applyimg same rules as
indicated for the same situation in the simplifiateral force method of
static analysis to the action effects computed mliog with the
combination of modal responses.

e. Combination of the effects of the components die seismic action

The horizontal seismic action is described by twthagonal components
considered independent and acting simultaneousti@structure.

The methods exposed in this code (simplified latByece method of static
analysis and modal response spectrum dynamic asialygve for base the
estimation of the peak values of seismic actioaa$f during the response to a
single component. The action effects are accouftad be estimated) by
combining the two horizontal components of thers&saction g, andE, ) by
the square root of the sum of the squared valuabeofiction effect due to
each horizontal component (SRSS combination).
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Annex 4 — Seismic Action

Appendix A — Building structural reqularity — Recommended criteria

1. Criteria for regularity in plan

The plan regularity of a structure governs maihky structural model choice.
In fact a structure regular in plan responds tohbazontal components of the
seismic action along each main structural directionan uncoupled way, so
enabling to be analyzed, in each main structuregction, using independent
planar models.

For a building to be classified as being regulaplen it should comply with
all the following conditions.

a.

The distribution in plan of the lateral stiffnessidamass shall be
approximately symmetrical, related to the two ogiweal horizontal axes.

The outline of the building vertical structure, ptan, should have a
compact configuration, delimited by convex polydolizes in each floor
level. Any single re-entrant corner or recess efadtline of the structure
in plan should not leave an area between it anddneex polygonal line
enveloping it which is more than 5% of the inside butline.

Notes: As an example, if in a structure with a rectangeéerior outline four single

reentrant corners exist, close to the rectangular vertidgés a recess of 25% in one
direction and 20% in the other, in each reentrant corner, thestthcture satisfy this
condition of regularity in plan.

It should be noted that the exterior outline corresponds orheteertical structural
elements of the building, and not including the floors withirthmlconies or
cantilevers. However the occurrence of interior floor openings shesigect, in
terms of localization and dimensions, the regularigueements.

The in-plan stiffness of the floors (horizontal ghaagms) should be large
enough in comparison with lateral stiffness of thertical structural
elements, in a way that the in-plan floor deformatis negligible when
compared with the interstorey drifts. If so, theofl deformation will not
affect significantly the horizontal distribution bbrizontal seismic forces
on vertical structural elements.

Note: Usually this condition no need to be checked byutaion. A reinforced

concrete slab with 70mm thickness could be considered &gida horizontal
diaphragm for not excessive spans and not including lapgnings, especially in the

vicinity of the main vertical structural elements

The aspect ratio of the floor plabmay/Lmin , Where Lmax and Ly, are
respectively the larger and the shorter in-planedisions of the floor,
measured in any two orthogonal directions, shooldoe higher than 4.

Note: This limitation is to prevent situations in which, glessthe in-plane rigidity of
the floors, its deformation due to the seismic action ateep beam on elastic
supports affects the distribution of seismic shears ambegvertical structural
elements.

At each level and for each direction of analygiandy, of approximately
symmetrical as required in the previous conditi(m), the static
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f.

eccentricity e, and theorsional-radiusr, shall be in accordance with the
two following conditions, which are expressed tog analysis directioyt

< 0.30kx; and N

where:

en="static eccentricity’or thedistance between theenter of stiffness
and thecenter of maswf the floor, measured along the x
direction (normal to the direction of analysis)

r« ='torsional-radius’ or the square root of the ratio of the torsional
stiffness to the lateral stiffness in théirection

Is= ‘radius of gyration’ of the floor mass in plan or the square root of
the ratio of the polar moment of inertia of theoflanass in plan,
with respect to the center of mass of the floorthi® floor mass.
If the mass is distributed uniformly over a rectalag floor withl|
andb dimensions (including the floor area outside @& tutline
of the vertical elements of the structural systeimn theradius
of gyration ls= v [ (1> +b% /12].

Note: This condition aims to ensure that the fundamergdbd of the translational
mode in each one of the two horizontal directionandy, is not smaller than the
lower torsional mode about the vertical axsiIn this manner the translational
responses are privileged against the contribution of exeessigional responses,
and so avoiding coupling situations, which are uncontrollapl@esign and could be
potentially very dangerous

In single storey buildings theenter of stiffness the center of the lateral
stiffness of all the primary seismic elements, #retorsional-radius, r,is
the square root of the ratio of the global torsiatidfness, with respect to
the center of lateral stiffness, to the global raltestiffness, in one
direction, taking into account all the primary seis members in this
direction

The primary seismic elements should be here urmmisas the vertical
structural elements, not including beams and slabsn those parameters
center of stiffnesandtorsional-radiuscould be determined on the basis of
the moments of inertia of the cross-sections of wbdical elements, as
follows:

- center of lateral stiffness:

Xes = 2XEW)IX(EL) e W= 2HEL)I2(ElL)

- torsional-radius:

= V/SECEN+VEL) ISEL)] e ry= V[SECEl+yEL) | SEL)]

In multi-storey buildings only approximate defioitis of thecenter of

stiffnessand thetorsional-radiusare possible. A simplified definition, for
the classification of structural regularity in pland for the approximate
analysis of torsional effects is possible, if tiv® following conditions are
satisfied:
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- all the lateral load resisting systems (coresjcstiral walls or
frames) are continuous along the height of thedingl, from the
foundation to their tops;

- the deflected shapes of the individual systemdeurhorizontal
loads are not very different. This condition may dssumed as
satisfied in frame alone systems (deformation akemar-beam) or
in wall alone systems (deformation as vertical ibewers), but
normally, is not satisfied in dual systems.

This means that, in only frame moment systems earstvall systems the
determination of theenter of stiffnesandtorsional-radius,in eachstorey,
may be determined using the above formulation mteskein (f)for single
storey buildings. However, if the shear deformatjom addition to the
flexural ones, are also significant, then an edemarigidity (or moment
of inertia) of the section should be used in thevatformulation.

2. Criteria for regularity in elevation

For a building to be classified as being regulaelgvation, it should comply
with all the following four conditions:

a. All the lateral load resisting systems (cores, trral walls or frames)

d.

shall be continuous along the height of the buddor, if setbacks at
different heights exist, the following item d. skwbe followed.

Both the lateral stiffness and the mass of theviddal storeys shall
remain constant or decrease gradually, without @bchanges, from the
base to the top.

In framed buildings the ratio of the actual stormsistance to the
resistance required by the analysis should not sawificantly between
adjacent storeys.

When setbacks are present, the following additionabitions apply:

(1) for gradual setbacks preserving axial symmetry, dbtback at any
floor shall not be greater than 20% of the previ@la dimension in
direction of the setback (see Figure IV.A.1.a avid\I1.b);

(2) for single setback within the lower 15% of the tdteight of the main
structural system, the setback shall be not gretan 50% of the
previous plan dimension (see Figure IV.A.1l.c). lmstcase the
structure of the base zone within the verticabititpjected perimeter
of the upper storeys should be designed to resikaat 75% of the
horizontal shear forces that would develop in thane in similar
building without the horizontal shear forces thavelop in that zone in
similar building without the base enlargement;

(3) if the setbacks do not preserve symmetry, in eack the sum of the
setbacks at all storeys shall not be greater tha#h ®f the plan
dimension at the ground floor above the foundatioabove the top of
a rigid basement, and the individual setbacks dielhot greater than
10 % of the previews plan dimension (see Figurdl¥.d).
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Figure IV.A.1 — Criteria for regularity of buildings with setbacin elevation
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Appendix B — Fundamental vibration period on building structures

For a structure, depending on the nature of itsrdtforce-resisting structural
system, same empirical formulas are allowed to e uo estimate the fundamental
vibration period for each one of the consideredaions. However, a more direct and
dynamical methods could be used, such as the Rayteethod.

Empirical formulas

(@) Method 1:

According to the type of building structure, follmg expressions are

suggested:

Frame structures T, =n/12

Dual frame-shear wall structures T, =n/16

Shear wall structures T, =n/(6b)

where: T, structure fundamental vibration period in the sxtjve

horizontal direction of interest, &;
n number of floors above ground level;

b dimension of the building in plant in the directio
considered.

(b) Method 2:
For buildings not exceeding 40m in height: T;=C..H **

where: T, structure fundamental vibration period in the retpe
horizontal direction of interest, m;

H total height of the building, im;
C. is defined according to the following table:

C Type of structures
0.085 steel frame structures
reinforced concrete frames structures afpd
0.075 steel frames structures with diagonal
bracings
0.050 all other types of structures

(see calculation
note)

concrete or masonry shear walls structuvles

Calculation note: The value @ for this type of structures
may be taken as follows: C;=0,0754/ A,

where: A= Z[A (02+(,, /H))ZJ
A; total effective area of the shear walls in thietfstorey
of the building (mM);

A the effective cross-section area of shear wall the
first storey of the building (A);

lwi the length of the shear wallin the first storey in the
direction of the applied forces with the restriatithat
lwi/H should not exceed 0.9.
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