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ABSTRACT: This paper reviews the seismic engineering research conducted in Hong Kong with special
emphasis on the prediction of the seismic drift demand and capacity of existing buildings which have not been
designed and detailed to address potential seismic hazards. The paper begins with a comprehensive summary
of the local construction and detailing practice of concrete structures, followed by a summary of the drift ratio
capacity, ductility capacity, stiffness variation and non-linear damping properties of the non-seismically de-
signed reinforced concrete components. Seismic design response spectra for rock sites developed from Chi-
nese Code GB50011-2001 are compared with the uniform hazard response spectra developed at the University
of Hong Kong. The over-conservatism of the Chinese Code particularly in the long period range (T > 2 sec)
is highlighted. A direct displacement based method used for the prediction of the maximum drift demands of
existing buildings in Hong Kong is also introduced. Phenomena such as stiffness degradation, period shifting,
non-linear damping and higher mode effects have been incorporated into the modelling. Lastly, the predicted
maximum inter-storey drift demand of 0.3% is compared with the minimum ultimate drift capacity of ap-
proximately 1.5%. The capacity predictions were based on results from experimental cyclic load testings of
concrete sub-assemblages undertaken in Hong Kong in recent times. The potential risk of damage in Hong
Kong buildings under seismic attacks is discussed.

KEYWORDS: Seismic drift demand, seismic drift capacity, inter-storey drift, existing buildings

Inter-storey drift ratio at the i™ floor can be defined
as
1 INTRODUCTION

In the past, buildings in Hong Kong were designed Lok (1)
in accordance with the British Standards. Only cyc-
lonic wind loading as opposed to earthquake loading
was taken into account in the design of the building
despite that the region has been classified as “low-
to-moderate seismicity”. Thus, the potential struc-

where h; is the storey height.

Past earthquake events demonstrated that the ex-
tent of damage to buildings is closely related to the

tural performance of the non-seismically designed
buildings in the projected earthquake scenarios for
Hong Kong is a cause for concern. This prompted
numerous investigations in recent years into the
seismic drift capacity and the potential demand on
existing buildings. Buildings subject to seismic ac-
tions would experience reversed cyclic swaying.
Earthquake-induced deformations may be quantified
by the roof displacement 4,,,s as well as the inter-
storey displacement 4; as shown in Figure 1.

inter-storey drift demand. Excessive inter-storey drift
could cause damage to both the structural and non-
structural components. Collapse of buildings is often
resulted from the local concentration of deformation
at a particular “weak storey”. Both the inter-storey
drift demand and the drift capacity of the lateral re-
sisting elements in the building have been estimated,
in accordance with results obtained from numerical
simulations and experimental studies. The design re-
sponse spectra associated with the projected critical
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earthquake scenarios for the Hong Kong region were
used for calculating the maximum inter-storey drift
demands. Meanwhile, the seismic drift capacities of
the key structural components, including columns
and walls, were estimated from experimental data.
The potential risk of drift induced damage in build-
ings when subject to earthquake induced ground
shaking was then assessed.

Arof

Y YR Ai
h|

M =
<z

Earthquake Ground motions
Figure 1. Roof displacement and inter-storey displacement.

2 DRIFT CAPACITY OF REINFORCED
CONCRETE WALLS AND COLUMNS

Hong Kong is located in a region of low-to-moderate
seismicity. Traditionally, the structural design of re-
inforced concrete (RC) buildings in Hong Kong had
to follow certain British Standards, namely, BS8110
(BSI 1985), CP110 (BSI 1972) and CP114 (BSI
1969). Earthquake actions were not considered in the
design based on these standards, and there were no
explicit provisions for ensuring adequate ductility in
the structure. The new concrete design code (BD
2004) which stipulates ductile RC detailing as a
statutory requirement has only been implemented in
2004. Thus, the main bulk of the current building
stock in Hong Kong was constructed without seis-
mic resistant provisions. Addressing this, extensive
experimental studies were conducted across different
institutions in Hong Kong to investigate the seismic
response behaviour of typical non-seismically de-
signed RC structural components. In this section, the
experimental work of Xiong (2001), Lam et al.
(2003), Huang (2003), Li (2003), Ho (2003), Kuang
and Wong (2005), Wong (2005), and Kuang and Ho
(2005) on the non-seismically detailed structural
members are reviewed. The variations of the drift ra-
tio capacity, stiffness degradation and damping ratio
together with the displacement ductility factor have
been determined. These are the essential ingredients
for the accurate predictions of the inelastic seismic
response behaviour of buildings when subject to
earthquake ground shaking.
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Figure 2. Typical non-seismic RC details of beam and column.

2.1 Non-seismic R C details

As British Standards do not limit the axial load ratio
of vertical structural components, longitudinal steel
ratios of columns (and walls) in Hong Kong build-
ings can go up to 6% (and 4%). Lappings of the lon-
gitudinal reinforcement are often located near the
base of the columns and in the potential plastic hinge
region (see Figure 2). In order to simplify the steel
fabrication process and to reduce bar congestion, all
the links (transverse reinforcement) are bent with 90°
hooks. These links are not normally provided at the
beam-column joints. British Standards BS8110
(1985) stipulates that the spacing of links in a col-
umn to be equal to or less than 300 mm, 12 times the
bar diameter, or 0.75 times the depth of the section,
whichever has the least dimension. Transverse ties in
columns are therefore equally distributed with spac-
ings of around 300 mm over the entire length of the
column and closer link arrangements are not pro-
vided at the potential plastic hinge regions (near the
beam-column joints). Thus the conditions of con-
finement in the concrete, the shear strength of the
beam-column joints, and the ductility of the structure
in a typical Hong Kong building are much inferior to
that of a seismically designed building. A compari-
son of the seismically and non-seismically designed
RC beam-column details adopted in the local con-
struction industry in terms of their construction cost
and time can be found in Su et al. (2001).

2.2 Axial load ratio and steel ratios

Axial load ratio and steel ratios are the main parame-
ters affecting the ductility and drift ratio capacity of
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structural members. The axial load ratio in a RC sec-
tion is defined by equation (2).

_ P
f C,Ag

Where P is the axial load in the component con-
cerned f is the concrete cylinder strength and A, is
the gross sectional area of the concrete section.

The longitudinal reinforcement ratio refers to the
amount of main reinforcement in a RC section, rep-
resented as a percentage of the gross sectional area
(Ag). Since members such as walls and columns are
always taking substantial amount of axial loads, this
study does not distinguish “tension-taking” rein-
forcements from ‘“compression-taking” reinforce-
ments. Instead, the amount of reinforcement is repre-
sented by a single ratio as calculated by equation (3).

A A, 'dvzi /4
A A A

8 8 8

2)

where d; is the bar diameter, A, is the sectional
area of longitudinal reinforcement.
The amount of transverse reinforcement in RC
member may be quantified by the volumetric trans-
verse reinforcement ratio, p,, (Paulay and Priestley
1992), as defined by equation (4).

2V Dlwdl) 1, 14]
_ _ -1, )
psh A .5 .'S AC'S ( )
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where s is the pitch of transverse reinforcement, /;
is the length of the reinforcement, A, is the sectional
area of the concrete core and V; is the volume of
shear reinforcement.
Alternatively, the amount of transverse reinforce-
ment in a RC member may be quantified by the
transverse reinforcement ratio p, (Lam et al. 2003)
using equation (5).
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where Ay, are the total area of transverse rein-
forcement perpendicular to the direction of the lat-
eral load and 4. is the depth of the member core (in
the direction of the lateral load) measured centre-to-
centre of the transverse reinforcement.

The transverse and longitudinal reinforcement can
provide confinement to concrete. The effectiveness
of the confinement can be quantified by the con-
finement effectiveness factor according to Sheikh
and Uzumeri (1982) which is expressed as,

flE R -

6b, h,

where b, is the width of the member core meas-
ured centre-to-centre of the transverse reinforcement,
and b; is the distance of successive longitudinal bars
laterally restrained at stirrup corners by 135 degree
hooks.
Su and Wong (2007) conducted a survey study in
Hong Kong for 17 existing buildings. The range of
axial load ratios in the core walls, shear walls and
columns are listed in Table 1. It can be seen that the
average axial load ratios at service load conditions
are around 0.20 for walls and 0.36 for columns. At
ultimate conditions, the axial load ratios for walls
and columns can be increased to 0.50 and 0.87 re-
spectively, Wong (2005) also determined the typical
longitudinal and volumetric transverse reinforcement
ratios in the wall and column members at their base
level. Table 2 shows the percentages of longitudinal
steel used in columns and shear walls. The rather
high average value of 3.0% in columns and 1.89% in
walls are noted. In comparison, the average volumet-
ric transverse reinforcement ratio is only 0.35% in
shear walls. In summary, concrete columns and
walls in a typical Hong Kong building features high
axial load ratio, high longitudinal steel ratio but a
rather low volumetric transverse steel ratios. All
these features point to a potentially non-ductile per-
formance of the structure in extreme conditions.

Table 1. Axial load ratios at service load condition of members
at the base level of the buildings.

Structural Axial load ratio

members Minimum | Average | Maximum
Core Walls 0.079 0.172 0.278
Shear Walls | 0.116 0.198 0.327
Columns 0.205 0.363 0.572

Table 2. Longitudinal and transverse reinforcement ratios of
members at the base level of the buildings.
Structural Steel ratio (%)
members Average | Range
Longitudinal reinforcement ratio

Core Walls 2.06 0.37-3.75
Shear Walls 1.89 0.38-5.61
Columns 3.00 0.50-6.00

Volumetric transverse reinforcement ratio
Core Walls 0.31 0.17-0.46
Shear Walls 0.35 0.15-0.52

2.3 Previous tests on non-seismic details

Experimental testing of half-scale non-seismically
designed RC columns and walls under various com-
binations of axial loads and longitudinal reinforce-
ment ratios have been conducted in Hong Kong. Ta-
ble 3 presents the geometric, loading and material
parameters of the specimens. In this table, f.,, f, and
fwn denotes, respectively, the concrete cube strength,
the yield stress of the longitudinal and transverse re-
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inforcements in the specimens. Concrete grades (f.,)
ranging from 34-109 MPa and high tensile rein-
forcement was employed for fabricating the speci-
mens. The shear span-to-depth ratios ranged from
1.0 to 5.1 and the breath-to-depth ratios ranged from
0.02 to 1. The axial load ratios of 0.1-0.44 for walls
and 0-0.53 for columns were consistent with local
construction practices. The longitudinal steel ratios
(ps) of 0.9-6.1% in the column specimens were also
in good agreement with the observations (of 0.5-6%)
from the previous survey. However, the longitudinal
reinforcement ratios in the wall specimens were only
in the narrow range of 0.92-2%. There has been a
lack of test data for walls with low shear span-to-
depth ratio (m) and high axial load ratio (n). Due to
the space limitations of the paper, details of the ex-
perimental set-up and instrumentations are not pre-
sented herein.

Reversed cyclic loadings were applied to all of
the listed specimens. The load-rotation curves were
recorded in each case. Under high axial load ratios,
failure of columns (Units BS-60-06-61S and BS-60-
06-61C) was mainly due to the crushing of the con-
crete and the buckling of the longitudinal reinforce-
ment. For shear walls under high axial load ratios,
out-of-plane sliding failure was observed (with Unit
W2).

2.4 Yield drift ratio, ultimate drift ratio and
ductility ratio

There exists more than one definitions of yield dis-
placement within the research community. The yield
displacement may be determined in accordance with
the equal energy area method (Lam et al. 2003), the
“first yield” displacement of the reinforcement
(Priestley 2000), the “first yield” displacement of the
concrete (Li 2003), or a hypothetical yield point of
an equivalent linearly elastic-perfectly plastic system
(Kuang and Ho 2005, Ho 2003, Wong 2005).

The hypothetical yield point criterion has been
used in this study to define the yield drift ratios for
the specimens attributed to the simplicity of the ap-
proach. As illustrated in Figure 3, the yield dis-
placement A, is defined as the displacement of a hy-
pothetical yield point of an equivalent linearly
elastic-perfectly plastic system whose initial elastic
stiffness and yield strength are respectively set equal
to the secant stiffness at 0.75F, and F,. The yield
displacement so evaluated is given by equation (7).

A, =N /075 (7)

Table 3. Geometric, loading and material parameters of the
specimens (continued).

Reference Unit m b/d N
Walls
Wong 2005 | W1 4.0 ]10.02 |0.25
W2 40 ]10.02 | 044
Kuang and | UD-1.0 1.0 [ 0.08 | 0.11
Ho 2007 UD-1.5 1.5 [0.08 | 0.10
CD-1.0 1.0 1 0.08 |[0.11
CD-1.5 1.5 ]10.08 | 0.10
Columns
Xiong 2001 | X1 44 11.0 0.35
X2 44 11.0 0.17
X7 44 11.0 0.18
Huang E-0.0 34 | 1.0 0.00
2003 E-0.3 34 | 1.0 0.30
Lam et al. X-7 3.0 | 1.0 0.45
2003 X-9 1.5 |1 1.0 0.40
Li 2003 E-C80-B80-0 34 | 1.0 0.00
E-C80-B40-0.2 34 | 1.0 0.20
Ho 2003 BS-60-06-61S 5.1 | 1.0 0.53
BS-60-06-61C 5.1 | 1.0 0.53
BS-100-03-24S 5.1 | 1.0 0.28
BS-100-03-24C 5.1 | 1.0 0.31
BS-80-01-09S(1) 5.1 | 1.0 0.11
BS-80-01-09S(2) 5.1 | 1.0 0.11
BS-80-01-09S(3)S 5.1 | 1.0 0.11
Kuang and | NSD-200 45 (1.0 0.20
Wong 2005

where A'y is the displacement at 0.75F, The dis-
placement ductility factor x is defined by equation

(8).

H=AIA, ®)
Feree
Fy |-
0.75F, |-~ ; i FaiIurG?': Ok,
: : Ly A
Ay by by

Figure 3. Definitions of yield and ultimate displacements.

The ultimate displacement A, is the displacement at
which the resisting force has dropped to 0.80 of the
peak load-carrying capacity in the post-peak branch.
Experimental results are presented in terms of the
yield drift ratio 6, and the ultimate drift ratio 0,
which is defined by equations (9) and (10) respec-
tively.
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Table 3. Geometric, loading and

material parameters of the
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specimens.
Reference Unit ps p'sh | psh a
(%) | (%) | (%)
Walls
Wong Wi 2.00 | 0.54 | 0.28 | 0.19
2005 W2 2.00 | 0.82 | 0.28 | 0.19
Kuang and | UD-1.0 092 | 1.81 [ 0.92 | 0.29
Ho 2007 UD-1.5 092 | 1.81 [ 0.92 | 0.29
CD-1.0 092 | 1.88 [ 0.92 | 0.29
CD-1.5 092 | 1.88 [ 0.92 | 0.29
Columns
Xiong X1 2.00 | 1.02 | 0.53 | 0.32
2001 X2 2.00 | 0.58 | 0.30 | 0.32
X7 2.00 | 1.02 | 0.53 | 0.32
Huang E-0.0 3.60 | 0.38 | 0.16 | 0.36
2003 E-0.3 3.60 | 0.38 | 0.16 | 0.36
Lam et al. X-7 3.53 | 0.67 | 0.29 | 0.36
2003 X-9 3.03 | 0.32 | 0.14 | 0.36
Li 2003 E-C80-B80-0 3.60 | 0.38 | 0.16 | 0.35
E-C80-B40-0.2 3.60 | 0.38 [ 0.16 | 0.31
Ho 2003 BS-60-06-61S 6.10 | 0.38 | 0.19 | 0.34
BS-60-06-61C 6.10 | 047 | 0.20 | 0.41
BS-100-03-24S 240 | 0.66 | 0.34 | 0.30
BS-100-03-24C 240 | 0.66 | 0.28 | 0.22
BS-80-01-09S(1) 0.90 |1 0.38 [ 0.19 | 0.18
BS-80-01-09S(2) 0.90 | 0.38 | 0.20 | 0.20
BS-80-01-09S(3)S 0.90 | 047 | 0.24 | 0.31
Kuang and | NSD-200 2.79 1 0.63 | 0.33 | 0.44
Wong
2005
Reference | Unit
](CCI{J/IPa) J&\/[Pa) J&\'}[Pa)
Walls
Wong Wi 58.8 423.0 | 364
2005 W2 50.9 431.0 | 423
Kuang UD-1.0 38.0 520.0 | 520
and Ho UD-1.5 43.6 520.0 | 520
2007 CD-1.0 39.1  [520.0 [520
CD-1.5 42.2 520.0 | 520
Columns
Xiong X1 51.2 510 410
2001 X2 55.3 510 410
X7 51.1 510 410
Huang E-0.0 43.1 513 361
2003 E-0.3 46.1 558 406
Lametal. | X-7 47 433 273
2003 X-9 47 418 273
Li 2003 E-C80-B80-0 88.2 557 374
E-C80-B40-0.2 87.2 557 374
Ho 2003 BS-60-06-61S 56.5 525 378
BS-60-06-61C 60.4 525 357
BS-100-03-24S 95.1 522 357
BS-100-03-24C 109.5 | 522 357
BS-80-01-09S(1) 89.6 531 378
BS-80-01-09S(2) 85.4 531 357
BS-80-01-09S(3)S | 83.2 531 367
Kuang NSD-200 34.2 520 365
and Wong
2005

0,=A,ll )

6, =A,1/1 (10)
where [ is the length of shear span of the speci-
mens.

The yield and ultimate drift ratios as obtained
from the experimental testings are summarized in
Table 4. The following important observations are
made: (i) the lateral load resisting elements (com-
prising both the columns and walls) possesses a
minimum drift ratio of 0.39% at yield and 0.88% at
ultimate conditions, (ii) the axial load ratio is critical
to the ductility of the member, and (iii) the shear
span-to-depth ratio (m) is apparently also critical to
the yield drift ratio 6,. For example, short columns
with very low shear span (m less than 1.5), can have
0, reduced to the very low level of ~0.4%, regardless
of the axial load ratio. When the axial load ratio (n)
exceeds 0.4, the drift ductility factor can be as low as
2.1 (due possibly to the relative low transverse steel
ratios of py,<0.53 in the columns and p,<0.92 in the
wall panels). For columns with m greater than 1.5
(which represent the great majority of cases) the
yield drift ratio 6, is at least 0.78 % and the ultimate
drift ratio 6, is at least 1.5 % irrespective of the axial
load ratio. The presence of transverse reinforcement
does not seem to have any significant influences on
the yield drift ratios nor the ultimate drift ratios.

The limit of both the yield and ultimate drift an-
gles for walls is generally lower than columns, but
this does not mean that walls are more critical since
the geometrical stability of walls in the in-plane di-
rection is a significant reserve which is not repre-
sented by the face value of 6,. Furthermore, the lat-
eral stiffness of shear walls with small shear span-to-
depth ratio (m<1.5) is relatively high and the natural
period of the building composed of those walls as
the main lateral supports is usually short. This type
of buildings is likely to be strength controlled rather
than displacement or drift controlled under a seismic
attack. Thus, columns are considered to be more
critical than walls in spite of the results shown in
Table 4.

It is noted that the predicted ultimate drift ratio is
based on a 20% degradation in strength which has
been used as the criterion to define the condition of
ultimate behaviour (refer Figure 3). It is noted that in
conditions of moderate ground shaking generated by
small-medium magnitude earthquakes (M<7), the
horizontal strength demand of the earthquake on a
lateral load resisting element is not sustained when
the element is subject to large displacement causing
a degradation in strength and/or stiffnesses of the
column. In such conditions, a column can be well
within the condition of ultimate stability in an earth-
quake and hence is able to continue carrying the de-
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signed gravity loading even though its lateral
strength has degraded by more than 20%. The ability
of a wall or column to continue carrying the full
gravity loading at large displacement (as opposed to
a 20% degradation in strength) can be used as the al-
ternative criterion for defining the ultimate angle of
drift in the context of seismic performance evalua-
tion of structures in regions of low-to-moderate
seismicity like Hong Kong.

A collapse model for RC columns and walls
based on stability at large displacement is still under
development by the authors. It has been shown in the
pilot research undertaken at the University of Mel-
bourne on RC columns (with widely spaced stirrups)
that column specimens were capable of sustaining
the full designed gravity loading when the drift ratio
has exceeded 2% (Rodsin et al, 2006). In spite of
this, seismic performance evaluation as presented in
the rest of this paper will still be based on the con-
ventional (and the much more conservative) criteria
of ultimate failure. For example, the minimum ulti-
mate angle of drift will still be taken as 1.5% accord-
ing to Table 4. The conservatism of such estimates
should be noted.

An attempt has been made to correlate test data
for different structural members, namely, wall panels
and columns, by a single mathematical expression.
After examining several mathematical formulations,
non-dimensional parameter y were introduced to in-
clude the influences due to the variations in the
geometric and material properties.

y=0+m)" (b/d)"* - 0.55" -1.5%"" a1

Empirical equation (12) was developed by regres-
sion analysis for the estimation of the yield drift ratio
for both the columns and walls.

0, =2.02y-1.88 [%]; R?=0.86 (12)

The R? value is higher than 0.8 indicating very
good correlations between the predicted and meas-
ured values. The above empirical equation would not
be applicable to conditions where the axial load ratio
n>0.35 or the shear span-to-depth ratio m<1.5 due to
the lack of test data.

The model of Panagiotakos and Fardis (2001)
which was based on 633 cyclic tests data of columns
and walls is defined by equation (13) for estimation
of the ultimate drift ratio.

6, = as,m(l + “2“ j(l ~0.4a,,)02")

Psh ™,

( fc')o'nsmo"‘l.l(a ff] (13)

where oy 1s the coefficient for the type of steel
and equal to 1.125 for hot-rolled ductile steel, ay is

the coefficient of slip and equal to 1 if there is slip-
page of the longitudinal bars from their anchorage
beyond the section of maximum moment, or O if
there is not, and a,,,y is the coefficient equal to 1 for
shear walls and O for columns. The concrete cylinder
strength f may be taken as 0.8f,,. Figure 4 shows
a comparison between the predicted ultimate drift ra-
tios by equation (13) and the measured ultimate drift
ratios from Table 4 and reasonably good agreements
of both results are observed.
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Figure 4. Comparison between the predicted and measured ul-
timate drift ratios.

Table 4. Summary of yield and ultimate drift ratios of the spe-
cimens.

Unit Yield drift Ultimate drift
ratio (%) ratio (%)
Wall
W1 0.72 2.21
W2 0.61 1.25
UD-1.0 0.39 1.23
UD-1.5 0.42 1.10
CD-1.0 0.46 1.10
CD-1.5 0.41 0.88
Column
X1 0.78 2.68
X2 0.88 4.92
X7 1.20 3.82
E-0.0 1.81 5.60
E-0.3 1.24 3.79
X-7 0.74 1.46
X-9 0.35 0.69
E-C80-B80-0 1.72 6.27
E-C80-B40-0.2 1.12 4.62
BS-60-06-61S 1.10 1.75
BS-60-06-61C 1.15 3.40
BS-100-03-24S 1.15 2.54
BS-100-03-24C 1.15 2.20
BS-80-01-09S(1) 1.20 3.53
BS-80-01-09S(2) 1.30 3.63
BS-80-01-09S(3)S 1.25 3.44
NSD-200 1.12 2.15

115



ISE EJSE Special Issue:
e juake Engineering in the low and moderate seismic regions of Southeast Asia and Australia (2008)

International

2.5 Stiffness degradation and damping ratio

Mass, stiffness and damping ratios are the three fundamental
parameters controlling the dynamic response behaviour of the
structure. When subject to earthquake ground shaking, the mass
of a building may be treated as constant with respect to time, or
ductility. However, the stiffness and damping ratio would nor-
mally vary with the drift demand (or ductility demand). The ini-
tial lateral stiffness K, of the member is defined as the secant
stiffness based on the condition at one-third of the ultimate drift
capacity. Recent investigation by the authors based on observa-
tions of cyclic load testing of RC columns revealed that the se-
cant lateral stiffness K; of the column is reduced by some 40-
60% from the initial lateral stiffness K, when the condition of
notional yield is reached (i.e. §;=6,, = 1). Meanwhile, the
equivalent viscous damping is estimated at around 5-13% (av-
eraged at 8-9%). As the drift demand is increased beyond yield,
the value of K; will continue to reduce to a very low level whilst
the averaged value of damping will increase to about 10-13%
as the drift demand is double, and triple, of that at yield. These
recent findings from the parametric studies of RC columns un-
dertaken by the authors are summarised in Table 5.

Table 5. Averaged secant stiffness and equivalent viscous
damping.

u 0 1 1.5 2 2.5 3

Ki(%of | 100% | 48% | 33% | 22% | 16% | 11%
K,)

& (%of |0 89% | 10% | 11% | 12% | 13%
critical)

In a building frame where inelastic behaviour is
experienced locally by some of the columns, the
overall degradation in stiffness and equivalent vis-
cous damping of the frame as a whole can be much
less than that shown in Table 5. This is because the
tabulated figures for stiffness degradation and damp-
ing were based on the behaviour of the column in
isolation. Thus, the presented estimates must be
properly adjusted before they can be used as the
global stiffness degradation and global damping of a
building.

3 INTER-STOREY DRIFT DEMAND OF
BUILDINGS IN HONG KONG

Seismic assessment of the existing building stock in
low-to-moderate seismic regions presents a unique
challenge. It is because the codified empirical factors
such as the structural response modification factors
cannot be assumed to be applicable to existing build-
ings which have not been designed and detailed in
accordance with the seismic code. Furthermore, de-
sign procedures established in high seismic regions
are not necessarily effective assessment tools for
low-to-moderate seismic regions. Extensive re-
searches have been conducted in Hong Kong and
Australia to develop an expeditious yet accurate

method to assess the potential seismic drift demands
of existing buildings (which are without seismic de-
sign considerations). This method can also be ex-
tended to the assessment of seismically designed
buildings provided that the dynamic drift factors (de-
scribed in Section 3.4) have been properly cali-
brated.

3.1 Design response spectra of Hong Kong

To correctly estimate the seismic drift demands of
existing buildings, accurate response spectra and
precise natural period prediction formula should be
used. Design response spectra based on Chinese
Code GB50011-2001 (2001) and the uniform hazard
response spectrum developed at the University of
Hong Kong (HKU) for rock sites (Tsang 2006) are
shown in Figure 5. Earthquake scenarios with a 2%
probability of exceedance in 50 years have been con-
sidered. Detailed geological information of the site
has been presented in Tsang (2006). The acceleration
response spectra of Figure 5 and the displacement
response spectra of Figure 6 include predictions for
rock sites and the more onerous soil sites (Tsang et
al. 2006). The spectral displacement demand stipu-
lated by the Chinese Code GB50011-2001 (2001)
features indefinite increasing in values with increas-
ing natural period (7) when T > 2 sec, which does
not take into account the maximum magnitude limit
of the projected earthquake scenarios. The more real-
istic displacement-based response spectra developed
by HKU (which features an upper bound displace-
ment demand) have been used in this study for the
prediction of the seismic drift demand.

It is further noted that the site-specific displace-
ment response spectra shown on Figure 6 (based on
deterministic analyses) can be much more conserva-
tive than that shown by the Uniform Hazard Re-
sponse Spectra (UHRS) for the same probability of
exceedance. In the construction of UHRS of a site
class, response spectra analysed for a multitude of
earthquake scenarios and for sites possessing differ-
ent site natural period (where high amplification is
typically featured) are averaged. This averaging can
result in understating the peak displacement demand
on an onerous site when subject to an onerous earth-
quake scenario. In view of this, the more conserva-
tive response spectrum obtained from a
site/scenario-specific analysis at Tseung Kwan O
was taken to benchmark the seismic demand on
Hong Kong soil sites. This response spectrum fea-
tures a maximum displacement demand of about 120
mm for natural period exceeding 1.6 — 1.7 sec. Lin-
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ear interpolation can be used to estimate the spectral
displacement demand (RSD) for lower natural peri-
ods. For example, a RSD value of 60 mm is pre-
dicted for a natural period of 0.8 sec.

3.2 Effective natural period of existing RC
buildings in Hong Kong

Su et al. (2005) conducted a comprehensive investi-
gation of the natural vibration period of existing RC
buildings in Hong Kong. Ambient vibration test
were carried out to measure the natural periods of
existing buildings with height ranging from 50m to
around 400m. The measured natural periods are
summarized in Figure 7.

It was found that the natural periods of the build-
ings in Hong Kong can be conveniently quantified
by the following simple expressions:

Upper bound: 7, =0.020H, (14a)
Average: T, =0.015H, (14b)
Lower bound: 7, =0.010H, (14¢)

0.8
2 07
5 Bedrock (Chinese Code)
® 061
o
5 0.5

Bedrock (HKU)

s 04
3, 0.3 4,

0.2 ‘:

0.1 - T~

™ ‘ ‘ T
0 0.5 1 1.5 2 25 3
T(9

Figure 5. Design acceleration response spectra (2% prob-
ability of exceedance in 50 years and damping ratio =5%).

It is noted that the fundamental period (7;) of the
buildings are considerably smaller than estimates ob-
tained from the empirical model of IBC-2006 (ICC
2006) and AS/NZS 1170.4 (2007). This can be ex-
plained by the fact that buildings in Hong Kong are
designed with much higher lateral loads compared to
that for similar structures designed in the United
States, Australia or Europe. Consequently, tall build-
ings in Hong Kong are normally constructed of
stiffer structural forms, such as shear walls or core
walls arrangement, as opposed to flexible moment
resisting frames.
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Figure 6. Design displacement response spectra (2% probabil-
ity of exceedance in 50 years and damping ratio = 5%).

Thus, the fundamental period is generally lower
for Hong Kong buildings even though the walls are
more massive (Su et al. 2003). Sheikh (2005) used a
commercial structural program to estimate the natu-
ral periods for the second and third modes of vibra-
tion (77 and T3 respectively) and proposed the fol-
lowing relationships:

T,=025T, and T, =0.125T, (15)

The relationships of equation (15) are comparable
with that proposed by Lagomarsino (1993) which
was based on measurements from 52 RC buildings
measured in Italy.

Equations (14)—(15) enable the initial lateral stiff-
ness of real buildings to be estimated by back calcu-
lations. By combining this with the stiffness and
damping models introduced in Section 2.5 (and
summarised in Table 5), the drift dependent stiffness
and damping properties of the building can be esti-
mated. Under seismic actions, buildings would un-
dergo inelastic deformation due to, for instance,
flexural cracking of concrete and yielding of rein-
forcement. As illustrated in Section 2, the secant lat-
eral stiffness decreases with increase in ductility.

It is noted that the realistic modelling of the as-
constructed building is never complete without tak-
ing into account influences by the non-structural
components which include facades and partitions
(particularly those extending the full height of the
floor and connected to the ceiling). Unfortunately,
only a few studies have been devoted to the investi-
gation of the degradation in the lateral stiffness of
non-structural components in buildings. Whilst there
is on-going investigation into the stiffness behaviour
of non-structural components, a parabolic relation-
ship as defined by equation (16) has been adopted
for modelling in this study.
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(16)

no

K, 1—u*/4 <2
K 0 Hu>2

where K,, and K,; are the lateral stiffnesses of
non-structural components at x4 equal to zero and u
greater than zero respectively.

The stiffness degradation model of equation (16)
is expected to result in a conservative estimate of the
degradation in stiffness of the building and conse-
quently a conservative estimate of the drift demand
on the building as a whole.

Equation (16) features maximum tangential stiff-
ness at ©=0 and zero tangential stiffness at u=2. Su et
al. (2005) employed ambient vibration tests to
measure three frame-and-wall buildings in Hong
Kong. From numerical calibrations, it was revealed
that the non-structural components such as parti-
tions, in-filled walls, parapet beams, finishes, etc.
could constitute a very high proportion of lateral
stiffness. The ratio (f) of initial lateral stiffness of
non-structural and structural components ranges
from 4.5 (for frame structures) to 0.28 (for wall
structures).

As distortional deformations (lateral shear defor-
mation for frame structures and curvature deforma-
tion for wall structures) are not uniformly distributed
along the height of building and higher distortional
deformations would concentrate at the lower stories,
a factor, 7; = 0.8, has been introduced to convert the
maximum local lateral stiffness degradation at the
base level of the building to the global lateral stiff-
ness degradation. The effective natural period of the
building may therefore be approximated by

_ 7,1+ )
Lo TIJ )+ Be (i)

where pumax is the maximum displacement/drift
ductility factor of the structural component in the
building. It is noted that buildings in Hong Kong are
usually found on stiff pile foundations. Hence, the
rotational effect at foundations is usually small and
is neglected in subsequent analyses. According to
equation (17), when =1, n1 = 0.8, the ductility fac-
tor 0 = 1 (or 3), the ratio (Teff / T1) would be equal
to 1.88 (or 3.36). Clearly such a high period length-
ening effect cannot be ignored in non-linear seismic
analysis of buildings.

17)

3.3 Methodology for prediction of the inter-storey
drift demand

An expeditious step-by-step procedure for model-
ling the maximum inter-storey drift demand of exist-
ing buildings has been developed in Chandler et al.
(2002a) and the contributions from higher modes
have been considered. With consideration of the

period lengthening effects, the method was further
applied and presented in Gad et al. (2002) and in
Chandler et al. (2002b). Li (2004) incorporated the
effect of variation of damping ratio into the method-
ology. Sheikh (2005) has further divided the total in-
ter-storey drift ratio into shear drift ratio and flexural
drift ratio. Recently, Zhu et al. (2007) extended this
method to calculate the maximum chord rotation of
coupling beams.
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Figure 7. Natural periods of buildings in Hong Kong.
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The methodology developed for expressing building
drift demand has been illustrated in Figure 8. The
maximum seismic drift angle ,x due to the com-
bined vibration modes can be related to the seismic
response spectral displacement at the fundamental
mode period RSD, using equation (18).

RSD\T
B,ux = A, RsDUT) (18)

b

where H,, is the building height and /; (i=1-3) are
the dynamic drift coefficients. More specifically, the
maximum inter-storey drift angle 6y,,x of the build-
ing can be related to that of the fundamental lateral
vibration mode by the higher mode dynamic coeffi-
cient which is defined by equation (19).
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6 ax
Ay =g (19)

1 max

in which the subscript ‘1’ denote the fundamental
vibration mode. The maximum inter-storey drift an-
gle of the fundamental mode 6),,.x may be related to
the average drift angle 0avs (=41r00t/Hp) by the drift
coefficient 4; which is defined by equation (20).

91 max
A = 9 (20)

lavg

Furthermore, the lateral displacement at roof level
Airoor can be obtained from RSD(T.;) by equation
(21).

A 1roof

= @2y
RSD(T,,)

3

By substituting equations (19) - (21) into equation
(18) and denoting the combined dynamic drift coef-
ficient as A, =A44,4,, equation (18) may be re-

written as equation (22)
RSD(T,;)

max ‘max
H b

(22)

The combined dynamic drift coefficient can be
considered to be composed of the higher mode ef-
fects (4;) and the fundamental mode effects (4; and
43). All the drift coefficients have been calibrated by
Li (2004), Sheikh (2005) and Zhu (2006) using re-
sponse spectrum analysis of typical buildings with a
wide range of heights and types. The drift factors are
found to be 11 = 1.5, 1, = 1.0 and A3 = 1.5 based on
the uniform hazard response spectrum.

Depending on the magnitude of the maximum
drift demand, modification for potential inelastic ef-
fects has been implemented. The effective (or
equivalent) damping ratio of the entire building may
be estimated using Table 5 and the corresponding
ductility factor can be obtained using equation (23).

= (23)

Note that the response spectra in Figures 5 and 6
are based on the 5% level of damping. The demand
response spectrum should then be modified, for the
effective damping ratio, using the damping modifi-
cation factor (DMF) as defined by equation (24) ac-
cording to Eurocode 8 (2005):

10
DMF = |———— (24)

5 + 772ge

To take into account the non-uniform distribution
of damping along the height of the building, a fac-

tor, 77, = 0.8, is introduced to convert the maximum
damping ratio of structural components (at the base
level of the building) to the ratio for global structural
damping. As parameters estimated from equations
(23) and (24) and Table 5 depend on the pre-
determined value for 0, [equation (22)], iteration is
required. It has been found that three such iterations
are sufficient for the result to converge.

3.4 Prediction of the inter-storey drift demand

As mentioned in Section 2, yield drift ratio is de-
pendent on various materials used in the structure,
their loading and geometric properties. The parame-
ter values listed in Table 6 have been assumed for
the determination of the average and minimum yield
drift ratios for the wall and column members in a
typical Hong Kong building. It can be seen from Ta-
ble 4 that the yield drift ratio ranges from 0.35 to
1.81. For columns with shear span-to-depth ratios
greater than 3, the yield drift ratio is constrained to
the much narrower range of 0.8 — 1.2 (with a few ex-
ceptions, see Tables 4 and 6). This latter range of 60,
has been adopted for predicting the inter-storey drift
demand of existing buildings in Hong Kong. It is
found that the drift demands demonstrate very lim-
ited variation with different 6,, hence only one set of
results (based on a conservative estimate of 60, =
0.75) is presented in Figure 9.

Table 6. Parameters used for determination of yield and ulti-
mate drift ratios.

Unit Geometric and Loading Properties

M [bd  [n  [p%) |pu(%)
Column
Average 5.0 1 0.3 3.0 0.3
Minimum | 3.0 1 0.5 3.0 0.3
Wall

Average 4.0 0.02 0.30 1.5 0.6
Minimum | 2.0 0.02 0.30 3.0 0.6

Unit Material Properties 0, 0,
fo h |he |G |
(MPa) | (MPa) | (MPa)

Column

Average 35 460 460 1.33 4.49
Minimum | 35 460 460 0.68 3.18
Wall
Average 35 460 460 0.73 2.06
Minimum | 35 460 460 0.58 1.56

* o assumed to be 0.2 for walls and 0.3 for columns, and a,; are
0.5 and 0.0 for columns and walls respectively.

The effective natural period of structures is ob-
tained using the predictive relationships of Table 5
and equation (17) together with equations (14b) and
(16). The non-linear damping effects were also mod-
elled using Table 5 and equations (23) and (24). The
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calculated maximum inter-storey drift demands on
buildings are shown in Figure 9 for a 2% probability
of exceedance in 50 years (return period of approxi-
mately 2500 years). It is shown that inter-storey drift
demands on soil sites are much higher than that on
rock sites. The maximum drift demands associated
with the rare earthquake scenarios on deep soil sites
were predicted to be around 0.3%. Low to medium-
rise buildings with height less than 120m would ex-
perience higher seismic demand.

When compares the estimated maximum inter-
storey drift demands of 0.3% with the minimum drift
capacity (~1.5%) of vertical supporting elements, the
drift capacity is in general higher than the demand by
a factor of 5. Hence, existing buildings in Hong
Kong (located on both rock and deep soil sites) are
unlikely to be subject to significant drift-induced
damage in rare earthquake scenarios consistent with
a 2% probability of exceedance in 50 years (or return
period of approximately 2500 years). In fact, the
maximum inter-storey drift demand (0.3%) is less
than any of the yield drift ratios of lateral resisting
elements listed in Table 4. Hence, elastic analyses,
e.g. response spectrum analysis based on the no-
tional 5% damping would be sufficiently accurate
for routine seismic design and assessment of typical
RC buildings in Hong Kong. The accuracies of the
presented degradation and damping models are
therefore not critical to the results of the assessment.
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Figure 9. Maximum inter-storey drift demand of buildings in
Hong Kong (2% probability of exceedance in 50 years).

It is, however, noted that the evaluation presented
so far has not considered buildings with a soft-
storey, and torsional irregularity which warrants spe-
cial attention in view of their seismic vulnerability. It
is possible that in a soft-storey building the response
spectral displacement demand (as shown in Figure 6)
may be localised to just one single-storey. Consider-
ing cases where the height of the soft-storey is 4 m
whilst noting that the ultimate drift capacity of RC
columns supporting the soft-storey is 1.5% (refer
Section 2.4), the limiting value of RSD is accord-
ingly equal to 60 mm. From the displacement spec-

trum diagram presented in Figure 6 for the onerous
soil site of Tseung Kwan O, this value of RSD is
reached when the natural period of the building ex-
ceeds 0.6 — 0.7 sec. This natural period limit is trans-
lated to a building height of about 45 m (based on
equation 14b or Figure 7). Thus, seismically induced
collapse of the soft-storey is unlikely if the height of
the building is within 45 m (which corresponds to
14-16 storeys). In other words, buildings in Hong
Kong are expected to be structurally safe provided
that buildings exceeding 14-16 storeys found on a
flexible soil site do not have a soft-storey (i.e. floors
are all braced adequately by core walls or shear
walls).

4 CONCLUSIONS

A comprehensive study of the seismic inter-storey
drift demand and capacity of building structures in
Hong Kong has been presented. The research find-
ings are summarized as follows:

(1) According to the site-specific response
spectra developed at HKU, the maximum inter-
storey drift demand at deep soil sites in Hong
Kong in conditions of rare earthquake events
with 2% probability of exceedance in a 50 year
design life (return period of approximately 2500
years) is around 0.3% for regular buildings
without soft-storey and torsional irregularity.

(2) The limit of yield drift of columns is
normally higher than 0.8% and limit of ultimate
drift is normally higher than 1.5% except for
columns with low shear span-to-depth ratios (m
< 3). Walls are considered to be less critical in
spite of the lower limits reported.

(3) Collapse of beam-column frame struc-
tures or wall structures under earthquake-
induced load is therefore unlikely except for
buildings exceeding 45 m in height (14-16 sto-
reys), have a soft-storey feature and located in a
deep soft soil site. The condition of yield is
unlikely to be reached in buildings without a
soft-storey.

(4) RC structures, particular for those with
high axial load ratio (> 0.4) and located at soil
sites could be slightly damaged under a rare
earthquake event.

(5) Excessive inter-storey drift may result in
moderate damage of brittle non-structural com-
ponents. (e.g. glass or stone cladding)

(6) Elastic analyses e.g. response spectrum
analysis should be sufficiently accurate for rou-
tine seismic design and assessment of typical
RC buildings in Hong Kong.
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