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ABSTRACT: Up to now building structures in Hong Kong (HK) are not required to resist earthquake effects.
The design is based primarily on strength without taking into account any ductility consideration. Therefore,
the resulting structures would have unpredictable inelastic performance when subject to overloading, a sudden
impact or an earthquake attack. The situation is even worse if the structural members are of high-strength rein-
forced concrete (HSRC), which is becoming more popular in HK. To improve the post-elastic design of rein-
forced concrete (RC) members, a continued research study consisting of experimental tests has been conducted
at The University of Hong Kong (HKU) since 2000, which covered among others tests on HSRC columns and
internal RC beam-column joints. This paper reviews these research studies that focused on the strength, ductil-
ity and reinforcement detailing of columns and internal beam-columns joints. The test results showed that
HSRC columns and beam-column joints designed according to the authors’ proposals behaved in a limited

ductile manner, which is suitable for low-medium seismic-risked regions where HK is located.
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1 INTRODUCTION

In spite of her location within a low-medium seismic
zone [GB50011-2001], Hong Kong (HK) has no re-
quirements for seismic design for building struc-
tures. Current design of RC structures in HK that
covers high-strength concrete relies mostly on flex-
ural strength provisions to resist gravity and wind
loads at the ultimate limit state and on stiffness pro-
visions to limit the maximum deflection at the ser-
viceability limit state [BD 2004]. Although inherent
minimum ductility exists due to some deem-to-
satisfy rules, it has been shown by previous research
that the above provisions could not ensure adequate
members’ flexural ductility [Ho & Pam 2002 &
2003; Ho 2003]. The members so designed behaved
from very brittle to slightly ductile depending on the
axial load level. Furthermore, no guidelines were
given for the reinforcement design and detailing of
beam-column joints in the design code adopted prior
to 2008 in HK [BS8110-1985, Huang 2003, Li 2003;
Au et al 2005]. Therefore, a review on the flexural
ductility design of RC members was considered nec-
essary in HK. The focus of this study is on HSRC
columns and beam-column joints.

beam-column joint, ductility, high-strength reinforced concrete, low-medium seismic risk

The design philosophy adopted in seismic coun-
tries relies on the energy dissipation in RC members
through extensive inelastic deformation occurred
within their critical regions. To allow energy dissipa
tion to happen under large deformation while main-
taining a reasonable flexural capacity, adequate con-
finement steel should be provided within the critical
region to avert brittle failure. As for beam-column
joints, additional steel should be installed to resist
shear force due to lateral loads. Nevertheless in re-
gions of low-medium seismic risk like HK, design
provision for full ductility would create unnecessary
steel congestion within joints as well as critical re-
gions in beams and columns. It is believed that the
transverse steel content in these regions could be re-
duced while maintaining a moderate level of flexural
ductility. The design of limited ductile columns and
joints was the focus of research in The University of
Hong Kong (HKU).

Since the last decade, as part of HKU commit-
ment to promote awareness of earthquake resistant
design and detailing in HK, several series of experi-
mental research have been conducted, among others
were on HSRC columns [Ho 2003] and interior
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beam-column joints [Huang 2003, Li 2003] to inves-
tigate the performance of these structural members
under earthquakes. A total number of 20 HSRC col-
umns and 27 interior beam-column joints were sub-
jected to low frequency cyclic displacement simulat-
ing earthquake induced inertia. Due to page
limitation, this paper only focuses on the tests of 15
HSRC columns and 10 beam-column joints.

For HSRC columns, the flexural ductility per-
formance of column specimens designed complying
with BS8110 [1985] was investigated. A parametric
study based on nonlinear moment-curvature analyses
was carried out. From the parametric study, an equa-
tion was proposed for the design of confinement
steel content within the critical region. Subsequently,
column specimens designed according to the pro-
posed equation were fabricated and tested. The test
results showed that the group of columns designed
according to the proposed equation behaved in a lim-
ited ductile manner.

For HSRC interior beam-column joints, two joint
reinforcing details were proposed: (1) additional di-
agonal steel; and (2) continuous diagonal steel. Inte-
rior beam-column joint specimens installed with the
above details were fabricated and tested. The test re-
sults were compared with those obtained from the
counterpart specimens without joint reinforcement
(i.e. “empty joint”) and with stirrups. It was apparent
that beam-column joints containing the proposed
joint details behaved in a limited ductile manner, i.e.
more ductile than the “empty joint” and slightly less
ductile than the specimen containing stirrups. Under
compressive axial loading, the specimens containing
additional as well as continuous diagonal steel had
flexural ductility performance comparable to that of
joint specimens containing stirrups.

A summary of proposed design guidelines for
HSRC columns and interior beam-column joints is
presented.

2 EXPERIMENTAL PROGRAMME

2.1 Test set-up

All the column and beam-column joint specimens
were tested in a 660-tonne self-reaction steel loading
frame under various compressive axial load levels
and reversed cyclic inelastic displacement. Figures
1(a) and 1(b) show the respective typical set-up.
Each column in Figure 1(a) represents the column
length in a multi-storey building between the mid-
height and beam-column interface. The area of inter-
est is the column region in the proximity of the inter-
face. Cyclic bending moment was applied by two

hydraulic actuators to the column through the rigid
beam and the axial load was applied by another hy-
draulic actuator underneath the bottom hinge.
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Figure 1(b). Typical setup for beam-column joint specimens

Figure 2 shows the isometric view of the column
specimens and the typical details of stirrups in BS
specimens.

The beam-column joint assemblage represents a
typical interior beam-column joint of a multi-storey
framed building bounded by contra-flexure points in
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the adjacent members. Cyclic bending moment and
compression axial load were applied in the similar
manner explained for the column specimens.
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Figure 2. Perspective view of column specimens

2.2 Test procedure

The test was divided into load- and displacement-
controlled cycles. In the first and only load-
controlled cycle, the actuator loads were applied to
produce *0.75M, at the beam-column interface,
where M, is the column or beam (for beam-column
joint specimens) flexural strength calculated by
BS8110 [1985]. The respective displacements at the
column tip or beam ends were recorded as A; and A,
from which the nominal yield displacement A, could
be determined by:

A +|A
, :i M (1)
3 2
The subsequent cycles were displacement-

controlled. In the second cycle, the column lateral
displacement or beam end vertical displacement (A)

was increased to *A, reaching x4 = *1 respectively,
where 4 is nominal displacement ductility factor
written as:

p=— @

The process was repeated until the measured
moment capacity is less than 80% of the measured
peak moment M),

2.3 Instrumentation

The instrumentation installed in all the specimens
was: (1) strain gauges, i.e. to measure bending
strains in the longitudinal steel and, shear as well as
confining strains in the transverse steel; and (2) lin-
ear variable displacement transducers (LVDT), i.e. to
measure column and beam curvature profiles, col-
umn rotations and column tip deflections. Figures 3a
and 3b show the instrumentation arrangement for re-
spectively column and beam-column joint speci-
mens.
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Figure 3(a). Strain gauge and LVDT arrangement of column
specimens (continued)
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Figure 3(b). LVDT arrangement of beam-column specimens

3 TEST RESULTS OF HSRC COLUMNS

3.1 Details of column specimens

Tables la and 1b summarize the section proper-
ties and axial load levels of the column specimens.
The transverse steel provided in the critical region of
the “NEW” column was designed according to the
proposed Equation (3) and provided with 45° or also
known as 135 end hooks.

0.9
Ag _ Pf y p &

ps =l * *
Ac fcu Ag f('u fys

where pq is volumetric ratio of transverse steel, A,
and A, are gross and core concrete areas respectively,
p is the longitudinal steel ratio, f., is concrete cube
strength, f, and f}, are yield strengths of respectively
longitudinal and transverse steels and P is axial load.

+0.008 (3)

Table la. Section properties of NEW column specimens
Actual Average Longitudinal Transverse steel within potential
fa  PlAgfa steel plastic lunge region

Unit ") Content p (%) d § pops e

(MPa) (mm) (mm) (%) (%) (%)

NEW-60-06-61-S 57.1 0.53 8T32 61 TI12 70 210 195 1.64
(50.0) (R6) (100) (0.38)

NEW-60-06-61-C 624 0.53 8T32 6.1 TI2 110 2.00 1.95 1.64
(56.1) (R8) (210) (0.47)

NEW-100-03-24-S 965 028 8T20 24 TI12 70 210 238 230
(83.3) (R8) (100} (0.66)

NEW-100-03-24-C 1084 034 8T20 24 TI12 90 245 238 230
(96.4) (R8) (150) (0.66)

NEW-80-01-09-S 859 0.1 8T12 09 RI2 8 173 171 140
(77.8) (R6) (100) (0.38)

NEW-80-03-24-C 904 028 8T20 24 TI2 105 210 2.03 192
(80.6) (R8) (150} (0.66)

NEW-100-03-61-C 1088 030 8T32 6.1 TI2 100 220 210 185
(94.7) (R8) (100} (1.00)

NEW-100-06-61-C  100.0  0.55 8T32 6.1 Tle 120 3.20 3.20 2.00

(85.0) (R) (100) (1.00)
The vield strength of high yielded deform bar (T) and mild steel round bar (R) are
respectively 530 and 350MPa.

Table 1b. Section properties of BS column specimens

Longitudinal Transverse steel within

Actual  Average

Uit Fulf o steel : potf’llliﬂl plns‘tyic hinge 1‘e;f:ji0n

(MPa) Content  p (%) (nm) (mm) %)
BS-60-06-61-S 56.5/51.1 054 8T32 6.1 Ré 100 0.38
BS-60-06-61-C 60.4/532  0.53 8T32 6.1 RS 210 0.47
BS-100-03-24-S 95.1/828 0.28 8T20 24 R8 100 0.66
BS-100-03-24-C 109.5/875 031 8T20 24 RS 150 0.66
BS-80-01-09-3(1)  89.6/750  0.11 8T12 09 R6 100 0.38
BS-80-01-09-5(2) 854/746  0.11 8T12 09 RS 175 0.38
BS-80-01-09-5(3) 83.2/724 0.1l 8Tz 09 R10 220 0.47

The yield strength of high yielded deform bar (T) and mild steel round bar (R) are
respectively 530 and 350MPa.

Outside the critical region, the transverse steel
was designed according to the shear requirement and
the end hooks were 90°.

3.2 Flexural ductility performance of NEW columns

Figure 4 shows the moment - lateral displacement
and moment-curvature hysteresis curves of a pair of
NEW and BS columns. The theoretical moment is
marked by a horizontal line, whereas the dotted in-
clined line marks the loss due to P-A effect. Failure
of column is defined at 0.8M, post-peak. It is also
shown the scales of actual displacement ductility
factor 1" obtained by substituting the respective pa-
rameters in Equations (1) and (2) by those at 0.75M,,.
The ultimate displacement ductility factors () and
ultimate curvature ductility factor (4) are defined as:

o
b= ¢ 1075 (4c)

where A, and @, are respectively the measured
column displacement and curvature at failure. @, is
the measured column curvature at 0.75M,, pre-peak.
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Table 2. Results of NEW and BS column specimens

Unit .Ay .Ayr .A“ Hd oy ) O“ He
(mm) (mm)* (mm) (rad/m)* (rad/m)

NEW-60-06-61-S 140 204 0686 34 (0149 01230 83
NEW-60-06-61-C 157 200 799 40 0.0171 01742 10.2
NEW-100-03-24-S 125 153 517 34 00127 0.1205 95
NEW-100-03-24-C 152 189 737 39 00125 0.1121 90
NEW-80-01-09-S 107 184 67.1 3.7 0.0175 02233 128
NEW-80-03-24-C 147 184 775 42 (.0151 0.1481 98
NEW-100-03-61-C 200 244 108244 00153 0.1726 113
NEW-100-06-61-C 123 199 897 45 00188 0.1944 104
B8-60-06-61-S 144 168 305 1.8 0.0228 00529 23
B5-60-06-61-C 168 191 389 2.0 (.0220 00522 24
BS-100-03-24-5 127 167 344 21 (0135 00387 29
BS-100-03-24-C 17.1 169 275 1.6 (L0127 0.0210 1.7
BS-80-01-09-5(1) 111 168 542 32 0.0244 01769 73
BS-80-01-09-5(2) 131 201 538 27 0.0195 01400 72
BS-80-01-09-5(3) 11.8 200 535 27 (.0222 01700 7.7

From Figure 4, it is concluded that NEW columns
(1) have a higher flexural strength; (2) can undergo
many more inelastic cycles; and (3) behave in a lim-
ited ductile manner by reaching t. =10. Table 2
summarizes the results.

A common phenomenon observed in all the BS
columns was the opening of 90° end hooks of stir-
rups within the critical region. This was however not
observed in the NEW columns having 135° end
hooks. Furthermore, it was found that the longitudi-
nal steel buckled in a double-curvature manner,
which proved that the 135° end hooks effectively re-
strained the longitudinal bars from buckling. It there-
fore increased the buckling load of the longitudinal
steel and delayed the inelastic buckling. Figure 5
shows this phenomenon.
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Figure 5. Some observed behaviour in column specimens

3.3 Effect of transverse steel configuration

The M-A and M-¢ hysteresis curves of a similar pair
of BS and NEW columns containing internal cross
ties are shown in Figure 6. It is seen that the addition
of cross ties increases the ultimate deformability of
the limited ductile column specimen substantially,
1.e. NEW-100-03-24-S could only achieve 7 =
+3.7% (where n = drift) while NEW-100-03-24-C
could achieve 77 = £6.0%. Nevertheless, it reduces
the ductility in non-ductile columns, i.e., BS-100-03-
24-S reached u =3 with 77 = 2.7%, whereas BS-100-
03-24-C could only reach ¢ = 2 with 17 = 2.0%. It is
also observed that cross ties with 135° end hooks
were effective in restraining the longitudinal steel
since it buckled in a double curvature manner, while
those with 90° end hooks were pushed open by the
buckled longitudinal steel. Table 2 summarizes the
values of g, and g, for these columns.
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3.4 Critical region length

The critical region length refers to the extent of re-
gion from the maximum bending moment point that
suffers extensive inelastic damage [Park & Paulay
1975; Watson & Park 1994; Mendis 2001] and
therefore needs to be confined. In this paper, the
critical region length in each HSRC column was
evaluated based on physical observation and meas-
ured curvature profile. In the former, the critical re-
gion length is defined by the region suffering buck-
ling of longitudinal steel and damage penetration
into concrete core. Some of them are shown in Fig-
ure 7 and all are listed in Table 3. In the latter
method, the critical region length is defined as the
length of column having curvature at the ultimate
state larger than the yield value. The results are also
listed in Table 3.

Table 3. Critical region lengths for column specimens

¢, | lp based on physical| 7, based on curvature
Unit obgervation (mm) profile (mm)

(rad/m) LHS/RHS Average +ve/~ve Average
NEW-60-06-61-S | 0.0149 | 400/400 400 | 480/480 480
NEW-60-06-61-C | 0.0171 | 300/300 300 | 340/440 390
NEW-100-03-24-5 | 0.0127 | 450/450 450 | 480/440 460
NEW-100-03-24-C | 0.0125 | 400/350 375 | 4 00 478

NEW-80-01-09-S  |0.0175| 250/250 250
NEW-80-03-24-C | 0.0151 | 320/320 320
NEW-100-03-61-C | 0.0153 | 450/450 450
NEW-100-06-61-C | 0.0188 | 620/620 620

300/300 300
460/500 480
600/500 550
680/650 665

BS-60-06-61-3 0.0228 | 550/550 550 | 520/520 520
BS-60-06-61-C 0.0218 | 600/600 600 | 500/500 500
BS-100-03-24-S 0.0135| 650/650 650 | 540/440 490
BS-100-03-24-C 0.0127 | 630/630 630 | 500/420 460
BS-80-01-09-5(1) 0.0244| 270/250 260 | 280/280 280
BS-80-01-09-5(2) |0.0195] 220/260 240 | 290/290 290
BS-80-01-09-5(3) 0.0222] 260/260 260 | 260/260 260

Note: LHS = left hand sade ; RHS = right hand side

4 TEST RESULTS OF HSRC BEAM-COLUMN

Figure 8 and Table 4 summarise the sectional prop-
erties of all the beam-column joint specimens.

4.1 Existing design of beam column joint — “empty
joint” and “with stirrups”

The first type of beam-column joint specimen is the
“empty joint” (denoted as “E specimen”), which
contained nothing in the joint apart from the longitu-
dinal steel from the beams and columns. This is the
common design practice in countries having low-
medium seismic risk like HK. However, research
[Huang 2003, Li 2003, Au et al 2005] has shown
that empty joints were insufficient to resist lateral
shear forces induced by moderate earthquakes. The
specimens of this series serve as the reference

specimens having flexural ductility performance at
the lower bound.

630mm

260mm

Z20mm

(c) B3-50-01-08.5(2)

A20mm

() MEW-60-06-61-C () NEW-100-06-61-C
Figure 7. Some observed critical regions

Table 4. Section properties of beam-column joint specimens

it Tomt  fa/f (MPa) Stimups
detail

Beam Column Beam  Columm
E-C80-B80-0 Empty nomimal nominal
E-C80-B40-0.2 Empty 50 nommal nominal
H-C80-B80-0 3-3T12 82 7 nomimal nominal
H-C80I-B80I-0.6 3-3T12 90.8/80.1 90.8/80.1 mproved mproved
AD-C80-B80-0 2T16  86.7/78.5 86.7/78.5 nominal nommal
AD-C80-B80I-0 2T16  79.7/68.5  79.7/68.5 unproved nommal
AD-C80I-B80I-0.6 2T16  84.2/77.0 mproved mproved
AD-C80I-B8OM-0.6  2T16  79.8/68.0 modified improved
CD-C80-B80-0 2T16  82.5/79.0 nominal nominal
CD-C80-B40-0.3 2T16  48.2/40.5 86.1/79.5 nommal nominal

Notes: - Yield strengths of lugh yielded deform bar (T) and muld steel round

bar (R) are respectively 550 and 370MPa.

- Nominal stirtups are calculated according to shear resistance
requirenient.

- Improved stirrups contained more stirups and mstalled i critical
regions only.

- Modified sturups contamed more sturups and mstalled i whole
length of beams.
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Figure 8. Reinforcement details in beam-column specimens

The second type of specimen contained stirrups
within the joint (denoted as “H specimen’). This de-
tail is commonly adopted in countries subjected to
high seismic risk and the structural members are ex-
pected to behave fully ductile. Nonetheless, this joint
detail often creates steel congestion problem in the
joint and fabrication difficulties in reinforcement
caging. The specimens in this series serve as another
reference having flexural ductility performance at
the upper bound.

4.2 Proposed joint details

The purpose of this research study is to propose al-
ternative joint details suitable for RC frames located
in low-medium seismic-risked regions and at the
same time reduce the joint steel congestion. Beam-
column joints containing the proposed details (Fig-
ure 9) are expected to behave in a limited ductile
manner, i.e. their flexural ductility falls within the
lower and upper bounds.

The first proposed joint detail is additional diago-
nal steel in the form of “obtuse Z” in two opposite
directions (denoted as “AD specimen”). The length
of the horizontal tail projecting out from each side of
the column face was set at about one-half of its full
development length calculated from BS8110 [1985],
and the inclined component aligns with the joint di-
agonally. Figure 9a shows the elevation detail of AD
specimen. The amount of diagonal steel was de-
signed based on the joint shear force as required by
NZS 3101 [1995].

N
\

N
\

(a) Additional diagonal steel

N
N

N

(b) Continuous diz;gonal steel

Figure 9. Proposed joint details

The second proposed joint detail is in the form of
continuous diagonal steel. The detail is similar to the
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additional diagonal steel, except the diagonal bars
were bent from the inner beam longitudinal bars (de-
noted as “CD specimen”). Figure 9b shows the ele-
vation detail of CD specimen. The remaining unbent
longitudinal bars in the beam will run through the
joint.

4.3 Behaviour of joints without axial load

Figure 10 shows the response of column shear force
(V,) versus column displacement (A) as well as col-
umn drift (77) for Units E-C80-B80-0, H-C80-B80-0,
AD-C80-B80-0, AD-C80-B80I-0 and CD-C80-B80-
0. The theoretical shear strength of the column is V,
and marked as dotted line in the figure. Each joint
specimen contained similar material strengths and
section properties for easy comparison, except more
stirrups were added within the beam critical region
of Unit AD-C80-B80I-0. From the figure, it is ob-
served that the E and CD specimens only managed
to reach the respective theoretical strength, while the
others (H and AD specimens) achieved higher
strength than their respective theoretical strength.
The largest strength enhancement ratio was obtained
in Unit AD-C80-B80I-0 (~26%) due to a better con-
finement in its beams. The strength enhancement ra-
tios for other specimens are summarised in Table 5.

Table 5. Test results of beam-column joints without axial load

) M, _ Actualnominal ~ Af fatlure
Specunen (KNm) Failure mode strength ratio duft
i

(%0)

E-C80-BR0-0 1146  loint britfle 0.97 30 51
failure

H-C80-B80-0 1142  Beam flexwal 1.06 36 63

shear farlure

AD-CR0-Bg0-0  114.5 ~ Beamshear L15 35 49
T failure

AD-CR0-Bg0L.g 1179 Jomt ductile 1.26 10 64
: o o failure

CD-C30-B80-0 1142 Jomnt ductile 0.98 14 77

failure

It is also seen from Figure 10 that Unit E-C80-
B80-0 could not reach ¢ = 4 but other specimens
could reach £ = 4 or even larger before the strength
degraded to 50% of the maximum measured
strength. To evaluate the flexural behaviour of these
specimens, their measured beam strengths at the first
cycle of 4 = +4 were compared. It is obvious that
Unit AD-C80-B80I-0 attained the largest strength,
followed by the other AD specimen, CD and H
specimens”. Table 5 summarises the displacement
ductility factor («) and drift of these specimens at
failure. It can be observed that Unit CD-C80-B80-0
is the most ductile, followed by Units AD-C80-
B80I-0, H-C80-B80-0, AD-C80-B80-0 and E-C80-
B80-0. A similar trend is observed for the ultimate
drift in these specimens.

It is concluded that without axial load, the ductil-
ity performance of the “empty joint” is the poorest.
Although the joint reinforced with continuous di-
agonal bars behave fairly ductile, it could not reach
the theoretical moment capacity. The performance of
joints installed with additional diagonal bars and
stirrup were more or less similar in terms of flexural
strength and ductility.

4.4 Behaviour of joints with axial load

Similar to Figure 10, Figure 11 shows the column
shear force — drift response of Units E-C80-B40-0.2,
H-C80I-B80I-0.6, AD-C80I-B80I-0.6, AD-C80I-
B80M-0.6 and CD-C80-B40-0.3. These specimens
were subjected to compressive axial load with level
ranging from 0.2 to 0.6. Except for Unit AD-C80I-
B80I-0.6 that failed prematurely outside its critical
region (Figure 12), the “empty joint” specimen in
this series also had the lowest ductility. Unit E-C80-
B40-0.2 suffered joint failure at # = *3 and the
strength enhancement was insignificant as well as
unsustainable.

As for Unit AD-C80I-B80I-0.6 the premature
failure happened at the weakest region in the middle
span of each beam. It has to be noted that this speci-
men contained extra confinement steel in its beams
and columns only near the joint. The same phe-
nomenon did not happen in Unit AD-C80I-B8OM-
0.6 because the extra confinement steel was pro-
vided along the full length of its beams.

It is also evident in Figure 11 that the H and AD
specimens have measured flexural strengths larger
than their respective theoretical values. Although
Unit AD-C80I-B80I-0.6 has the largest strength en-
hancement, its flexural strength degraded drastically
in the second cycle of # = +3 due to the reason ex-
plained before.

Table 6 summarises the flexural strength en-
hancement ratio, ultimate displacement ductility fac-
tor and ultimate drift. It is apparent that the H speci-
men is the most ductile, followed by the AD
specimen containing improved confinement steel
along its beams and then by the CD specimen. The
other AD specimen performed poorer than the E
specimen due to the reason explained earlier.

Table 6. Test results of beam-column joints with axial load

L M, Failure Actual/nominal e Iﬂﬂm?

Specimen (kNm) mode strength ratio drift

E %)

E-C'80-B40-0.2 111 ot buttle 1.06 39 44
failure

H-C80I-BS0L-0.6 113 Beam flexurl 1.07 50 54
failure

AD-CSOL-BSOI-0 6 1152  Deam shear 1.25 30 29
failure

AD-CSOL-BSOM-06 1185 Deam flexural 1.17 48 5.0
failure

CD-C80-B40-0 3 L el 1.03 47 5.0

failure
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Figure 10. Column shear force — drift response of joint speci-
mens under reversed cyclic loading without axial load

By comparing Tables 5 and 6, it can be shown
that in terms of ultimate displacement ductility fac-
tor, all the joint specimens without axial load per-
formed worse than their respective counterpart (ex-
cept for Unit AD-C80I-B80I-0.6 due to premature
shear failure as explained previously) subjected to
compressive axial load. However, in terms of ulti-
mate drift, all the joint specimens without axial load
performed better than their respective counterpart
subjected either to moderate or high compressive ax-
ial load. As “drift” represents a more realistic de-
formability than “ductility”, it can be concluded that
all the beam-column joint specimens without axial
load performed better than those with axial load.
This result is contradictory to the commonly ac-
cepted theory that compressive axial can improve the
performance of beam-column joints [Park & Paulay
1975].

If the performance of the H specimen, with or
without axial load, is regarded as behaving in a fully
ductile manner suitable for the design in regions
with high seismic risk, the performance of the AD
(provided with more confinement steel along its
beams) and CD specimens, which have ultimate dis-
placement ductility factor and drift slightly less than
those of the corresponding H specimen, can be re-
garded as behaving in a limited ductile manner. As a
result, the proposed detailing will be appropriate for
the joint design in regions of low-medium seismic
risk such as HK.

5 SUMMARY OF PROPOSED DESIGN
GUIDELINES

It is hoped that the following proposed design guide-
lines of HSRC columns and internal beam-column
joints could be incorporated into local design prac-
tice in the future to improve the column as well as
the joint ductility.

5.1 Limited ductile HSRC columns (f.,<I00MPa)

A limited ductile HSRC column shall contain trans-
verse steel within its critical region according to
Equation (3). The end hooks of transverse steel shall
be 135° with an anchorage length of at least 6 times
its diameter. Outside the critical region, the trans-
verse steel content can be based on the shear re-
quirement and the end hooks can be 90°.
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Figure 11. Column shear force — drift response of joint speci-
mens under reversed cyclic loading with axial load

Figure 12. Unit AD-C80I-B80I-0.6 at failure

The extent of critical regions (/,) shall be meas-
ured from the point of maximum moment over a fi-
nite length suggested as follows: (1) For 0 < P/(Af..)
< 0.1, ¢, = largest cross-section dimension or where
the moment exceeds 0.85 of the maximum moment,
whichever is larger; (2) For 0.1 < P/(Agfeu) < 0.3, 4,
= 1.5 times the largest cross-section dimension or
where the moment exceeds 0.75 of the maximum
moment, whichever is larger; and (3) For 0.3 <
PI(Agfen) < 0.6, £, = 2 times the largest cross-section
dimension or where the moment exceeds 0.65 of the
maximum moment, whichever is larger. These
guidelines for column critical regions have been
adopted by the recent HK RC code [BD 2004].

5.2 Internal beam-column joint with additional
orcontinuous diagonal steel (f.,<80MPa)

The cross-section area (Ay;) of additional/continuous
diagonal bars in the joint shall be calculated by:

V, X
_ sh 7m (5)

e (fy +0';)><c050

Where, Vg, = shear force taken up by the diagonal
steel that can be obtained from the difference be-
tween the ultimate joint shear force and the shear
contribution from the diagonal concrete strut, %, =
1.15, f; = yield strength of longitudinal steel, oy =
the smaller of the yield strength of additional diago-
nal steel or 440MPa and @ = inclination of the con-
crete strut.

The additional diagonal steel shall be provided
with sufficient development length but not too long
beyond the beam-column interface. The develop-
ment length of the additional diagonal steel is de-
noted by /s (measured from the beam-column inter-
face) and L; (measured from the intersection of
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diagonal bars), which should be respectively deter-

mined from the larger of one-half beam depth or
one-half its flexural development length and from:

L >Md 6)

b Jossf,

where f., < 80MPa, ¢, = 1.3 for top reinforcement
where more than 300mm of fresh concrete is cast in
the member below the bar or 1.0 for all other cases
and d; = diameter of the additional diagonal steel.

The extent of critical region for columns should
follow the guidelines in Section 5.1, and for beams
should be the larger of 400mm or 1.5 times the larg-
est cross-section dimension. Ratio between the over-
all depth of column /4, and the diameter of diagonal
steel d; should satisfy A,/ d; > 15.

6 CONCLUSIONS

HKU has been conducting experimental research on
the flexural ductility of RC members and joints since
2000 in order to promote earthquake design of RC
structures. This paper gives a review on the experi-
mental results obtained for HSRC columns and in-
ternal beam-column joints.

HSRC columns (NEW columns) designed ac-
cording to the proposed equation had flexural
strength and ductility superior to the counterpart (BS
columns) designed according to BS8110 [1985]. The
NEW columns behaved limited ductile in that they
could achieve curvature ductility factors of about 10.
The test results also showed that the addition of
cross ties in the NEW columns increased the column
drift.

Tests on internal beam-column joints showed that
the “empty” joint had the poorest ductility perform-
ance. Joints reinforced with stirrups could improve
the flexural ductility with or without axial load.
However, such arrangement creates steel congestion
problem within the joint and hence causes fabrica-
tion difficulties. The proposed joint detailing, both
additional and continuous diagonal bars, had ductil-
ity larger than that with stirrup without axial load.
For joints subjected to medium to high axial load,
the joint containing continuous or additional diago-
nal bars had roughly similar flexural ductility and
drift as those of joint with stirrup. The proposed joint
details are thus considered to behave limited ductile
and appropriate for joint design in regions of low-
medium seismic risk like HK.
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