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Abstract

Project Code: RDG 4530024
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Phien-wej N.', Siripanichgorn A’
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International Institute of Technology’, Chulalongkorn University’, King
Mongkut’s University of Technology Thonburi’

Email address : pennung@ait.ac.th

Project Duration :  September 2002 — August 2004

The main objectives of this research project are to determine the actual seismic capacity of
typical reinforced concrete (RC) buildings in Bangkok, most of which were designed and
constructed without any consideration on seismic loading, and to find practical and effective
ways to increase the capacity to an acceptable level. The research works are divided into two
main parts: (1) seismic performance of critical RC components and (2) seismic capacity of the
whole building structures. In the first part, seven RC column specimens, four beam-column
subassemblages, and one post-tensioned flat slab-column connection were tested under quasi-
static cyclic loading to study their seismic behaviour. These specimens are scaled down
models of critical RC components of typical buildings in Bangkok. Their structural
parameters, reinforcement details, and construction method were made similar to those of the
actual structures. The test results show that most specimens failed in undesirable brittle
modes. The columns, for example, failed either in shear due to insufficient lateral
reinforcement or by bond failure in the lap splice region at the column base. It was also
demonstrated that these undesirable failure modes can be prevented and thus improving the
seismic performance by adding a sufficient amount of lateral reinforcement and avoiding the
lap splice in the column base region. For the cases of beam-column subassemblages, the
diagonal shear failure was found to occur at the beam-column joint in most cases, except in
the case where the column is relatively large (due to large tributary area). Such failure may
lead to a significant degradation in the lateral strength of RC frame structures under seismic
loading. An effective way to prevent the joint failure was proposed. For the case of slab-
column connection, a dangerous punching shear failure was suddenly developed after the test
specimen has been subjected to a moderate level of cyclic displacement (about 2% drift ratio).
Parallel to the cyclic loading tests, detailed computer models of several test specimens were
developed using the finite element method with nonlinear constitutive material models. The
computer predictions were found to agree reasonably well with the test results, thus
confirming the reliability of the computer method.

In the second part of this research works, the seismic capacity of the whole building structures
was determined by a nonlinear pushover analysis procedure following the guidelines of the
ATC-40 and FEMA-273 documents. Six existing buildings were selected to represent typical
RC buildings in Bangkok. They are 5- and 9-story beam-column frame (BCF) buildings, two
20-story BCF buildings with shear walls, 9-story slab-column frame (SCF) building and 30-
story SCF building with shear walls. Their nonlinear finite-element models were carefully
developed from as-built structural and architectural drawings. The modeling accounts for the
overstrength of reinforcement steel, the reduced stiffness of cracked concrete sections, the P-
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delta effect, the initial gravity loads, the masonry infill walls, the foundation flexibility, and
the limited plastic deformation capacity of various RC members with different reinforcement
details. With these realistic FE models, pushover analyses were carried out, and the results
were presented in terms of capacity curves. The building’s seismic performance was then
evaluated by comparing its capacity curve with the seismic demand diagram of predicted
earthquake ground motions in Bangkok for return periods from 50 to 2500 years. The results
show that the lateral strength of BCF buildings varies from about 12% to 24% of the total
weight, while the lateral strength of SCF buildings is relatively lower, varying from about 6%
to 9%. In tall buildings of 20 to 30 stories high, the lateral strength is dominated by that of
shear walls. This is also true for the case of 9-story SCF building. The inelastic
deformation capacity of buildings is found to be very sensitive to reinforcement detailing. If
a medium-rise building had good seismic detailing (which is unlikely for those in Bangkok),
it could develop a moderately ductile behaviour, which is sufficient to survive the maximum
credible earthquake (MCE). However, with typical non-seismic detailing, particularly in the
beam-column connections, the deformation capacity could be greatly reduced to an
unacceptable level. These results hence confirm the need for proper seismic detailing. The
capacity-demand diagrams also show that tall buildings generally have much higher elastic
deformation capacity than the maximum elastic deformation demand, which implies that they
could be safe against the MCE. However, since the effects of higher vibration modes were
not taken into account in this study, and the effects could be significant for tall buildings, a
further investigation is required before any conclusion can be reached. Many measures to
improve the seismic performance of buildings were also investigated. Among these, seismic
detailing of some critical members and adding shear walls have been found to be very
effective measures.

Keywords: Cyclic Loading Test, Reinforce Concrete Members, Seismic Capacity, Pushover
Analysis, Beam-Column Frame, Slab-Column Frame, Bangkok
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Modeling Parameter”
Plastic Rotation Angle, | Residual
rad Strength
Ratio
Component Type a \ b c
1.Beam controlled by flexure'
p—p Vi y |Transverse
' Reinforcement’
Phal b,dyf".

<0.00 <3 C 0.025 0.050 0.20

<0.00 >6 C 0.020 0.040 0.20

> 0.50 <3 C 0.020 0.030 0.20

> 0.50 >6 C 0.015 0.020 0.20

<0.00 <3 NC 0.020 0.030 0.20

<0.00 >6 NC 0.010 0.015 0.20

> 0.50 <3 NC 0.010 0.015 0.20

> 0.50 >6 NC 0.005 0.010 0.20
2.Beam controlled by shear’
Stirrup spacing < d /2 0.000 0.020 0.20
Stirrup spacing >d /2 0.000 0.010 0.20
3.Beam controlled by inadequate development or splicing along the span'
Stirrup spacing < d /2 0.00 0.02 0.00
Stirrup spacing >d /2 0.00 0.01 0.00
4 Beam controlled by inadequate development into beam-column joint'

| 0015 | 0.030 0.02
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(ATC-40)
Modeling Parameter”
Plastic Rotation Angle, | Residual
rad Strength
Ratio
Component Type a \ b c
1.Column controlled by flexure'
P V 6 Transversze
' ' Reinforcement
Ag f c b, d.\f'.
<0.10 <3 C 0.020 0.030 0.20
<0.10 >6 C 0.015 0.025 0.20
> 0.40 <3 C 0.015 0.025 0.20
> 0.40 >6 C 0.010 0.015 0.20
<0.10 <3 NC 0.010 0.015 0.20
<0.10 >6 NC 0.005 0.005 0.00
> 0.40 <3 NC 0.005 0.005 0.00
> 0.40 >6 NC 0.000 0.000 0.00
2.Column controlled by shear'”
Hoop spacing < d/2 ,or P <0.10 0.000 0.015 0.20
Ag c
Other cases 0.000 0.000 0.00
3.Column controlled by inadequate development or splicing along the clear height
Hoop spacing <d /2 0.01 0.02 0.40
Hoop spacing >d /2 0.00 0.01 0.20
4.Column with axial load exceeding 0.70P,'~
Conforming reinforcement over the entire 0.015 0.025 0.02
length
All other cases 0.000 0.000 0.00
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V fre . d . Acceptance Criteria
pB=— - c o o LS CP
Vine hin ? ? % %
0.5 n.a. 0.5 n.a. 0.4 n.a.
03< ,B <07 1.0 n.a. 0.4 n.a. 0.3 n.a.
2.0 n.a. 0.3 n.a. 0.2 n.a.
0.5 n.a. 1.0 n.a. 0.8 n.a.
0.7< ,B <13 1.0 n.a. 0.8 n.a. 0.6 n.a.
2.0 n.a. 0.6 n.a. 04 n.a.
0.5 n.a. 1.5 n.a. 1.1 n.a.
,B 213 1.0 n.a. 1.2 n.a. 0.9 n.a.
2.0 n.a. 0.9 n.a. 0.7 n.a.
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A13199 6.1 MAISTVUTIAALAZUT IR OUVDIAN

Moment to
Axial Longitu- Shear | reach shear
Column Load Width | Depth | dinal steel | My * Gy woH strength | strength
(kN) (m) (m) (%) (kN-m) (rad) (kN) (kN-m)
Cl 63 0.25 0.25 0.7 22 1.70E-03 128 192
Cl1 52 0.25 0.25 0.7 21 1.68E-03 127 190
C2 204 0.25 0.25 2.3 56 2.31E-03 141 211
C2 161 0.25 0.25 23 54 2.35E-03 137 205
C3 345 0.25 0.30 24 86 2.16E-03 178 268
C3 271 0.25 0.30 24 83 2.22E-03 172 257
C4 490 0.30 0.40 1.8 170 2.07E-03 267 400
C4 384 0.30 0.40 1.8 161 2.08E-03 257 385
(O8] 641 0.35 0.50 1.2 257 1.98E-03 368 644
C5 503 0.35 0.50 1.2 239 1.92E-03 355 622
Co6 788 0.45 0.50 0.9 291 1.94E-03 447 447
Co 619 0.45 0.50 0.9 267 1.87E-03 431 431
nNYKg  * My = Yielding moment

ok ey = Yielding rotation
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A13199 6.2 AT UUTIAALAZUTUNDUVDIATY

Moment to
Longitu- Positive Negative Shear |reach shear
Beam | Width | Depth | dinal steel Bending Bending strength | strength
My * ey ok My * ey ok
(m) (m) (%) (kN-m) (rad) (kN-m) (rad) (kN) (kN-m)
B4 0.25 0.50 2.1 230 1.70E-03 142 1.45E-03 179 492
B8 0.15 0.35 22 54 1.59E-03 54 1.59E-03 76 76
B9 0.25 0.50 2.1 170 1.50E-03 201 1.61E-03 156 428
RB4 0.20 0.40 2.0 112 1.84E-03 67 1.57E-03 128 351
RB6 0.15 0.30 1.6 28 1.57E-03 28 1.57E-03 59 59
RB7 0.20 0.40 2.0 67 1.57E-03 112 1.84E-03 88 243
Remark

* My = Yielding moment

ok ey = Yielding rotation
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a

M13°99 6.3 AUAVTAVDINUNINDDY

&9

Yielding
Wall Length Height | Strength displacement
(m) (m) (kN) (m)
W1 5.25 2.55 80.17 0.0084
w2 5.25 2.50 79.37 0.0083
W3 5.20 2.50 78.99 0.0078
W4 5.10 2.50 78.25 0.0070
W5 5.00 3.00 86.63 0.0075
a3 6.4 aarluavesdySidudha
Condition of pile head Lateral stiffness of

pile foundation

(kN/m)
Fixed top 494X 10°
Free top 247X 10"
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~ A o w Y
ATNN 6.5 lli\iﬂﬂﬁgﬂ']ﬂ‘ll!ﬁ']@]uﬁlu

Floor Dead | Live | Likely Live
Floor | Height | Column Column Load Wall Load | Load Load DL+LLL
(m) | width (m) | depth (m) (T) (TY |DL(M| (D LLL (T) (T)
20 4.7 0.80 1.00 19.70 0.00 28.72 | 8.66 3.90 32.62
19 4.7 0.80 1.00 19.70 6.20 3492 | 14.44 6.50 41.42
18 4.7 0.80 1.00 19.70 6.20 3492 | 14.44 6.50 41.42
17 4.7 0.80 1.00 19.70 6.20 3492 | 14.44 6.50 41.42
16 4.7 0.80 1.00 19.70 6.20 3492 | 14.44 6.50 41.42
15 4.7 0.80 1.00 19.70 6.20 3492 | 14.44 6.50 41.42
14 4.7 1.00 1.00 19.70 6.20 37.18 | 14.44 6.50 43.68
13 4.7 1.00 1.00 19.70 6.20 37.18 | 14.44 6.50 43.68
12 4.7 1.00 1.00 19.70 6.20 37.18 | 14.44 6.50 43.68
11 4.7 1.00 1.00 19.70 6.20 37.18 | 14.44 6.50 43.68
10 4.7 1.00 1.00 19.70 6.20 37.18 | 14.44 6.50 43.68
9 4.7 1.00 1.00 19.70 6.20 37.18 | 14.44 6.50 43.68
8 4.7 1.00 1.00 19.70 6.20 37.18 | 14.44 6.50 43.68
7 4.7 1.00 1.20 19.70 6.20 39.44 | 14.44 6.50 45.93
6 4.7 1.00 1.20 19.70 6.20 39.44 | 14.44 6.50 45.93
5 4.7 1.00 1.20 19.70 6.20 39.44 | 14.44 6.50 45.93
4 4.7 1.00 1.20 30.90 6.20 50.64 | 25.84 11.63 62.26
3 4.7 1.00 1.20 30.90 6.20 50.64 | 25.84 11.63 62.26
2 4.7 1.00 1.20 30.90 6.20 50.64 | 25.84 11.63 62.26
M 4.7 1.00 1.20 30.90 6.20 50.64 | 25.84 11.63 62.26
1 5.6 1.00 1.20 30.90 7.70 54.73 | 25.84 11.63 66.36
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